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SUMMARY

I. Project Title

A Study on the Photo-Catalytic Decomposition Reactions of

Organics Dissolved in Water

II. Objective and Importance of the Project

In the primary and secondary water chemistry systems at the nuclear

power plants, corrosion of system materials has been minimized mainly by

maintaining pH within a certain range required during reactor operation.

Water used in the system is usually produced by using a purification process

consisting of filtration, adsorption, ion-exchange, de-gassing and so on in the

domestic nuclear power plants. But, a trace amount of organic impurities are

still remained in the water. These could be decomposed into formic acid,

acetic acid, propionic acid or glycolic acid under the circumstances of high

temperature and radiation exposure in the water chemistry system. They

could have influence on pH, conductivity or impurity concentration in the

system water, and finally cause the system materials to be corroded.

Therefore, the organic impurities should be removed during the source water

purification stage.

On one hand, photocatalytic reactions could decompose a variety of

aqueous organic compounds finally into CO2 and H2O, by using the chemically

reductive and oxidative forces generated on the photocatalyst surfaces due to

photo-excitation. Thus, these reactions could be applied to an available

technology for removal of organic impurities without any secondary waste

production or any environmental decontamination.

In this study, characteristics of photocatalytic decomposition of four

structurally different nitrogen-containing or twelve aromatic organic

compounds including aromatic organic compounds were investigated.

On the other hand, EDTA has a relatively complex structure compared to

the other nitrogen-containing organic compounds. While, widely used as a

chelating agent for removal of various metals in the industries, it has been

especially used in order to chemically clean the secondary water system at
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the domestic nuclear power plants. After chemical cleaning EDTA has been

converted into a liquid waste mainly containing ions such as copper or iron

ions. The metal ion-containing EDTAs should be decomposed previous to

disposal to the environment.

In this study, TiO2 photocatalytic experiments were also carried out with

aqueous EDTA, EDTA-Cu(II) and EDTA-Fe(IH) systems.

III. Scope and Contents of Project

The characteristics of photocatalytic decomposition of ethylamine,

phenylhydrazine, pyridine, urea and EDTA were investigated experimentally.

The distribution of aqueous ionic and neutral species including atomic charges

of neutral molecules were calculated, and the TiO2 photocatalytic

characteristics and its dependence on nitrogen-atomic charge was estimated

based on the previous experimental results of changes of pH and total

organic carbon content with reaction time.

Experiments of TiO2 photocatalytic decomposition of EDTA, EDTA-Cu(II)

and EDTA-Fe(III) complex systems were carried out, the effects of aqueous

pHs, their concentrations and oxygen content on their photocatalytic

characteristics were estimated, and better decomposition conditions were

obtained.

The characteristics of photocatalytic decomposition of phenol, catechol,

resorcinol, hydroquinone, p-nitrophenol, o-cresol, benzaldehyde, benzoic acid,

o-nitrobenzoic acid, benzenesulfonic acid, aniline and o-phenylenediamine were

studied under the conditions as the above.

IV. Results and Proposal for Applications

In this study, in order to investigate the effects of dissolved organic

acids on pH in an aqueous solution, the thermodynamic equilibrium between

carbonic acid, carbonate, bicarbonate and carbon dioxide was calculated.

- With only extremely small quantities of organic acids, the

conductivities of the aqueous solution was shown to be decreased, while the

pH increased. The calculated values of conductivities well agreed with the

measured values obtained from photocatalytic oxidation of salicylic acid.

- This meant that photocatalytic reaction would be available for indirect
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measurement of thermodynamic equilibrium of dissolved oxidative organics in

an aqueous solution.

- On the other hand, the experimental result of photocatalytic reactions

of dissolved nitrogen containing organics such as the amines selected above

showed that it would also be an available process for decomposition of

dissolved organics.

The characteristics of aqueous TiO2 photocatalytic decomposition of

organic compounds and nitrogen-atomic charge dependence were investigated.

- It was shown that the characteristics of TiO2 photocatalytic

decomposition of the nitrogen-containing organic compounds such as

phenylhydrazine, pyridine, EDTA(ethylenediaminetetraacetic acid), ethylamine,

urea depended on the nitrogen-atomic charge.

- The carbon contents of the nitrogen-containing organic compounds was

fixed to be identical one another.

- Each organic compound containing 40 ppm of carbon content in the

solution with air bubbling was mixed with 2.0 g / i TiO2 semiconductor

particle for 60 minutes, and then irradiated by UV light (major emission at

365 nm) for 180 minutes. Each solution pH and total organic carbon content

were changed with reaction time, and the compounds were classified into

three groups : © a group almost completely decomposed (phenylhydrazine,

pyridine) ; (2) a group partly decomposed (EDTA, ethylamine) ; ® a group

almost not decomposed (urea).

- The photocatalytic decomposition characteristics of all nitrogen-

containing compounds were shown to be mainly dependent on the adsorption

tendency of the organic substrate on the surface of TiO2 catalyst, of which

the surface charge is pH-dependent.

- The dependence of the photocatalytic characteristics of the compounds

on the nitrogen-atomic charge yielded the rate expression akin to the

Langmuir-Hinshelwood model.

- The method wherein the carbon concentrations of the samples are

identical will be quite available for estimation of the photocatalytic

characteristics of carbon containing organic compounds.

This study also investigated the availability of T1O2 photo-catalysis for

the aqueous-phase oxidation of Free-EDTA, Cu(II)-EDTA, and Fe(m)-

- vm -



EDTA system.

- This study proves the availability of TiO2 photo-catalysis for the

aqueous phase oxidation of Free-EDTA, Cu(II)-EDTA, and Fe(m)-EDTA.

- In all three aqueous EDTA systems, when T1O2 loading weight was

2.0 g / 1 , EDTA concentration, TOC, and copper or iron concentration after

photo-irradiation showed the maximum decrease, and all the experiments

were conducted with this catalyst concentration.

- The tendency of EDTA adsorption onto the catalyst surface was

affected by the TiO2 surface charge.

- The oxidation rate of EDTA by photo-catalysis was shown to depend

upon the tendency of EDTA adsorption before photo-irradiation.

- The pH. range of maximum EDTA decrease was pH 2.5 — 3.0, in all

three aqueous EDTA systems.

- The oxygen has a profound effect on the rate of photocatalyzed

degradation of EDTA, and this effect about the photocatalyzed degradation of

EDTA was smaller than that of the metals.

The characteristics of photocatalytic decomposition of phenol, catechol,

resorcinol, hydroquinone, p-nitrophenol, o-cresol, benzaldehyde, benzoic acid,

o-nitrobenzoic acid, benzenesulfonic acid, aniline and o-phenylenediamine were

studied under the conditions as the above.

- Approximately 50%—90% of each aromatic compound was decomposed

within 120 minutes.

- Those containing hydroxyl group, nitro group, or amine and

carboxylate showed that their photocatalytic decompositions were almost

inversely proportional to their negative atomic charge.

- While, those containing -CHO, -COOH, -SO3H £^r -NH2 were

exponentially inverse.

- It was a special phenomenon that the dependence of photocatalysis of

these aromatic compounds on their negative atomic charges showed different

from that of nitrogen-containing ones.

In conclusion, it was shown that aqueous TiO2 photocatalytic

decomposition of nitrogen-containing or aromatic organic compounds and

EDTA-metal systems can be estimated with TiO2 surface charge and

nitrogen-atomic charge, and expressed akin to the Langmuir-Hinshelwood
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model.

Such characteristic results and decomposition conditions could be applied

to construction of a process for removal of organic impurities dissolved in a

source of system water or for treatment of EDTA-containing liquid waste

produced by a chemical cleaning in the domestic NPPs.
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l ^^sf^ ^ ^ ^ &n$. S7H1 $^§}fe total dissolved
oxidizable carbon ^S-^l «]^lt!:4.

CxHYOz(aq) = CO2(aq) + H20 Koxidation (l-i)

bicarbonate ^l^r f l S ^-sflEl^ oiofl -fyQ
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carbonic acidfe 1 «*!«]-aj«.3. 4)^-^ carbonic acid^f

bicarbonate ^ carbonate % efl S sfl A € 4 . ^r,
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Table 2.1.1 Equilibrium properties for carbonic acid system.

Reactions

CO2(g) = CO2(aq)

CCMaq) + OH = HCCV

HCO:) + OH" = CO/ 2 + H2O

Equilibrium properties

/1G° 298= 2 0 0 3 c a l m o 1 '•

dS° 298= ~23-0 c a l mo1"' deg-"'

C,, = 36 cal mol"' deg. '

Z / G ° 298= 10<406 c a l m o 1 '•

/}S° 298= ~372 c a l m o 1 ' d e 8 " '

C,, = 19.5 cal mol"' deg. '

<4G° 298= S0 0 0 c a ! m o 1 '

ZJS° 298" 'ie-l6 cal mol ' deg.'1,

ACS, = -21.0 cal mol ' deg. '

Table 2

Ion

H

OH

HCQi

.1.2 Limiting

0

225

105

24

ionic

18

315

171

43.9

conductance of the ions

Temperature

CO

25

349.8

198.3

51.5

100

R34

447

156

(Siemens •

200

824

701

306

cnf • eq )

300

894

821

460

carbonic

A.

app-
( Molarity of CO2)

p h a s e

(Molarity of Carbon Species) aqueous phase
(1-13)
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Carbonic acid-^

carbonic acidfe

3.7)

(Liquid Film)°ll^ carbonic acid°1] pH 7}T%$_7]S.

M-. Salicylic acid

Salicylic acid

carbonic acid^ S J ^ #

carbonic acid^ pHi

-7l

Salicylic acid (2-hydroxybenzoic acid, M.W. 138.12)

- ^-y^ffe ^ ^ ^ ^ # ^r^Sl-^4. UV

*lfe Millipore^ A10 TOC(total organic carbon content)

. Fig. 2.1.14 g£r ^-^l°n^ 185/254 nmS] UV7f titanium

dioxide^ SA>£1JI O ] ^ O . S S ^ 5 } ^ ^ (quartz)^: ^ ^ ^ 1 ^ ^
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0 .5 m L

1 8 5 / 2 5 4 n m
U V L a m p

Fig. 2.1.1 Schematic diagram of photo-oxidation cell with UV

lamp



o.S.^-Ei, dissolved total organic carbon °

carbonic acidS € *fl ^flt!: ^ Slfe ^ ^ € ^

^ ouj-2] carbonic acid, bicarbonate, carbonated

(Table 2.1.3-2.1.5). $ $ , A 0)^7] # , PH ^

. 0} 3 4 . ^ . 25

pH &•§• ^ t ^7> Slcf.

Fig. 2.1.2fe -Sr£.^S. total dissolved carbon Sj-SHS l̂ ^r^*] &$•

TOC

Fig. 2.1.3-8: dissolved carbon

5)-# i i < ^ 4 . TOC ^^1

^]711 #:£Sr&.2-BJ, carbonic acid7> bicarbonate

O.7]

Table 2.1.3 Equilibrium concentrations (molal) of dissolved carbon species

as a function of CO2 partial pressure at 25 °C.

PwilbK.)

1 10E-07
I2OE-O7
1 30E-07
1 4OE-O7
1 50E-O7
1 70E-C7
2 OOE-C-7
2 10E-07
2 ME-07
2 SOE-07
30OE-O7
3 5OE-O7
4 00£-07
5 00E-07
6 00E-07
7OOE-O7
8COE-07
9 0 0 E 4 7
100E-O6
1 10E-06
1 20E-06
130E-06
1 -JOE-06
1 50E-06
! 70E-06
2O0E-O6
2 10E-O6
2 20E-O6
2 5OEJ36
3OOE-O6

CC(aq)

3 74E-09
4 08E-09
4 426-09
4 76E-09
5 10E-09
5 78E-09
5 SCE-09
7 14E-09
" -18E-09
B 506-09
1 02E-08
1 196-08
136E-0S
V706-08
2CME-0S
2 36E-08
2 72E-O8
3 06E-O8
3 40E-08
3 746-08
4 08E-O8
4 42E-08
4 76E-O8
5 10E-O8
5 78E-O8
6SOE-08
7 14E-O8
7.48E-06
8 506-08
1026-07

O5E-O7
07E-07
08E-O7
09E-O7
O9E-O7
THE-07
'2E-O7
13EO7
13E-O7
156-07
186-07
216-07
24E-07
29EO7
35E-07
40E-07
45607
5OE-O7
546-07
S96-07
636-07
57E-O7
72E-O7
766-07
83E-O7
95E-O7
98E-O7

2 02E-O7
2 12E-O7
2 2OE-O7

HCO>"

1 466-Ofi
158E-C6
1706-09
1826-C3
1946-C5
2 176-Ce
2.51E-C;
2 626-CS
2 736-CS
3 056-CS
3.57E-C9
4 076-Ot
4.546-08
543E-08
626E-O8
7 046-08
7 776-09
8 466-08
9126-08
974E-09

036-0?
O9E-O7
156-07
206-07
306-0?
456-07
496-07
536-07
66E-07
.856-07

0H-

9166-08
9I0E-O9
OOSE-09
« 99E-C8
8 946-09
8 S46-C8
8696-03
964E-C8
8 59E-08
845E-08
9 24E08
8.046-08
7856-08
7.5IE-08
7 22E-08
S.95E-0S
6 71E-08
5 506-08
S31E-O8
6.136-08
5.9&E-08
5.81E-O8
S.676-08
5.546-08
S.30E-08
5.006-09
4916-08
4.826-09
4 596-08
4 276-08

co,"-

6.186-1
6 66E-1
7 13E-1
7 586-1
8036-1
9S9E-1
IOIE-1
1056-1
109E-1
1 206-1
1366-1
1516-1
1656-1
1.B9E-1
2O9E-1
2.27E-1
2.42E-I
2.556-1
2.666-1
2.77E-1
2.866-1
2 946-1
3026-1
3.08E-1
3.20E-1
3 356-1
3.396-1
343E-1
3.636-1
366E-1

2
2
2
2
2
2

Ionic
strength

-06E-07
07E-O7
.086-07
086-07
O9E-O7
.106-07
.126-07
136-07
136^17
156-07

.18E-O7
21E-O7
24E-07
.296-07
356-07
40E-O7
.456-07
.506-07
546-07
596-07
.636-07
.67E-O7
726-07
76E-O7
83E-07
956-07
98E-07

2O2E-O7
2.12E-O7
2.28E-O7

6 97
6.97
6 97
6 9 7
S 9 6
6 9 6
6 95
6 95
6 95
6 9 4
6 9 3
6 92
6 91
6.89
6 87
6 85
6 8 4
6 82
6 81
6 8
6 79
6 7 8
6 77
6 76
6 74
6 71
6 7
6 7
6 67
6.64

Conductivity
(liS/cm)

561E-O2
5 62E-02
5.646-02
S66E-02
5686-02
5.716-02
5 77E-02
579E-O2
5 8OE-02
5.866-02
5.95E-O2
604E-02
6.126-02
6 30E^)2
6.476-02
6 64E-02
6.80E-02
6.96E-02
7.126-02
7276-02
7.42E-02
7 57E-02
772E-O2
7.86E-02
8.14E-02
854E-O2
867E-O2
8.80E-02
9.18E-O2
977E-O2

Total
carbon
species
Ippm)

105E-03
1.14E-O3
1 236-03
1.326-03
1 41E-03
1.58E-03
1.836-03
1 916-03
2 00E^)3
2.24E-03
2.63E-03
3.00E-03
3.37E-03
4.06E-O3
4.72E-03
534E-03
594E-03
6.51 E-03
7.06E-03
7 59E-03
8.11E-03
8.61 E-03
9 10E-03
9 576-03
1056-02
1 186-02
1 226-02
1.276-02
1.396-02
1.58602



Table 2.1.4 Equilibrium concentrations (molal) of dissolved carbon species

as a function of CO2 partial pressure at 25 °C (continued).

P«,(Dar.)

3.50E-06
40OE-06
5.00E-06
6.0OE-££
7.OOE-06
SOOE-CS
9OOE-06

OOE-OS
1OE-O5
20E-O5
30E-O5
4OE-O5
50E-O5
7OE-O5

200E-05
210E-05
2 2OE-O5
2.5OE-O5
3.O0E-O5
35OE-O5
4 00E-O5
5.O0E-O5
6.0OE-O5
7.OOE-O5
8OOE-O5
9 0OE-05

OOE-04
IOE-04
2OE-O4
3OE-O4
40E-O4
50E-O4
7OE-O4

2 OOE-04
2.10E-O4 _ •
2 20E-O4
2.5OE-O4 '
3 OOE-04 -
3.S0E-04
4 OOE-04
5 00E-O4
6 OOE-04
7 0OE-O4
» OOE-04
9 OOE-04

OOE-03
1OE-O3
20EO3
3OE-O3
40E-03

15OE-03
70E-O3

2OOE-O3
2IOE-O3

CO. Oq.)

1 19E-O7
136E-07
WOE -07
2.04E-07
2.3SE-07
2 72E-O?
106E-07
'40E-07
1 .-4E-07
4 08E-07
4 42E-07
476E-07
5 10E-07
5.76E-O7
680E-07
7.14E-O7
7.46E-O7
850E-07
1.02E-06
1.19E-O6
V36E-06
1.70E-06
2.O4E-O6
2 38E-O6
2 72E-O6
3 06E06
3 40E-O6
3 74E-O6
4.0SE-06
4.42E-06
476E-06
5.10E-O6
5 78E-06
680E-06
7 14E-06
7.48E-O6
8 5OE-O6
1.02E-O5
V196-05
136E-O5
17OE-O5
2CME-05
2 3SE-O5
2.72E-O5
3.06E-05
340E-O5
3.74E-05
4O8E-O5
4 42E-O5
4 76E-0S
5.10E-OS
5.78E-O5
6.8OE-O5
7.14E-O5

H'

2.43E-07
2.57E-O7
2.83E-07
3.07E-07
3.29E-07
3.50E-07
3.69E-07
3.88E-07
4.06E-07
4.23E-O7
4.39E-07
4.55E-07
4.70E-O7
4.99E-07
5.4OE-O7
5.53E-07
S65E-O7
6.01 E-07
6.57E-O7
7.09E-07
7 57E-07
8.45E-07
9 25E-O7
9 98E-07
107E-OS
1 13E-06
1 19E-06
V25E-06
I.3OE-O6
1.36E-O6
141E-06
t 46£-{)6
I55E-06
16SE-06
1 72E-O6
1.76E-08
1.66E-O6
2.06E-O6
2 22E-06
2.38E-06
2.66E-06
2.91E-06
3.14E-O3

3.57E-OS
3.76E-OS
394E-06
4.12E-06
4.29E-O6
4 45E-06
4.60E-06
4.9OE-06
5 32E-O6
545E-O6

HCO."

2.03E-O7
2.19E-O7
2.49E-07
2.75E-07
2.99E-O7
3.22E07
3.43E-07
3.63E-07
3.82E-07
4.00E-O7
4.17E-07
4.33E-07
4 49E-07
4.79E-O7
5.22E-O7
5.35E-07
5.46E-O7
5.8JE-O7
6.42E-07
6.95E-07
7.44E-07
833E-07
9.14E-O7
9.88E-07
1.O6E-O6
1.12E-O6
118E-06
1.24E-06
1.30E-M
135E-06
1.40E-08
1.45E-06
1.54E-06
1.68E-06
1.72E-O6
I.76E-08
I.87E-06
2.05E-OS
2.22E-O6
2.37E-O6
2.65E-06
2.B1E-06
3 14E-06
3.36E-0S
3.KE-06
3.766-06
3 94E-08
4.11E-06
4.28E-06
4.41E-06
4 606-06
4 90E-06
5 31E-06
5 45E-06

O H -

4.01 E-08
3 79E-08
3 44E-08
3I7E4S
296E.0S
278E03
264E-08
251E-08
2 40E-08
2.3OE-08
2 22E-08
214E-08
2.07E-08
V95E-O8
1S0E-0S
I76E-O9
1.72E-OS
162E-08
148E-OS
137E-08
129E-08
1 ISE-08
105E-08
976E-09
914E49
8 62E49
8 18E49
7.8OE-O3
7.47E-O9
7.18E-O9
692E-09
6.69E-0d
628E-O9
5 80E-09
5.66E-09
S.53E-O9
5 19E-09
4 74E49
4.39E-09
4.1OE-O9
3.67E-O9
33SE-09
3.106-09
29OE-O9
2.74E^9
2.SOE-O9
2.46E-09
2.37E^)9
2.28E-O9
2.20E-M
2t2E-0»
1.99E-O9
184E-09
1.79E-09

co,-"-

ui

3 54E-I1
3 35E-11
4 54E-11
i^OE-11
4 :5E-1t
4-9E-11
4I2E-11
4I4E-11
4t6E-lt
4 28E-11
4 30E-11
4 31E-11
4 34E-11
4 36E-11
4.37E-11
4.J8E-11
439E-11
44IE-11
4 43E.1t
4 44E.11
4 46E.11
4 47E.11
447E-U
4J8E-11
4 49E.11
4<:9E-11
4 4se.ii
4.50E-I1
4.50E-11
4.50E-11
4.S0E-1!
4 51E-11
4.S1E-11
451E-11
4.5IE-11
451E-1I
4 52E-I)
4 S2E-U
4 52E-11
4UE-I1
4S3E-11
4 53E-11
4.53E-11
4.53E-11
4 54E-11
4 54E11
4.54E-11
4 54E-11
454EH
4.54E-11
454E-11
454E-I1
4S5E-I1

tonic

strength

2.57E-O7
2.83E-O7
3.O7E-O7
329E-07
3.50E-O7
369E-07
3.6BE-07
4.06E-07
4 23E-07
4.39E-07
4.55E-O7
4.70E-07
4.99EJJ7
5.4OE^)7
6.53E-O7
5.65E-O7
6 01 E-07
6.57E-07
709E-07
7.57E-07
845E-07
925E-O7
9.9GE47

.07E-O6
13E-O6

.19E-06
25E-O6
.30E-06
36E-06
.41E-O6
.46E-06
55E-O6
68E-06
72E-06
76E-06
88E-06

2.0SE-06
4-.22E-06
2.38E-06
2.66E-O8
291E-06
314E-O6
3 366-06
3.67E-O6
3 766-06
3.94E-O6
4 12E-06
4.29E-06
4.45£^)&
4.6OE-OS
4.90E-O6
5 32E-O6
5.45E-O6

661
6.59
6.55
6.51
6 4 8
6.46
6 4 3
6.41
6 3 9
6.37
6.36
6 3 4
6.33
6.3
6.27
6.26
6.25
622
6 1 8
6 1 5
6.12
6 0 7
6 03
6
S.97
595
592
5.9
5 88
587
5 85
5 8 4
5.81
5.77
5 7 6
5.75
5.73
5.69
5.65
5.62
5.56
5.54
5.5
5 4 7
5.45
5.43
5.4
5 3 9
5 3 7
5.15
5.34
5 3 1
5 2 7
5 2 6

Conductivity
(uS/cm)

1.03E-01
1.09E-O1
1.19E-01
1.28E-O1
1.36E-O1
1.44E-01
152E-01
1.59E-01
I66E-01
1.73E-O1
1.79E-01
1.66EJJ1
1.92E-01
2.O3E-O1
2.19E-O1
224E-01
229E-01
2.44E-O1
2.66E-01
2.86E-01
3.06E-01
3 41E-01
3 73E^1
4.02E-O1
4.29EJJ1
4.55E-01
4.79E^1
502E-01
5.24E-01
5.46E-0I
566E-01
5.86E^lt
6.23E-01
6.76E-01
6.92E-01
7.09E-O1
755E-O1
8.27E-O1
8.93E-01
9.54E-O1
1.07E«00
1.17E+O0
1.26E+00
135E*O0
1.43E-KKJ
1.51EXX)
1.58E*0O
1.65E»00
1.72E«OO
1.78E<00
1.85E-00
1 97E»00
2.13E-OO
2.19E.00

Totai
cartxm

1.76E-O2
1.93E-O2
2 26E-02
2.S8E02
2 87E-02
316E-02
3 44E-02
3 71E-02
3 97E-02
4 23E-02
4 49E-02
4 74E-02
4.96E-02
5.47E-O2
6 17E-O2
6 41E-O2
663E-O2
7.31E-02
8 41E-02
94BE-02
105E-01
1 26E-01
1 46E-01
1 65E-01

2 03E-01
2 22E-O1
2.4OE-O1
2.S9E-0I
2.77E-O1
2.95E-01
3.13E-01
3.49E-01
4.O2E-O1
4 19E-01
4 36E-01
4 88E-0t
574E-O1
6.59E-O1
743E-01
9.10E41
108E»0O
1 24E»00
140E«00
156E*00
173E*00
1.89E->00
2 05E*00
2.21E»00
2.37E+00
2.53£*00
2.04E+OO
3.32E«00
348E*O0

! ^ carbonic acid7f

^7} ^ pH #±%

TOC

%•£.£.

Fig.

^7] nfl̂ -ofl

Fig. 2.1.5fe 25 salicylic
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Table 2.1.b Equilibrium concentrations (molal) of dissolved carbon species

as a function of CO2 partial pressure at 25 °C (continued)

Pra (bar)

2.2OE-O3
250E-03
3 00E-03
3 506-03
4 00E-03
5 00E-03
600E-03
7 0OE-O3
8 0OE03
9.00E03
1.00E-02
11OE-O2
1 20E-O2
13OE-O2
140E-02
150E-O2
1 7OE-O2
2006-02
2106-02
2.2OE-O2
2.5OE-O2
300E-O2
3 50E-O2
4.00E-O2
5 00E-O2
6 00E-O2
7 00E-O2
8.00E-O2
900E-02
1006-01
1 106-01
1.206-01
1306-01 '
1406-Ot
1.506-01
1.70E-01 -
2 006-of
2.10E-OV
2.206-01 .
2.S0E-O!
300E-01
35OE-O1
400E-0I
5.006-01
6.006-01
7006-01
B.006-01
9.00E-0I
1.006*00

CO, (aq.)

7 48E-O5
8.50E-05
102E-O4
1 19E-O4
136E-04
1706-04
204E-04
2 3BE-04
.- 72E-O4
.\ 06E-04
3 40E-04
3 74E-O4
4.08E-04
4 42E-04
4.76E-O4
S 106-04
578E-04
6.806-04
7 146-04
7 486-04
B50E-04
102E-03
1 19E-03
1366-03
I70E03
2 046-03
2386-03
2.726-03
306E-03
3406-03
374E-03
4.086-03 "
4 426-03
4.766-03
5.1OE-O3
S.78E-O3
6.80E-03
714E-03
7.4BE-03
8.506-03
1.02E-O2
1.19E-O2
I.36E-O2
1.7OE-O2
2.04E-O2
238E-02
2.72E-O2
306E-O2
3.406-02

H"

5.58E-O6
5.946-06
6.51E-06
7.03E-05
7.S2E-06
8.41E-M
9216-05
9.95E-C5
106E-05
1 136-05
1.196-05
1.2SE-05
1.3OE-05
1.36E-05
1.4IE-05
1466-05
1556-05
1.68E-05
173E-05
1.77E-05
1B8E-05
2.O6E-O5
223E-05
2.38E-0S
2.67E-O5
2.926-05
316E-O5
3.38E-05
358E-O5
3.786-05
3.966-05
4.146-05
431E-05
4.47E-05
4.63E-O5
4.93E-O5
5.35E-05
5.486-05
5.616-05
S.98E-05
6.556-05
7 06E-0S
7.57E-05
8.47E-O5
9.286-05
1.00E-04
1.O7E-O4
1.14E-O4
1.2OE-O4

HCO,-

557E-O6
5.94E-O8
6.51E-O6
7.03E-06
7 52E-C6
8 41E-06
9.21E-O6
995E-OS
106E-O5
1 13E-O5
1 196-05
1.25E-O5
1.30E-05
1.36E-05
1.41E-05
1.466-05
1.556-05
168E-05
1.736-05
1776-05
1.SSE-05
2.066-05
2.23E-O5
238E-O5
2 67E-05
292E-05
3 16E-O5
3.38E305
3.58E-O5
3 78E-OS
3.956-05
4.14E-O5
4.316-05
4.47E-05
4.63E-05
4.93E-05
5.35E-05
5.48E-05
5.61E-05
5.98E-09
6.55E-05
7.O8E-O5
7.57E-O5
8.47E-05
928E-05
1. OOE-04
1.07E-O4
1 14E-04
1.20E-04

0H-

756-09
64E-O9
50E-09
39E-O9
30E-O9
16E-O9

•06E-09
5S4E-10
3 20E-10
B68E-10
B23E-10
7 85E-10
7 52E-10
7 22E-10
S96E-10
672E-10
6 32E-10
5 836-10
S69E-10
5 5SE-10
521E-10
4766-10
4 41E-10
412E-10
3 696-10
3 37E-10
3.12E-10
292E-1O
2.756-10
2 616-10
2.49E-10
2.38E-10
2 29E-10
2.21E-1O
2.136-10
2.00E-10

.85E-10
80E-10
766-10
65£-10
.51E-10
406-10
31E-10
17E-10
07E-10

9916-11
928E-11
8 756-11
8306-11

COr-

1 55E-1
•= 55E-1
- £5E-1
-T5E-I
ir5E-l
~ :5E-1
- £5E-1
- :oE-1
- ="E-1
- f"E-1
J 57E-1
157E-1
£ 57E-1
d 58E-1
- 59E-1
«58E-1
t 5SE-1
1 58E-1
i 53E-1
- 59E-1
i =9E-1
•: 59E-1
- :CE-1
^536-1
-;1E-1
431E-'
= 62f-1
-526-1
' =26-1
4 836-1
4 536-1
463E-1
4S4E1
4 54E-1
4646-1
4 656-1
4 556-1
4 66E-1
4WE-1
4 66E-1
4 67E-1
4SSE-1
4 58E-1
4.596-1
4 706-1
4 716-1
4 726-1
4 73E-1
4 73E-1

1

1

1

1

1
1

tone
strength

S 586-06
5.94E-06
6 51E-O6
7 03E-06
7 52E-O6
8 416-06
9 21E-06
9.95E-OS
106E-05
1 13E-O5
1.196-05
1.256-05
1.306-05
1.366-05
141E-05
146E-05
1.55E-0S
1686-05
173E-05
1.77E-O5
1886-05
2 06E-05
2 23E-O5
2 3BE-O5
267E-05
2 92E-O5
3 16E-05
3 38E-05
358E-05
3.786-05
396E-0S
414E-05
4 316-05
4.47E-05
4 636-05
4.936-05
5356-05
5 48E-O5
5616-05
598E-05
655E-05
7 08E-05
7.576-05
8476-05
92SE-O5
1.00E-04
107E-04
1.146-04
L2OE-O4

525
5 2 3
5 19
5.15
5 12
508
504
5
4 97
4 9 5
4 9 2
4.9
4.88
4.87
4.85
4.84
4.81
4.77
4.76
4.75
4.72
4.69
4.65
4 62
4 57
4 53
4 5
4.47
4.45
4 42
4.4
4.33
4 37
4 35
4 3 3
4.31
4.27
426
4.25
422
4.18
4.15
4.12
407
4.03
4
397
3 9 4

392

Conductivity
{|iS/cm)

224E+O0.
2 39E*00
2.61E*00
2,82E*00
3 02E*O0
3 38E*00
3 70E*00
3.99E*00
4.27E*00
453E*00
478E*00
5.016*00
5236*00
5.456*00
565E*00
S85E*00
6.23E*00
6.76E*00
6.93E*O0
7.096*00
7.56EMX)
8 286*00
8.95E*00
957E*00

07E*01
17E*01
27E*O1
35E+01
,44E*01
52E*01
596*01
66E*01
73E*01
79E*01.
86E*01
98E*01

2.15E*O1
2.206*01
2256*01
2 406*01
2.63E*01
2.84E*01
304E*01
3.40E*01
3.736*01
4.036*01
4 316*01
4 57E+O1
4826*01

Total
carbon
species

3.63E*00
4.106*00
4.896*00
5.676*00
6.446*00
8.00E*00
9.54E*00
1.116*01
1 26E+01
1.42E*0l
1.57E+O1
1.72E*01
1.88E*0l
2.03E*01
2.18£*01
2.33E*01
2.64E*01
3.10E+01
3.25E»01
3.40E+01
3.66E*01
4.62E*01
5.37E*01
6 13E*01
7.65E*01
9.16E*01
1 O7E*O2
122E*02
1.376*02
1.52E*02
1.67E+O2
1.82E*02
1.97E*02
2.12E*02
227E+02
2.57E*02
3.03E*02
3.18E*02
3.33E»02
3.78E+02
4.53E*02
5.2BE*02
6.03E*02
7.536*02
9.046*02
1.056*03
1.2OE*O3
1.35E*03
1.50E»03

salicylic acid?}- 185/254 nrn̂ ) UV

CO2I-

carbonic acidS

TiO2 ^ i ^ - i ^

carbonic acid^j-

TOC
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Fig. 2.1.2 Specific conductivity of aqueous CO2 solution

- 12 -



s

• •

\

1 ' ^ \

s '

\

<,

s

s *
N

> / \

\

s 25°C
*''' —i—111ii

o ° c s><-
i j 1 1—L-EB ,

1 ,10U L
rwn

150°C

10-3 io-2 io-1 10° io1 102 103

Total dissolved carbon species (ppm)

Fig. 2.1.3 pH of aqueous CO2 solution

- 13 -



120

100

0)
o
iE
<D
O
Oc
g

CO

-a

£
03
Q.
Q.

10"3 10'2 10'1 10° 101 102 103

Total dissolved carbon species (ppm)

Fig. 2.1.4 Apparent distribution coefficient of aqueous CO2 solution

- 14 -



102

is
u
T3
C
o
O

,0
"toc
CD

£
CO
o
o 10°
E

101-1

10-2

-

: Ez::

. — o
Calculated

m

values

Measured values

at zb c
| _

10-3
1Q-2 1Q-1 10° 101 10 2

Total dissolved carbon species (ppm)

103

Fig. 2.1.5 Specific conductivity of aqueous CO2 solution by using

salicylic acid

- 15 -



2.

7}-

[2-7] .

4-§-£lfe n-
electron)^ ^^-(positive hole)

7 014

1972^ Fujishima %•<>] [8]

transfer)^
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43](chemical destruction)*

[2].

(band-gap energy)

#(electron-hole

-i: ^^§>7ll ^ 4 (AI 1-15).

Photocatalyst - ( h i / ) - ^ ec"b +

OH" + h^b - ( h i / ) - > O H «

1 _ 1 4 ) _ 0} ^d

group, OH')!-

(1-14)

(1-15)

1-16),

Mn +

(1-16)

(1-17)

fi-711--fi- ^ E f l

[2]. Fig. 2.1.64

nl gj-71]

ii)

iii)
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Surface
Recombination

D

A

Fig. 2.1.6 Schematic photoexcitation in the solid followed by

de-excitation events [10]

mechanism)^ t [4].

^ , ^*rlr£r Q^tf (conduction band)

'§••& QAAtf (valence band)
JO. a id

1̂ (electron

acceptor)^

-o^l(electron donor)S]

^-(electron-hole recombination)°1 544.
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oj:

Si4 [9~12, 23].

trapping)^

Si ̂ ^(sacrificial reagent)» ^>-§-*)->l| ^cf. n «^|s., 2-propano]0)

TiO2 (Degussa P-25)

EDTAS1- ^ ^ °<M #*}•!• ^-S-^

^^>£^(electron trapping)^.

S-ofl, ^Si 7 ^ 5 ) ^ - # n j | ^-g-ofl^ ^nfl ^ofl «l3J-̂ ) XJ.;fc7f

€• O2 fe

7Kprotonation)efl

[13, 23].

4 [14, 15].

pH7]- 5} 3.5-6.8 $5. [16,

"fl ^^ ( i soe lec t r i c point)# 7}*]E.3., l

19 -



nitrate) -g-«H*l ^ ^ ^ TiO2 M l -
3.711 ^ ^ T T tfl, °1 pH

[18].

pH7}- ^ ^ % t ^ B)^14.

[2-7]. #-#*l l HV-g-7

^ ^ 7 > ^ ^ t >

gfl P H ,

lr [11

M.4

Titanium dioxide(TiO2) # -^«1H 3] ?

HC1, NHs, C02l H2 ^ ^

[HI

CaHb0cNdCle + (2a - c)H20->

- 20 -



. T iO2« #

: AV^-cr EPR (electron paramagnetic

resonance)0!]

[19-21].

^Tilfe,

[22].

fe T a b l e 2.1.64 £ £

|.e.7fl

Table 2.1.6 Reactions which generate radicals at the illuminated

electrolyte-semiconductor interface [23]

O2 + e > O2 *

O2 ' + H+ > H 0 2 *

H 0 2 * + H+ > H2O2

H2O2 + e • OH* + OH

H2O2 + 0 2 ' > OH* + OH + 0 2

H.0 + K > OH* + H+

OH + K > OH*

- 21 -



alcohol (or ether
ROH ROR')

alkene ester
R-COOR

.(or R'OH)
•-H 2 0

t.H® /
R'COO

alcohols
alkenes
esters

R" rearrangement

RCOO
(start)

RCOO
, © - CO 2
'• — RCOO Ids '

R® =,

R' =

I -*-

R ®K ads

©

= R'ads

-H
A"

alkene
R-R
dimer

R-H
alkane

Fig. 2.1.7 Kolbe reaction scheme of carboxylate at the anode of an

electrolysis cell

fe t]] [12], o ] ^ ^ (i) , (ii)
-g-, (iii)

, (iv)

Langmuir-Hinshelwood 2-iJ-i: 4^-^-

i + K d

-zl-^^r(binding constant)°14-

[22].

2:7]

(1-19)

3.

-^-7lA>(carboxylic acid, R-COOH)s]

R-COOH-^R" + C02 + H"
R - C O O H ^ R ' + CO + 'OH
R-COOH -» R-RH" + C02

(1-20)

- 22 -



£: 240 ran

K o l b e

fe- Fig. 2.1.731- £ 4 . °1 #-§-

alcohol^-, alkeneit ^ ester^-

CO2#

formic acid,

acetic acid ^ glycolic acid

4-S-4 7Evcf [i].

7>.

(recirculating batch

«t-8-71 (photo-reactor)

[1]

Fig. 2.1.

36 cm, ^>g 1.7 cm, 2.3

rutile ¥

50+15 mVg,

"Black-Light" Fluorescent Bulb (n-UV, GE F15TB, 18")

^ < ^ £ - 320-400 nm l̂3l ^tfl3|-^-^ 350 nm°i

titanium dioxide(Degussa P-25)fe anatase ^-21(80

%)« ^ ^ H l ^lM^, y}^*}^ ^^3.7}^ 30 nm,

^- ef 300 nm0!^. Titanium dioxide

Centrifugal
Pump

Headspace
Reservoir

Quartz
Annular
Reactor

Lamp
(UV or nUV)

Cooling Loop

Fig. 2.1.8 Schematic diagram of reactor assembly
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4-S-3&4. ^ T T 3.^ AldrichA} ^f - s ]

(teflon)-5-

^ 500

t H € ^ 3 « K n . 0.22 ^m^ MSI Filter Membrane

*, Shimatsu4^ TOC 5000AS -B-71EJ-^^

20-25 IC Î ^ ^ ^

Formic acid, acetic acid ^ glycolic acid°il

1.67 x 10"3

-fe Fig. 2.1.92}-

6.0

5.5

5.0

4.5

o
X
Q.

4.0

3.5

3.0

Fig. 2.1.9

Formic acid

Acetic acid

Glycolic acid

20 40 60 80
Irradiation time (min)

100 120

pH variation of the photocatalytic reaction of

carboxylic acid
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1-21 ^ 1-22)31

OH

H+

2 H2O + 2 e" -> 2 OH" + H2t

HO2- + e~ + H + ^ H 2 O 2

Formic acid^

PH

(1-21)

(1-22)

(Fig. 2.1.10)^1

4 0 TOC7J-

50.0

40.0

Eaa
d
§ 30.0
o
as
O

1 20.0

10.0

0.0

• Formic Acid

n Acetic Acid

• Glycolic Acid

20 40 60 80
Irradiation time, min

100 120

Fig. 2.1.10 TOC variation of the photocatalytic reaction of

carboxylic acids
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±*}3L $X^. Acetic acid^f glycolic acid^ ^ - f

T0C7> ^±^}$X^.

s ] ^ - formic acid^r acetic acid ^ glycolic add^l ^-sflfe,

n £ * H ^ # 3 si-sH-aH " ^ pH7>

4. ^ ^ -g-^ a m i n e ^ - ^

TiO2 ^ - # D f l ^ ^VSl-1- o]-§-«> 3 ^ | ^ ^ 5] w j - ^ ^ ^ 7 f l ^(environmental

remediation)^: ^*> -

hetero-atom

--T-7l3Kphoto-mineralization)7}-

7\.

NO 71*1), <£$

TiO2 ^ - # ^ H sl*ll ^ * s l ^ , N2, NO2, NHs,

N2H4 #°1 ^<§^£lfe t-fl, ° 1 ^ ^ <^7lsj T i02 JL^^ofl /jj^jg ^ j

^c-l^. 7l^sl ammonia^ TiO2

N21- $<*§*)7}7]v\- ^±°^o]

N2O# ^ ^ t t ^ - . Low •§• [24]-c: nitrate, nitro, saturated 5Efe aromatic-ring

Ammonium

N-pentylamine, piperidine, pyridineol ^-'i+Sj-sl <H ^^i jfe-

^?l :^^-i- t l immonium cation radical (RCH=NH/)^-

NO3 ° i ^ # ^ ^ i - ^ - f r n^%^^\}7\ ^ -

4 * ^ NO3

Nohara §• [25]^ 46J=$ ^i-^-fr « « - ! : TiO2

NH4
+2f NO3

}- NO3
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+ 4 N03

NH4
+ o ^ o . ^ €3*£M methy lene^ *M|fe < 8 ^

amine°ll

ff-H-^fe 5:71 ofl #3}-sH N-C ^ ^ - ^ ^^^1^1 tiVig, amide

N-C ^^- o l ^>fl ^ ^ t } i ^ ^ « f ^ 4 . o>-amino

-NH2 2.^71- TiO2
 od^}- S ^ ^ M H ^

NH4
+ °1£:°1 ^ ^ H ^ ^ s ] ^ 4 . 1*> amine^-fe C-N ^ ^

fe methylene7l s]

amine7l 1-

R-NH2
+ °^}^ AAQ ^Efls. a ^ i ^-^m

N-alkylidene amine*-^ 48^ W . °]^ ^^ l 0 ! ] , °1

immonium ° ^ I ^ ° . S ^S}-^ ^ • OOHM- Sfe • OH

amine^l « 1 ^ ^ ar-^ifcl- ^ s M ^ alkylated aldehyde^ NH3-

JLel-^iS-JfEi NH4
+ ^ NO3 °l^rl:ol ^ £ ] f e >|̂ -^fl

3LB] ifl ^ ^ 7 } - 7-1^ NH4
+ ^1^-i-S ^« : i | ^ l^ : t N-hydroxysuccinimide^)

NO3 °l^r°l S]3L NH4
+ ol^r^r ^ Tfl i^-B^tf. o] ^3\-°\)

el7l- ^ f l ^ ^ ^ = 1 amide7lS.-ifEi

formamide7> ^—S-Sfl̂ S nfl, NH4
+^ NO3" ^ ^ - i

amine7ll- 7}*}5L ^7 | fe * H ^ @

7\^\ u l*?! : °^^ NH4
+2f NO3

formamidea.4 1/5 ^ s . i ^ ^ 4 . o] 54 g

NH27l°ll sl*fl OH efl^^H T ^ S.^<=>\} $X^r Ureas] amide7l

5J0I t\-± # ^ S ) j l o|ofl iq-2f NO3 ° ] £

. FormamideS] ^-f, OH efliq^l-o] amine^ carboxyl7]

1^", TiO2 S ^ ^ H l 2}-l-i- ^sl-Blfe- ^

NO3 ^l^rl-Sl ^^of l £ £ ^ ^ 014.

NH/21 - i tsH 5i*v NO 3 ̂  ^ ^ ° i ^ l - ^°J«}7l ^«fl ^ 4 ^ « a ^

NH4CI* ^ r i M ^ -g- ^ 4 f e , ^^1 4 %$\ NH4C1 ^^1 15

imidazole°l ^ - ^ s l - s i ^ NH4^4 NO3 A

, HC14 NaOHS pH» 2:^«V^-^ "II, ^*1
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TiO2 #*fMH °<J=̂ 51 5 ^ 71^71 fe titanol(= Ti-OHH

TiO2

- Si 4.
6.4 wfl ^ £ S . ^ ^ "9=31 NH4*

imidazole -§-^°)l^ %<%& NO3"

37)1 cf^^l ^ fe ^°1 ^-^l^W. Imidazole^]

NOs"
^. imidazole°]

^lfe TiO2 °Ĵ >7l- PH=1H>H NH4CI ^-8-^ofl ^7 f s ]^ 75 %$] NH4
+

TiO2 a^°fl W ^ # °̂  ^r S14. 42?-^, *8^€ NH4
+ d l ^ l : ^ ^ ^ o

6
tol

NH3 71 ̂ is ^«b^^ ^ ^ sa4.
oj-s-o] ^JA]*]; ^3]-g- ^ ^ - s ] - ^ , amino acids, amides, succinimide, imidazole,

hydroxylamine % ureaSf £•& ^ i - ^ - f r

3}-^-#(hydroxylated nitrogen moiety)^: tfl^-^- NO3 £., 1*>

amine4 amidefe t f l ^ s l S^ofl^ SLS.̂ 1 N H / S ^ € ^ t ! : 4 . Imidazole ifla)

hetero-cyclic nitrogen 7lfe <ŷ l- amine-2)- hydroxylamine^] ^ S - l - ^-fe

TiO2°fl ^«fl ^-AVSj-s]^ 3)-^ ofl A] 1 ^ amino7l Sfe amide7lt- x]\±

^ A J £ l ^ ^^f^: NH4
+ 61^°1 ^S^5 ] JL , hydroxyamino7lsl

fe NO3"
 61^1-O1 ^

^l <8^-£ u l € 4 . Tio2

4 NO3 °l^r

. Advanced amine^-^ ^--#^1) ^-sfltiV^- ^ ^ [1]

, ammonia, morpholine,

AMP(2-amino-2-methylpropane) ^ ETA(2-aminoethanol)l- t | ^ o . l ^38 tb

18.8 ppm, 14.6 ppm, 85.3 ppm, 5.2 ppmA^ ^ ^ * r ^ l 4 . Ammonia*
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TT 7.0

2.1.11).

CO21:

6.7-7.55. 4A1 ^7lS}- s]&4 (Fig.
fe- Fig. 2.1.124 Q°] s . ^ 1*} ^r-s -^ i^^- 4 4 •§

. AMPS] ^-f, S7l ^ 40 £ 4 4 pH7|-
fe ^1, °lfe" phosphate 4 ft^-ja&|7}-

CO27f ^^-^71 nfl̂ -1^ 3?°14. Ammonia^! ^-f, ^ ^ ^ 1 A
O

VE!14 pH
^|^ -̂ V^$[-E)jl 4 pH 74

ZX~ jrt ^- -nil \^V. ̂ > ^ -rfl S - i i l O]

4 J 1 ^ ^r $14. tt^l, advanced amine^ ^

^ 4 (Table 2.1.7

amines

a

u.u

r
9.0 i

8.0

7.0

6.0

5.0

A n

j

1 1 1

-•—Ammonia
-• -AMP
- o - 2 - Aminoethanol
-o-Morpholine

• M-B • • • • » • • •»-H

i i

0 40 80 120 160 200 240

Irracfafion T ime, min.

Fig. 2.1.11 pH variation of the photocatalytic reaction of

amines and ammonia
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Fig.2.1.12 TOC variation of the photocatalytic reaction of

amines

ammoniaSf acetic acid ^ formic acidS.

advanced amine^ •Sr«1ĵ - 7A

Table 2.1.7 Average decomposition products concentrations generated in

the model boiler feedwater heater (ppb)

Amine

NH:i

Morpholine

ETA

DAE

AMP

MPA

QOH

Ammonia

Low Oi

- -

2

_3

71

79

4

5

High Q2

—

11

58

54

72

17

34

Acetate

Low O2

20

8

17

5

4

9

10

High O2

9

13

20

10

11

7

15

Formate

Low O2

16

5

14

4

3

8

10

High O2

16

19

122

6

34

29

120
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TiO2

TiO2

4 # ^-§-°J) pHSf TOC(Total Organic Carbon),

TIC(Total Inorganic Carbon), TC(Total Carbon) f- f h t ^ ^

pyridine, ethylamine, phenylhydrazine, urea ^ EDTA^l T1O2

1. ^i-^-B- -a-7i^-^-#sj TIO2

TiO2

l.aL 20 t S l ^>&#EJNA] ^*S Si Si t̂ -. TiO->

^ 2.0 g/« A ^ - s i ^^sa^ .

2^l ^#Dfl *-8-°l) tfl^ Nohara f-s} ^^«^>Mfe

4+4 NO3'-i- ^ 4 ] ^ - S jl^-tb yf S14E22]. ^ ^ ^ ^ l ^ i f e ,

Fig. 2.2.14 7Ev̂ . ̂ i - ^ - f } - -fi-7l^-^-# ^ SfS)-^2: s-^0] AJ-O1*V ethylamine,

phenylhydrazine, pyridine, urea ^ ethylenediaminetetraacetic acid(EDTA)-S"^]

TiO2

40 ppm^

71 ^«fl ^^>^v A (electron acceptor)7} ^.^-s\^S-, ^ ^ < H H f e ^7l^fi l O2

^ f e "^r^ -§-$ -n-711-Sl ^-^BD -g-sflHV-g- o^^ (D''( KAERVRR-1869

-983) pp. 33~474
pH
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\ | H H H | 0

C C - " * " | " " ^ - C C * * *
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Fig. 2.2.1 Five nitrogen-containing organic compounds used
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?H: ethylamine;

31: phenylhydrazine, pyridine,

urea;

(3) ^>-g-S7l°fl ^ r^o l^c f 7 } ^ 5 A } Jf. ^ 7 1 ^ 6.S. «f^ 31: EDTA.

® T
(°1) : phenylhydrazine, pyridine);

(<m : EDTA, ethylamine);

O27

urea).

2. ^

^«fl ^ - i - ^vfe4. TiO2 «tS.^lfe pH7> °} 3.5~6.

(isoelectric point)^: 7^^[16, 17]. -§-

c pH, ^ , ^ § # ^

TiOH7> 1 ^ § H

TiO'
4 . ^ , ^-§-#^^1 TiO2

f̂l TiO2

TiO2

+
2 acidic

OH'

s.fe

^ =Ti

TiO22]

• crAcl (amphoteric)

0].

"~ O H neutra]

O H "
3

<

H +

titanol -r-^lfe îr-i

' = Tl ~ 0 alkaline

• ^ f ^ M ] (electron

r (2-1)

(2-1)

donor)

pH

- 33 -



© ^ TiOa

TiOHS, n °14M|

TiO2

HyperChemR

HyperChemR

-§- software°14. HyperChemR ^ d ^ 3 £ i ^ Extended Huckel Theory ^

AMKAustin Model 1) Methodl- %•%•$: Semiempirical n^4r ^^-«V^4. A

^ i -^ - f i - ^-7]S}-^-#£] ^ . ^ ^ 2 : ^ 4 ^ ^ ^ ^ ^^-(atomic charge) % :%^7\

A ? i ^ ^ S # ^ § F ^ 4 ^dt-th-fh -fi-7l^-^-l-fl| ^#x.fl' 1>^-^4fe Table

Table 2.2.
EDTA2] ^ ^

EDTA^l

ifl Z]-

CH3CH2NH2 + H2O = CH3CH2NH3
+ + OH~, pKb = 3.31 (2-2)

Table 2.2.1 The values of nitrogen-atomic charges in each compound

molecule

Compound , . phenyl- ... r-n™
~~^^ ethylamine £,,'•„ pyridine urea EDTA

Max.

Max.

Max.

negative

N-atom

positive

charge

charge

charge

-0.305

-0.305

0.130a

-0.223

-0.223

0.157

-0.179"

-0.127

0.155

-0.469

-0.469

0.421a

-0.351D

-0.268

0.305a

" Carbon atomic charge, BOxygen atomic charge.
The rest of the negative charges are those of nitrogen atom and the
positive charges, except carbon atomic charge, are those of hydrogen.
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C6H5NHNH2 + H20 = C6H5NHNH3
+ + 0H~, pKb = 8.79 (2-3)

C5H5N + H20 = C 5 H 5 N-H + + OH", pKb = 8.76 (2-4)

H2NC(O)NH2 + H20 = H2NC(O)NH3
+ + OH", pKb = 9.23 (2-5)

EDTAS) 3 M f e - tiV-g-71^ ^s\ PH ^#7} 5.27-7.92^1 #7] n&<$, o] p H

^^ofl^si ^ S f « B ^ 27} ^ 37}°\ - g - o ] ^ o . S ^ 4 ^ . 4 Qg. 3 j ^ ^ - o]§

4-

H - Y - H 2 " - H-Y 3 ~ + H + , pKb = 6.16 (2-6)

.^ T(|A}:*H, # ^ € pHSf T0C4
o.^, 2,71 pH St̂ l) tflt& 4 Stl-i: ^21*1-^ Table 2.2.2s)-

7f. EthylamineS] TiO2 ^ ^

Ethylamine^ #%•$: TiO2

(Fig. 2.2.2

T i 0 ,

, ethylamine^r r̂-§-<^ vflefl^ «]--§- (2.2.2)4 ^ o | ethylammonium

3 j ^ ^ - olf-i^ o] 3 j ^ ^ pHcq «V^ol

^ . ^ J T . ^ ^ S ^ f ^ ethylammonium

ethylamine ^ ^ ^ - ^

Table 2.2.2 The values of pKb and molar ratio between ionized species

and neutral species of each compound at 25 °C

Compound Phenyl-
"~ \^ ethylamine , , . Pyridine Urea EDTA

Values ^ - - ^ ftydrazine

pKb 3.3 8.8 8.7 9.2 7.8

[iomzed]/[imtial] ^
ratio
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Fig. 2.2.2 Changes of TC(total carbon), TIC(total inorganic carbon),

TOC(total organic carbon) and pH in an aqueous

ethylamine during 60 minute adsorption on TiO2 surface

followed by 180 minute UV irradiation
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CH3CH2NH2 + H20 = CH3CH2NH3
+ + OH", pKb = 3.31 (2-7)

Ethylamine ^-g-^j *1HH ̂ 4 # - ^ 4 A14°ll 4 4 ^-%-°A pH°ll 4 ^ 4

-H ^3j-£)fe ethylammonium ol-Brf'S) 1-^4 ethylamine ^ £ - 4 ^ #4"

zis-s] y ] ^ ^ pig. 2.2.34 *M 4 4 ^ 4 . Fig. 2.2.3°1H

ethylamine ^ £ 4 ^ 1 ^ £ 7 } cfl§* 8 0 % ̂ £ S ^ tftfl^o.^. =LV] A

4 4 7j-^S].fe ^ ^.SAf ̂ j^ollfe ol!;<s]

4 15^: ̂ ^ B ] ^ - ethylammonium ^ l - ^ ^

, ethylamine f ^ £ * > •i:irofl tfl^- ethylammonium

= TiO -S-ol-2.
— x 1V/ m i i

ethylamine ^ ^

2.2.14H4 £o],
#fe f t i ^ 4 S ^

4.
Ethylamine TM

31 ethylammonium 'Jf6

?-4 ^ ^ 1 ^ ̂ tfl ̂ -#4

^i^4S.^ ^4#4 1
i -^4#4 $°] 4 +O.lc

» *l\i -̂ -̂ 1
51:̂ 1 -0.305^1

i 4 ^ =TiO

4 4 -1 ^ n
fe, Fig. 2.2.4
31; S| rfl ̂ ^ ^

ofl cflsfl ^ ^ ^

-1 ol al-td
-*• 1 1 . 1 y

^ Table

•1-1- ^ *?•

fe- 0.074 ol

.5- 4-§-%v

ethylammonium 0 ^^l^^:
?)t-& ethylammonium °oto1

Fig. 2.2.4°fl̂ 14 ^^l ̂ 4:314 #*>S 1-s^H 81 Jl ^ ^
fev^ ^A°]s.S. TiO2

Ethylamine r̂-§-°J| ^Hl^ife ^ - £ 4 #°fl, Fig. 2.2.
11.37^1^ 11.16.2.3. 4^1§M1 4 i : 4 ^ J i , ethylammonium
ethylamine f " ^ ^ 4 ^£^1 tfltb y l#°l 20 %°fl^ 34 %
= TiO 4 ethylammonium °otol-&4°ll ^ # 7 1 3 ^ 1 ^ ^ : ̂ 1
17 %~25 % ̂ ^°fl °1-& at1^, =TiO"4 ethylamine f'^

aj §)-§• xfl^-4^ -y-rfl̂  u ] ^ ^ 83 %~75
f£A} # TiO2 H ^ ^ r ^ ^

€• ethylammonium +I7f <&o]&<% ¥-£x\CL3, $]^t}^ ^ - A H , ethylamine
#43.717} ^-tfl^^-s. 4^r ̂ ^ ^ 4 ^ 1 -g-#4(-0.305H tfl

, Fig. 2.2.3°fl^4 ^-o], -̂g-ofl p H 7 ] . n.i6<Hl^ 7.22S 4

, ethylammonium °oH£: ^S .4 ethylamine ^^-@:4
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Ethylamine

pHx5
> TOC-ppm

-* lonic-mol

• [ionic]/[neutral]

PH(7)x5
TOC-moi

- Neutral-mol

3

O
*£o

"6
.o
2
_g
o
S

-60 -30 0 30 60 90 120 150 180

Time before and after irradiation (min)

Fig. 2.2.3 Change of total carbon concentration, molar

concentrations of ionic and neutral molecules, their ratio

and aqueous pH with time before and after irradiation in

ethylamine solution
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Ethylamine-AM1

Fig. 2.2.4 Molecular structure and atomic charge map of ethylamine
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34 %c^x\ 300^-S 3.71) ^7}t}$^t\-. ^ , =TiO sf ethylammonium

J§^7H S13-& *f|^*Kr #313 * 1 ^ 25 %°flAi ^^t}?]} 100

, sTiO'4 ethylamine f^y-x} ^ ^ i

-§: afl^SRr tftflaj al-i:^ 75 %^H 0

ethylamine^l^ t ^ 4 ^ TiO" a ^

ethylammonium +17> o
c
1:ol^0fl ^ d l H i S 2i§«>fe f-*H, ethylamine

TiO2

ethylamine f " ^ ^ >

1 H ^ M t 4 fe ethylammonium

. ° 1 ^ , Fig. 2.2.3^1^^- £ol , TOC^ ^- i^^ ]7}- ethylammonium

, Fig. 2.2.2^1^^ ^-o], ethylamine

£•1 ^ 90^-^: 37fl ^41^^-H, ^"SAf x} ^ ^-SAl- ^ 60^-4^1 ^-§-°J]

TIC ^ £ 7 K 4 € - ^ i - ^ - B - -8-7l3^-#3 ^ ^ i «lsfl n ]^*H^> AovcH^^-S

3711 M-Bl-^*.^, n Sol 2.21 p p n H $ 4 . °lfe, ^ 7 1 ^ ^ ^ ^ ^ ^Mlr-S- (2-7)

°] ^ l ^S l 1 ^^ ?7lS^-E^ -^-oj£l^ -g-^sl CO27l- HCO3 4 CO22"S. ^ ^ € °<J=

ol #7f§l-JL ojofl Ofe}- TIC ^ £ 7 > ^7l-*V ^JO.S ^ W .

CO2(g) = CO2(aq)

CO2(aq) + H2O = H + + HCO3" (2-7)

HC03~ + OH~ = CO2
Z~ + H2O

^ 2 4 ^ 9= 90^^-Eife ^-g-^ pH ^ TIC ^ £ £ ^§1-^ ?*v^ H_V ,̂

T O ^ £ 7 > 3.711 #4iSV&4. ol fe ^ 2 : 4 2]^^-Ei ^4l*l-7l ^ 3j-fV

01 A I ^ ^ A ^ ^ ^ ^ # ^ q - ^ ^ TiO2s] ° J ^ a ^ ^ ] «V-g- (2-1)oil

£]Jl o) ^t^ofl ethylamine^ -g-^*}- Jf

5} ofl 7l?l

pH7l- # -$0 .3 . -n-^l^l phenylhydrazine^f urea ^ pyridinefi] ^-f, H* °

Le Chatelier
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A] 4 4 ^ 5 } ^ ^ of|

£€•3.2.3., Ethylamine
ethylammonium

4 . Phenylhydrazine4 Ti

Phenylhydrazine *r-g-^ 3 H H t e , Fig. 2.2.54

pH7)- ethylamine 4 ^ 5 . 3.A] #±^<&t\. Phenylhydrazine^

-§- (2-3)4 ^o] sfleis)^, -̂g-ofloflA-l <% ^71^-i ; ^ 4 .

C6H5NHNH2 + H2O = C6H5NHNH3
+ + OH",

ne-14, ^- ^1°11^ *r-8-«*M ^ 7 l S bubbling

phenylhydrazineTi] 27] ^-g-<^ P H ^ 6.66AS ^r^±v], o]

pH7> 6.52<?1 pyridine ^ ^ 4 -n-4«]-^4. a ^ , ethylamine314

=TiO

(2-3)

fe 27]

, 2:71

7} f ^ j ^ pH 6

^ TiOH2
+

pH 6.

pH 5<̂ 1§

phenylhydrazine

pH

, phenylhydrazine^r T=-§-^ I ^ H H ^r-§- (2-3)4 ^ o l phenylhydrazinium

^ =TiO"4 =Ti

f1 -̂ phenylhydrazinium

Phenylhydrazine -̂g-°-*i vflofl-H S^f ^ - ^ 4 *]#<% 4 4

sV^^ ^s}-£lfe phenylhydrazinium * 1 ^ # 4 -§-^4 phenylhydrazine

s] ^ ^ ^ z i*s l 4 ^ - ^ Fig. 2.2.64 3M 4 4 V f 4 . Fig. 2.2.6^^

S7loil^. phenylhydrazine ^ A ^ 4 4 ^S.7]- tflif 97 % ^S.S.'H

3 4 Al̂ Vo] f7}fol | 4 4 ^-i*ffe £ £ , ^ 5 4 ^ 30^-^ °1^7l ^ofl o)n]

0II-4 1-^71- ^^^V A ] ^ ^ - X ] 4 J I ) ^ 2 4 ^ f J fE^ phenylhydrazinium °o
to]

^ ^£71- cfl^-^-^ 4 4 ? ! - 4 . ^ , phenylhydrazine ^ ^ ^ - 4 #

phenylhydrazinium °l£r# -i-^r^l 4 ^ - ^ ^-g-^l^:0! ^7>#o|) 4 4

i £ 4 2|^^1 ^ ^ * » f l ^ 7 ] - t # 1- ^ XI4.

=TiO -§-°l^: ^ phenylhydrazinium ootol^r4 ^«ffe 4 4 -1 ^

phenylhydrazine ^ ^ ^ 4 vfloflÂ  5]cfl ^-^*># ^ \d Jf4fe, Fig. 2.2.7

Table 2.2.1°H4 4 7
E

t6l, ^ i ^ 4 5 . A i « 4 ? i « r St°l -0.223°] S 3 tfl
]- sJto) 4 +o.l57o]4. Phenylhydrazine
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- pH-PhHz
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Fig. 2.2.5 Changes of TC(total carbon), TICXtotal inorganic carbon),

TOCCtotal organic carbon) and pH in an aqueous

phenylhydrazine during 60 minute adsorption on T1O2

surface followed by 180 minute UV irradiation
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"c
o
o
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o
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-lonic-mol

Pontc]/[neutral]

P H(7)x5

TOC-mol

• Neutral-mol
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o

Fig. 2.2.6 Change of total carbon concentration, molar

concentrations of ionic and neutral molecules, their ratio

and aqueous pH with time before and after irradiation in

phenylhydrazine solution
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Phenylhydrazine-AMI

0.147

Fig. 2.2.7 Molecular structure and atomic charge map of

phenylhydrazine
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-#«Rr =TiOH2
+°ll

ethylammonium °<M££:

, T ^ - H T . } ^ °<M«r & £ , ethylamineSl

phenylhydrazinium ^ l ^

H } Fig. 2.2.

^lS-S TiO2

Phenylhydrazine r̂-§-°-̂  Tfl̂ -H 4 ^ 4 ^^lfe, Fig. 2.2.6^*1*4

phenylhydrazi- nium ^^^r ^ £ . ^ phenylhydrazine ^AJ€-^1

•ir^l 4 %°1H 85 %S. 3.711 #7>§]-^4.

£7) ^ 15^-^ ^r-S-^ pH^r, ^ 2 4 ^ ^-g-^ pHS] #±7}

^ TiO2 ^ ^ l ^

o] =TiO"4 phenylhydrazinium ^ ° 1 -

a ] ^ ^ 3 %<>\}*\ ^ 20 % 6}-S-^.S H7]) ^7>«^ H>^, phenylhydrazine

- ^ ^±Q*\ #•%#<% %#7]q °m^: ^1^-sl-fe # t f l3 «l^^r 97 %

^ 80 % °l*l-3. *1^*1 ?J-ifc«F5a4. 4A1 ^-*>^, 2:7] 15

^-tf\^^-S. €• phenylhydrazinium

, phenylhydrazine ^^€ -^h f̂l ^

, 2:71 15^- *]$• %&*\ ^ W f e - r̂-g-°Jl pH7r ^r-g-^

ZL o]t}°] 4.46^-S. ^4i* | -^ TiO2fe ^S, TiOH/

2f phenylhydrazinium ^°1-Sr^b°ll ^ J ^ 7 l ^ ^^-§

«l#^r 85 %S. ^7\-$r #&t =TiOH2
+^ phenylhydrazine ^ ^

?1«RH1 ^§^7H ^ 1 ^ * * f l^ fe Aov^^ yl-l:^ 15 %
phenylhydrazine^l^ 2.71 15§- <>]$• %2i^\ $.*}*} TiOH2

+

47] 7} Aovcflaio_s. § phenylhydrazinium +17} °otol^r°fl ^ «

7V Al?>dfl ic|-el- A-^A^I ^7 rs>fe ^A)cfl) phenylhydrazine ^

7)7} AoVcfla]o.S 2)-^ ^4i^7.}-^ -g.*i§}(-o.223H tfl^-^- s ] $ ^ 4 3 . 1- ^ 5a

, phenylhydrazine?fl^ f S A } ^ r̂-§-<^ TOC

^3}~ &B\, Fig. 2.2.
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fe 2,7) 15£#£l TiO~<H] tfl^ phenylhydrazinium +17}

4 a ^ > # 4 * 1 ^ TiOH2
+°11 tflt!: phenylhydrazine f ^ S r * r Ĥ ^

°1§H 7l<y*>4Ji ^ ^ XI4.

fe, Fig. 2.2.6<41^si- £ ° ] , ^-g-ofl PH7]- 4.46°fl^ 4153.

1, phenylhydrazinium °<H£- ^5.5} phenylhydrazine

5 o^oH^ U S 3.711 ^7H-&tK

phenylhydrazine °o tol^^>^ 3 3 7 ] 3 ^ ^ # ^ i l ^ - § ^ A
o

v^^ a l ^ : ^ 85

92 %S. 5t?> ^7W ^ ^ , =TiOH2
+^- phenylhydrazine

4 . 4^1 ^r«l-^, phenylhydrazineTil^l ^ a ^ > ^ =TiOH2*

47)7} ^ t f l ^ ^ s €• phenylhydrazinium +17]-

, phenylhydrazine

, phenylhydrazine^l^ TiO2

phenylhydrazine f ^^^ l - s i

#$) TOC

phenylhydrazinium ^ ^ l ^
+ ^ phenylhydrazine

phenylhydrazinium °l-&^ phenylhydrazine

4 A ] # £ 3 7 ] Kfl-&ofl, phenylhydrazine f ^ ^ ^ - 4 ^ #*>(-0.223)«l)

^ ° 1 4 . °lfe, Fig. 2.2.6°1H TOC^ ^ - ^ ^ ^ 7 1 - phenylhydrazinium

TIC ^ £ f e , Fig. 2.2.5

71 ^ # 4 . ° l r ^-§-°Jl pH7r Jl€- ^-g
^ ^ ^ ^ ^e ) , «V-g- (2-7)°] ^ ^ J l

^-S., Phenylhydrazine^°\)^s] TiOz^l ^"^fl ^-§-°ll sit!: 2 : 4

TOC ^ £ ( S f e TC

phenylhydrazine i r ^ •§•*}• Ml -^4i-S^r ^°r°ll ^]€r?]r4jl ^ ^ Si4.
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Pyridine ^ -§ -^ 3H14fe ethylamine^l ^ phenylhydrazine 31̂ 1 4 •§-.£
T\] 4 4 # 4 . Pyridine^ ^-g-°JH14 £-§- (2-4)4 £°1 A
4 ^ 7 1 ^ ^ - tgi}.

C5H5N + H20 = C 5H 5N-H+ + 0H~, pKb = 8.76 (2-4)

£• ^ ° f l 4 f e #-§~§-°J] 3l7r ^7 l s . bubbling
A pH7}- Fig. 2.2.84 £<>1 6.52S 4 4 ^ 4 . o|fe ^7] phenylhydrazine
pH 6.664 7l^ -fi
^ pH 6.52-6.21

TiOH2
+ «§£fls} ^ ^ i ^ l - nqxi ^nftlO]. 4 ^ 1 =TiO

pyridinium °otol^r4 pyridine ^ ^ ^ 4 ° 1 4 .

pyridinium °l-&^4 # ^ 4 pyridine

Fig. 2.2.94 £°1

i-°l 0.3 «>
^ cfl-f^-o] pyridine

Fig. 2.2.9*114 i l ^ , ^F^- S7loflfe pyridine ^ ^ ^ 4 ^ ^£7}- cfls> 95 % 3
pyridinium °o^l^ ^£°fl «H ^-§-*l 3 ^ Al^o] ^7> -̂ofl 4 4 4 i
l^: 90 % 4 4 4 M 4 : s 514. ^ ^ , ^ ^ 4 ^°llfe pyridine f^£*|-s]
90 %°1]A-1 80 %S 4 i ^ - ^ 4 ^ 4 ^ : ^r-g-^ ^H14 ^ ^ ^ r ^ 1 ^ ^ $1

Pyridine ^ - § - 4 ^°114 ^t|) # ^ 4 # *1\I ^ 4 f e Fig. 2.2.10 ^ Table
2.2.1^144 7^°] Q±Q*}£.*\ -0.179S. 4 4 ^ - 5 - ^ , °lfe ethylamine^l4
phenylhydrazine ̂ H) 4 4fe 4€- £•*} ^ 2 ^ # ^ ° ] 4 . ^^^14^1 ?i*ffe-
-0.127°M, ^ ^ ^ 4 ^i4fe +0.157S 4 4 ^ 4 .

Pyridine ^ £ 4 4 € ^ ^ 4 4 -§-̂ «V7r ^cfl g^^ 4 4 ^ 4 nJ, Fig. 2.2.10

f̂ ^ pyridinium

•&. ethylamine^l ^ phenylhydrazine^2| ^-f 4 7*t°}, pyridinium +I7f °o
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Fig. 2.2.8 Changes of TC(total carbon), TICXtotal inorganic carbon),

TOC(total organic carbon) and pH in an aqueous pyridine

during 60 minute adsorption on TiO2 surface followed by

180 minute UV irradiation
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Fig. 2.2.9 Change of total carbon concentration, molar

concentrations of ionic and neutral molecules, their ratio

and aqueous pH with time before and after irradiation in

pyridine solution
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Pyricfne-AMI

Fig. 2.2.10 Molecular structure and atomic charge map of pyridine
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Fig. 2.2.KHW £°] ^l^Hf^H) ^ s ^ e ^ ^«]-^£7l- us]
°15.£. TiOH2

+ S ^ ^ H tfltb 7l^£7> zi5] =L*1 & # ? M 4 .
Pyridine r̂-§-°-3 3HH # 2 : 4 ^cflfe, pig. 2.2.10«fl44 £°1, *r-%-<% pH7}-

6.52°fl ̂  6.215. -Sr^-i: -fr*1§l-^4 n]/-]]s}7fl # ^ § ^ 3 1 , pyridinium O
OH£ &

phenylhydrazine f^£X|- ^£^1] tfltb «l^-ol 5 %
4. ^ , =TiOH2

+2|- pyridinium O

l^-^r 5 % ^ 1 ^ 10 %S. 4 ^ ^7>?!; ^ ^ , ^ - ^ ^ PH aj-s.
fe TiO"°fl tfl^ oj^-i-

2
+^ pyridine

. 95 %°)H 90 %
^ TiOH/ S^^-^-^r

phenylhydrazinium +17} «g=oî -6fl s]sfl *y-«fll- wi-
Cfl̂ -̂ O) pyndine f1^^-^ f̂lSl x]

*K-0.127) l̂ s m W ^ i 1- ^ SU4.
, Fig. 2.2.10°ll

, pyridinium ^o)^- ^ £ o ] pyridine f ^ ^ x f ^ £ i tfltt ul
0.11°fH 0.26AS ^ ^ ^ 7 | . §^c f ^_ =TiOH2

+4 pyridinium
^71^1 ^ ^ ^ ^ W T T ̂ $m al^r^r 10 % ^ ] ^ 20 %

2
+2|- phenylhydrazine ^Ai&z

90 %ofl̂  80 %

pyridinium +17}- °<
^:, ^^-^-^ pyridine

§ ^ 5&4.
TiO2

phenylhydrazine f1

°l-i:s:i, Fig. 2.2.KWH4 go), TOC Î
pyridinium <>l-&^£^ #±^4$% ° r^ ^}§f7fl 4 4 4 3 - Si4.

, pyridine?1H1A^ ^ ^ A } # . ^ -̂g-?fl TIC ^£fe , Fig. 2.2

TOC ^ £ ( S f e TC
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phenylhydrazine^H TOC

TiO2

7}

EDTA 4H

40 ppmA
i u r e a

^-f(ethylamine 2, phenylhydrazine 3, pyridine 5,

-^ p H ^ ( F i g . 2.2.114

. Ureafe ^r-g-^0!!^ ^

^ 7 ] S bubbling

71 ^-§-°
DJ PH7>

H2NC(O)NH2 + H 20 = H2NC(O)NH3
+ + 0H~, pKb = 9.23 (2-5)

TiO2 «a^}fi^^ qx\ =TiOH2
+ ^Bfls] <3=^*>l- n|7fl &

+fl tfl-& $-*H S ^ ^ ^ Sj-^f^^ carbamyl-

ammonium °j:o]-Sr2:|- urea(carbamide) ^ - ^ ^ - T . } - 0 ] ^ .

ffil u]

g* 69 %

carbamylammonium

sjfe carbamylammonium

^r^ Fig. 2.2.12Sf ^Ef\+

7f ^°^*> A ] ^ ^ - xl\+ ^ 25

u r e a

u r e a

. ^ , urea
carbamylammonium *)•£:

^-S. ^7>^-§- o
s
v ^ XI4.

§• carbamylammonium °

Urea f ^ £ * >

7A%

Pyridine

^ , Fig. 2.2.13 ^ Table 2.2.1

-, Fig. 2.2.13

40}

St-g-
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Fig. 2.2.11 Changes of TC(total carbon), TIC(total inorganic carbon),

TOC(total organic carbon) and pH in an aqueous urea

during 60 minute adsorption on TiO2 surface followed by

180 minute UV irradiation
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Fig. 2.2.12 Change of total carbon concentration, molar

concentrations of ionic and neutral molecules, their ratio

and aqueous pH with time before and after irradiation in

urea solution
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Utea-AMI

H

Fig 2.2.13 Molecular structure and atomic charge map of urea
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1, carbamylammonium +17}

j § I 7 } Fig. 2.2.13°)1

34

TiOH2
+ SL^-iH^Hl 'fltb 7l<^£7r u s ) 3 4 Ss-i: ^ ° 1 4 .

1*1 TiOH2
+ S^^2j-°11 ^l^sl-fe S]-*}"^1^ carbamylammonium °o

tol

I, ^lfe TiOH2
+ S^°)l : | - 4 s l 4 ^ # ^ ° 1 4 .

Urea T^-S-^ ^H14 ^-3:4 ^°flfe, Fig. 2.2.12°1144 ^ ' o l , n^-§-^ pH7|- 5.12

lAi 4.37S ^Ir^-i: -n-4413/'":l ^l^il^Ml ?J"4^]-5$.I1, carbamylammonium "o^0!

urea ^ ^ ^ - 4 ^£-<^l cfl*}- Hl-ir^j Qi tfj. ^ ^ . ^ A ^ 30^- ojuflo]] 2.5s.

/ 4 carbamylammonium 'c^l-Sr^Ml ^ § ^ 7 ] ^
31 %O]]A1 71 % ? . 3 7)1 ^L7l-'3'1- H>t̂  =T\ 'OH *

urea ^ ^ ^ ^ > ifl ^ d t ^ > ^ r ^ l ^ ^ 7 l a | ^ 1 ^ ^ ^l^Sj-fe ^ t f l ^ «)•§-§-

^r 69 % 1̂̂ 1 29 %S. ^ 4 ^ 4 . 4A1 ^«j-^, urea^l^i %^\ ^ TiOH2
+

^-tfl^^g. 3. carbamylammonium +l?r

, urea f1^^-^ vfl̂  #0^3.7]7}

^> pig. 2.2.12^1^4 ^ ° 1 , ^r-g-^i pH7r 4.37°fl*l 3.99S. Lv

L, carbamylammonium o^°]-gr ^£.^1 pyridine ^-^^r^V ^S-°ll cfl«V «]

AS. 3.7)1 ^ 4 * 1 - ^ 4 . # , =TiOH2
+4 carbamylammonium °<H

a) ^ ^ # ^l^^l -^ tftflai al^-& 71 % i ^ i 86 %

, =TiOH2*4 urea ^

29 %ofl/̂  14 %

A-fl 7171- €• carbamylammonium

^- ^ saJ5.^, urea ^

^ SI4.
TiO2

carbamylammonium ^

4 ^ ^ ^ - 4 H^-f-^r -H-7l# ^^-H 2:4 ^ • ̂  TOCSl $3]-

^Ml 4 4 ! d * 5J°14. ^ , Fig. 2.2.

carbamylammonium <^1^^£^ #±.^9% 7] 2]

£»g- 4^14fe carbamylammonium ^ o | ^ ^ ^^ofl tfl tb

, u r e a ^ H l ^ S t ^ 4 ^ - ^ ^r-§-^ TIC ^ £ 3 ] ^ 3 ^ ^.o] , Fig. 2.2.11

, 7-14 #
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&>$ <g «3 JS.S. •*}-*) 3 7]

(2-7)6] <*aov^o.S

^- TOC ^:E(JEfe TC

. EDTA^l TiO2

bubbling E)^7] nfl^i S 7 H 5.272]
^Ai ^ ) ^ £ 4V|<H f^°l]fe pH 7.924

(Fig. 2.2.14). ° H 45]-, ^ 2 : 4 31 TiO2 S^^r
H 6 oUHM^Bife- TiO

EDTA ^-4fe, Fig. 2.2.154 £o] ;

Q5L sj-SV^SS >S-t||̂  o.S. ^ - W 4 . EDTA ^ 4 vfl 2]cfl
Fig. 2.2.15 ^ Table 2.2.H-H4 ^°1, L1) carboxyl7] tfl
-0.351 olJL ^ i fc^H'M -0.268<>H ^ i ^ ^ H ^ +0.305̂ 1
+0.240°] 4 .

H3, EDTA ^^l-si ^Sj-^ ^Efl^ -̂g-̂ fl iflofl̂  ^^-«1| pH<Hl 4 4 ^ S 4

p H ^oflAi EDTAS] =TiOH2
+

$1S||f MINTEC S H I - A}-g-3H
EDTA ^« ,^s ] tftfl*:E# Tfl-atb ^ 4 , Fig. 2.2.164

7Evo] 4 4 ^ 4 . ^ ^^^ l^ i 4-§-^ EDTA^ disodium saltS.-H, Fig. 2.2.
4 ^°1 , ^r-&oJ\ pH7>

PH 6°l]^fe ^ ^ ° 1 H-Y3

H-Y-H2 4 H-Y3 °l ^^a l^ -S . ^^*>7fl =14. n °l^s] PH oJ^°H^i^Ei PH

7.927V̂ 1 ̂  ^rS. H-Y3 ^ S € ^ ^ 4 .

H - Y - H 2 ~ = H - Y 3 " + H + , pKb = 6.16 (2-6)

, EDTA -̂§-°J] 1̂ -̂#"11 ^ ^ ° ) ] ^ £3V€ ^r-8-^ pH ^^1
] ^ V H-Y-H2 ^ H-Y3 ^-

4.
EDTA?fl -̂§-̂ «fl>M Ŝ V # • ̂ 4 A]̂ cH] tcj-5} ^^-ojj pHo]l O^S§].^A^ ^

§V£]fe H-Y-H2 o ] ^ s ^ -i-^sj- H-Y3 ° ]^^s ] # ^ ^ ZLI-2] ti]^-^- pig.

2.2.174 £°1 4 4 4 4 , n S61 3.55̂ -̂ -Ei ^-3:4 ^ 30^: ^>]^i H
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Fig. 2.2.14 Changes of TC( total carbon), TIC (total inorganic carbon),

TOCCtotal organic carbon) and pH in an aqueous EDTA

(ethylenediaminetetra- acetic acid) during 60 minute

adsorption on T1O2 surface followed by 180 minute UV

irradiation
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Fig. 2.2.15 Molecular structure and atomic charge map of EDTA

(ethylenediaminetetraacetic acid)
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Fig. 2.2.16 Major chemical species of EDTA (ethylenediaminetetra

acetic acid) in an aqueous solution depending on pH of

the solution

- 60 -



EDTA

pHxS
* TOC- ppm

- * HYH2--mol
• [HYH2-J/IHY3-]

PH(7)x5
TOC-mol
HY3--mol

50

40

o
x
S 30
o

oucou

20

10

• V

• • ; <

\

\ —

: • . ,

i i • i

3.5

3.0

2.5

2.0

1.5

1.0

0.5

0.0
-60 -30 0 30 60 90 120 150 180

Time before and after Irradiation

|

q

o

Fig. 2.2.17 Change of total carbon concentration, molar

concentrations of ionic and neutral molecules, their ratio

and aqueous pH with time before and after irradiation in

EDTA solution
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H-Y-H2

EDTA ^-g-^ 3 H 4 3g-SAf * H ^ Fig. 2.2.17^1^21- £°1, -̂g-ofl pH7 | .
5.27<>fl4 5.99sL ^ ^ - i : -ft 4 ^ 4 P H ^ T J I ^7>§>^fe

4- (2-7H 2l5fl A J / § ^ H+7}- «>-§- (2-6)1-

^ - ^ pH 6S.cf ^? t ^-i- ^1S5L, ^^-°J| ^ TiO2

^.S.fe TiOH2
+2l- TiOH ^ TiO"7f ^ # ? } - 4 ^ (^ (2-1) ^-S) ^ ^ &

EDTA ^-g-^ ^ofl-H ^ " 2 4 ^ H-Y-H2" ^-<>1^ ^ ^ ^ H-Y3-

. ^ , H-Y-H2 ^
78 %<414 60 %£. ^iit\^iL, H-Y3 -S-

22 %4H 40 %S. ^7>*V^l^- 4A] ^«f^, ^
pH7> >H4*1 TiO2 ^ ^ i ^ pHS ^§f^ ^ ^ , H-Y-H2

H-Y3 -§-<>l^#£ <£& TiOH2
+ S^^l ^ ^ > 4 7 K TiOH2

+2l ^ ^&o] &
2] TiOHM- ^-^*>sl TiO"S

2 H-Y3" ^-

TOC ^£21 £3]-^, Fig. 2.2.1
. ^ , o ]^ EDTA •g-oi^-f.^oi f ^ 4 *H TiO2

S«V, H-Y-H2"M- H-Y3" ^-^1^^2l -2 ^ -321

H-Y-H2 4 H-Y3"31 <i^Tr =TiOH2
+ S^^l * ^ € 3 ° M , ^ °<J=̂r Table 5

0.3 ppm l̂ 1 : 4 ^ ^ 4 .
^«-Ei 30^7M^, Fig. 2.2.17^144 ^ ^ 1 , ̂ -g-°-fl pH7f 5.99*11

4 6.975. ^7f«H ^r^ TiO2 ^ ^ i ^ pH ^ ^ # 3.7fl 9H4*1
2
+2f TiOH ^ TiO"7>

^ H-Y-H2" o l£^£2 l H-Y3 o
1.48^04 0.15S. STfl ^4iS|-^4. # , H-Y-H2'4 -̂ tfl

£ 60 %4|4 13 %S t\^ 7pt-ill a}^, H-Y3"21 ^tfl^ §*fl*!-§-£ 40 %
87 %S. 3.7*1 ^7fsV^4. 421-4, ^r-§-^ ^°fl *^*>fe- TiOH2

+4 TiOH
TiO ^ TiOH2

+i tfl«fl H-Y-H2"il4 -§-^^71- 3 €• H-Y3 -g-o]^^^

, Fig. 2.2.17°fl44 ^°1, TOC ^^7} 3.7]]
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EDTA ^-§-°Jj 3 H H # 2 : 4 30-g- ^Jpf-Eife, Fig. 2.2.17*1144 go],

6.97^1 ̂ 1 7.925. # 7 } s H ^ TiO2 ^ - # 3 pH ^ «

4 , TiO2s] ^ $-*^*l TiO" ol^«fl2. TiOH2
+fe ±%SLS

, H-Y-H2" ° 1 £ ^ : E S ] H-Y3" ^ l ^ H ^ I t | )$ ul-i-o] 0.15^14 0.025
2 ^^Hl-i-^: 13 %<>1H 2

H-Y3

^ 1 # € ^ ° H , Fig. 2.2.17^^^1- ^ ° 1 , TOC

31*11 7
D

v4it!: ^ ^ - S . ̂ ^ ^ 4 . ^-7]^^>^: 51^ , EDTA ^
, Fig. 2.2.17^114 TOC-ppm

TiO2

H-Y3 -§-°l££] Ti0H2
+oll tfl«Jr ^ ^ ^ 1 ^ S s m ^ H , Fig. 2.2.

H-Y3"

TIC ^ £ ^ ^s)- ^o ) , Fig. 2.2.14«fl4

nfl̂ oflf ethylamine

3.

TiO2 •a^VS^si titanol^l, <£-§- (2-1)^ ^ ^ 1 , ̂ -g-^ pH f̂l 4 ^ ^ A j ̂  ^ °ll

TiOH2
+3_, ^ ^ ^ ^ 1 4 TiOHS, <g7l^ < ^ ° ^ H TiO"S.

TiO2

(2-1)4 £-8: Langmuir-Hinshelwood

S14E31].
fe, A ^ i - ^ - f r •fi-7l^-^-#l:fi1 aV-S-Al^^ 4 ^ TiO2?fl

TC ^£fe

71- 1*W4.
& # £ Table 2.2.34
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TC 180-g-

sfe 60^

a] - f - ^ m ̂ ^ TC
°J ^-§-^ ^ #*<m TC
Hinshelwood JE.«i^ (2-1)3]

TC &£.5

o

•tr Langmuir-

( z]-

a-

KCX
(2-1)

!-^ Fig. 2.2.182)- £ol

decreased (ppm) calculated^ Table 2.2.3^1

I, Fig

ATCcalct- 1

L O *̂-_ T-~. AV-^"

TC

Table 2.2.3 The values of the TC concentrations decreased during 180

minute irradiation in aqueous TiC"2 photocatalytic

decomposition of several nitrogen-containing organic

compounds, including the TC decreasing rates, the

decreased TC concentrations calculated and the maximum

nitrogen atomic charges

^^<^arameter

Compounci\^^

pyridine
phenylhydrazine

EDTA
ethylamine

urea

k
(ppm/min)

0.175

0.129

0.087

0.076

0.008

K
(arbitrary)

-0.127

-0.223

-0.268

-0.305

-0.469

ATCobs
(ppm)

31.55

23.25

15.64

13.59

1.47

ATCcalc
(ppm)

39.27

28.19

17.27

14.73

1.55
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Fig. 2.2.18 Dependence of the TC concentration decreased and the

TC decreasing rate of TiO2 photocatalytic decomposition

of several aqueous nitrogen- containing organic

compounds on each maximum nitrogen atomic charge,

including the decreased TC concentration calculated
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Fig. 2.2.18°1H sud, A ^ - H - f r -8-71^-^-1-5]

1*} ^l-s-^S 53t, fc (TC decreasing rate (ppm/min)) 31 # ^ € TC

ATCobs (TC decreased (ppm) observed)^

. oj-s-si, Fig. 2.2.18^1^, ^

Tio2

40 ppmJ5.S

Langmuir-Hinshelwood a ^ ^ H H ^ T S >«•>-§•=)

AS., pyridine, phenylhydrazine, EDTA, ethylamine, urea 'S'-c-,

z\ ^-x} vfla] 3jtfl ^i^^f- 31-SH

fe Langmuir-Hinshelwood £ ^ 4 -f
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^ TiO2

fe. EDTA ^ ^-#(Cu(II) ^ Fe(IID) ^ W i - 3H1 tfl*> TiO2

£*!]#•§*!]#•

^ ^ ^ Fig. 2.3.1^1- £ £ ^ ^ 5)^-^1 (recirculating batch type)

(photo-reactor)fe ^*] 36 cm, ^ 1.7 cm, $\% 2.3

2}-t ^r Sl^^- ^13-5r&4. ^ ^ ^ 'S-S-^ "black-light" fluorescent bulb (nUV,

GE F15TB, 18")# A ^ S r f e # - 4 3 " ^ ^ 320-400 nm^H,

350

ir or N2 purging)-!: S^s>ji, PH

magnetic

stirrer, ^ ^ ^ 1 > > ^ 5 ^ ] ^ » fl^ ^ ^ f e ̂ f l l ^

air-closed

Degussa P-25 TiO2^ anatase (80 %)Q rutile (20 %)

^V^ ^ 5 - 3 . 7 1 ^ 30 ran, «1 £ ^ 3 ^ 50±15 m'/g, ^ f -g-

300 nmSAi # ^ a ° l ^-g-*!"^^.

3]-l-sl 4 5 1 4-8-3 A] $Kg- Cu(NO3)3-H2O (Aldrich), Fe(NO3)3 • 9H2O

(Aldrich)sf NazEDTA (Aldrich)!-, pH 2 ^ 3 . ^ -
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Fig. 2.3.1 Schematic diagram of a photocatalysis reactor

assembly



"11-f ^ £ . 0 3 . ^-^^[30, 26, 27, 32, 33] NaOH^ HNO3 (0.1N,

Junsei ChemicaDl-

>£-§-# (Free-EDTA, Cu(D)-EDTA4 Fe(m)-EDTA)£l

1.79 mMS <S3*1 s } 5 3 ^ , ^^7)% 4-e-^H 20 °C^ ^ * 1 -8-*ls

$MgSl- 6l-§-*B ^r-S-l-i- 1400

2]- ^#<8-s-ofl n ^ ^ f a^^g- TiO2 -fr^^ 4 € - EDTA

^ f e Free-EDTA ^1» tfl^6.s. ^ ^ - # ^ S ^ ^ l ^7} ^ ^ ^ 7 l » purging A]

7)&*\ TiO2 ^ ^ ^ ) f e 2.0 g/^5] 2 ^ 0 ) 1 ^ , ^ ^ ^ B | | ^

air-purging ^:^7lollAi TiO2» 0.5, 1.0, 2.0, 3.0 ^ 4.0 g/1

£7] pHS] ^ - i f^: air-purging ^ - ^ 7 1 , TiO2 2.0

A ^ , Aj-̂ oil tfl^ «a^-i- ^#5>7l ^ § H TiO2 2.0

g / £ t - Af-g-^<^) ^^.6q ^ ^ ^ . 37}x]S. t+ r̂<H ^ ^ § f ^ 4 : i ) air-purging :

t f l^ l^^ ^-711- purging, ii) air-closed : ^-g-711- x%7}^°] ^-7)s\- ^>^ ; iii)

nitrogen-purging : -§-71 cflA] ^ ^ purging'&rfe" ̂ -T-.

^r-g-^si pH4 DO (-g-#Aj- i )fe «a^Al?> ^V^^.S pH & DO-meter

(Orion, Model 1260)1- A}-g-§H # ^ « f ^ 4 . ^^3- #°1| ̂ =°fl «+€- ^-£fe Fe

( D D - E D T A T H H TiO2^ ^Sj-°fl tcj-e}- HF Scientific Turbidimeter DRT 100B

te 0.22 /an^ MSI Filter Membrane (Teflon)-^ A>

^ofl I R ^ ^ e ) l - ol-g-sfl TC (Total Carbon)^

IC (Inorganic Carbon)* ^ ^ ^ TOC (TC^H i c » ^ 2Jt)« ^ ^ « | - ^

TOC1- #^^}fe ShimatsuAf^ TOC (Total Organic Carbon) 5000A-&

1^^1-fe Perkin-Elmer 403 AAAS ^ ^ ^ ^ i i , EDTA

50 mM HNO3 (0.5 ml/min)*, detector^: UV Detector (330nm)#,

reagent^ 11 ^ ^-g-^ofl i g Fe(NO3)3 • 9H2O4 1.4% HC1O4» >̂-§-«1-Sa J I ,

columnar 4x250 mm, AG-74 AS-7 column °] ^ ^ Dionex Ion

Chromatography (Al-450)3.
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2.

7\. TiO2°fl 4?t EDTA

EDTA4 ^ S j - a>-g-o|H TiO2

4 ^ TiO2 -B-̂ °il 4-& 1.79 mM Free-EDTA3HH Q%-£ =rs3«H TOC 4
EDTA4 ^ £ ^Sf ^ 4 » Fig. 2.3.24 2.3.3°H 4 4 4 4 ^ & 4 . Fig. 2.3.2°fl ^\-

TiO27l- gife 3HH^r ^ 1 %^J£ u]n>ô  TOC7f ^-«fl5i5i o,^, TiO27l- Sllc-
^ *} 20 % ^ £ ^ TOC &*%7} ^ 4 H } ^ 4 .

Fig. 2.3.3°n 4 ^ ^ EDTA ^ - s H l ^ s TOC
2 Al̂ VS-oV^ TiO27V &fe ^l°l]^fe ^ 11 % ^ £ ^ EDTA7} ^

TiO27> $X^ ^l°fl^fe feAy 80 ^ - ^ £ ^ 1 ^ 100 %

EDTA^l UV,

TiO2 ^

Degussa P-25# 4-§-l" ^-f 0.5-4.0 g / ^ TiO2

32 3 Al̂ > -̂2:A> <̂H1 TiO2 ^-n^} 1.79 mM2|
Free-EDTA, Cu(O)-EDTA ^ Fe(III)-EDTA2l
^^§V<^ ZL ̂ 34# Fig. 2.3.4, 2.3.54 2.3.6̂ 1 AA

2.0 g/«si TiCfel- *}%•*£ ^-f, *r-8-̂ l M14 EDTA
, Fe) ^ £ ^ T0C7> s)cfl^ 4 i ^ > ^ ^ - ^ , 2.0 g/£ Jit). ^ ^ 7

213. ^1^4 ^-£Sj ^ ^ 4 . &gt;}7) ^si] Table 2.3.H

TiO2 %7}%°\] 4 € ^ E l - 44vfl5i4.

S 7 ] . ^ ^ S . S 7 ^ ^ S ) 2.0 g/i°i n 7250 NTU» 44vS

4 . clfe #nfl^°] ^ 1 ° 1 A ^ S ^ ^ . ^ ^r-g-^4 E|-£7> 7̂f«BA-̂  TiO24 UV

I, 1.79 mM
Free, Cu(H) 31 Fe (HI)-EDTA 314 3MrnII ^-s-^H ^ ^ ^fl^-ir 2.0 g / ^ S

3.714
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Table 2.3.1 The turbidity of 1.79 mM Fe(ffl)-EDTA

suspension according to TiC>2 loading weight

TiO2 loading

Weigth g/H

Turbidity

(NTU)

0.0

0.3

0.5

2250

1.0

4300

2.0

7250

3.0

12850

4.0

14700

4. Fe(m)

6]]

(ffl)7V

EDTA

EDTA^l

, 34], EDTA

^ Fe

-4j pHfe

pH 5.17S

HNO3# %7}

Free-EDTA Tflofl

2.89 U Fe(III)-EDTA
^ pH ^ ^ 1 » ^l^-«l-7l ^«B Free-EDTA

pH 2.85^ 2:

Fig. 2.3.7^1 fe Cu(n)-EDTA4 Fe(m)-EDTA

EDTA -g-sfl^££r ^ 2 4 f1 pH

^-^*|-7fl pH = 2.7±0.

fe Cu(H)-EDTA > Free-EDTA

Fe(m)-EDTA * A S i+Ej-tft}. Fe(m)-EDTA^|^ pH ^

CudD-EDTA^l ^ ^ - ^ 4 -y-tfl^o.s ^ ^ ^ ^ °M£ 3 7}-^ Fe3+

£$.*}2\ EDTA el^:^ ^^f-^r ^ %t}7]} #°W&*\ 7)^$] K o}

pH7> ^-oHfe 5JAS £ # £ l & 4 .

A >£-§- 3fl«fl tfl^r EDTA £*11^r£Sl ^ \ ^ PH

pH ^S)-7|- EDTA W ^ - § - ^ ^ ^ £ # Sl^l

l EDTA £sfl^£7V Cu(II)-EDTA

TiOH2
+ OJ= ^ « r S £4t}kr TiO2

7A°. 7^6\] 71
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Fig. 2.3.8<H]fe Fig. 2.3.73}- ^ ^ a^of l^oj TOC aflT^jE^ 4E]-ifl84.

60 W ^ l s ] S7] TOC 4?]$Z7}, EDTA2] ^ i £ 6 | A ^ ^

S l - J i S t - ^ , Cu(H)-EDTA > Fe(m)-EDTA > Free-EDTA
4 4 ^ 4 . oj&j^ ^ ^ ^7}-^ ^o]^-^ol ^ (1-3)4

- ^-fol] ti]^ T i 0 2

f. Prairie ^ ^

salicylic acid^ ^ -# S f t ^ ^ ^ * r 4 ^-«1)#

SLfe ^ ^ >̂7> # ^ s . # 7 V t ! : 4 ^ ^l^l*>S5lfe^[34], o ] ^ -^-A>§V ^|^-6fl^ Fe3+

si ^ ^ V̂ -0.037 V iL4 ^ s. ^ ^ S]. 0.34 v # ^l\i Cu2+s] ^ - f y\ n\% $

Cu(O)-EDTASf Fe(m)-EDTA?il^ EDTA ^-«fl^S.fe ^i^l

Fig. 2.3.7^ EDTA &«11^£4 Fig. 2.3.8̂ 1 TOC ^Ti^E.1- v]SL*t ^, Cu

EDTA €-«fl^£4 TOC ^ l ^ ^ i , ^ a t ^

uj-STlI 4 E | - ^ 4 . o]s].fe. ^e l , Fe(III)-EDTA4

Free-EDTA^l ^ - f 0 ! ] ^ ^ , EDTA §-sfl#£fe ¥•*}£) ^^-7\, TOC *M^r£fe- ^

. o ] ^ EDTA7> ^ ^ H i S ^«f|^tHefS. n. ^ ^ ^ J ^

7l nflf.o]^t H]S. Fe(III)-EDTA^o]lAi E D T A

7\ c-l j

. EDTATlllrS] TiO2

o]

TiO2

# * } ! • ^-n-ti: EDTA7r

fe T i O 2 ^ S - f l l ° H M ^ ] ^ ^ frV^

37].

l TiO2 S ^ ^ H l 1-^-ef^ 7i^-£ TiO2

1 S^^s l - fe -̂g-<5fl ^ TiO22l ^ - f i p H 3.5-6.8

6, 17]°flAi pHzrc (pH at zero point of charge, =Ti-0H)-i: &711 5]s.S.,

- 79 -



Free-EDTA, Cu(H)-EDTA ^ Fe

(IH)-EDTA 31^ -§-°-Wl §^§>fe St-«j-^^r -g-^S] pH^l nq-ej- n j - ^ ^ zj- <£)-?}-

f*s] ^ s . -g-°fls] pH^] 451- £ 3 € 4 . 20 °C, 1.79 mM EDTA tf<%q

MINTEC I S J # °l-§-«H 1̂*11 ̂ 1^1€ EDTASl ^-^f1 ^Bfl-1- Fig. 2.3.9,

2.3.102]- 2.3.1H ^-^i4]^nf.

Free-EDTA, Fe(m)-EDTA ^ Cu(n)-EDTA^]^ TiO2 ^#"1) &^o\) cfl̂ j.

p H 2 , ^ o . s i$. Al^V^ov ^gT-

3)-l: Table 2.3.2^1

EDTA2] ^ £ ^ - Table 2.3.2<Hl

PH ^ 3 f # Free-EDTA^ilfe Fig. 2.3.12, Cu(n)-EDTA^lfe Fig. 2.3.13,

Fe(m)-EDTA?ilfe Fig. 2.3.14*11 AA ^^SX1^.

Table 2.3.2 )̂- Fig. 2.3.12, 2.3.13, 2.3.14.2.3. 1-^ , S.€- ^ l i ^ s ] ^ ^ ^ P H

&°1, * ^ ^ ^7 l ^-g-^ pH^] 71^-i- Free-EDTA^Hl-M 6.97, Fe(m)-EDTA

^Hl^i ^ 6.50±0.2 (4.89-6.82 * H ) , Cu(H)-EDTA^1^1^ ^ § ^ 7.0±0.2 (6.8

0-9.67 A>ol)s. ^ nfl, n ol*H>H^ ^ ^ - i : -ft-^1^ f̂l 2:71 ̂ -g-^ P H i i 4 cf

2.71 -̂§-°Jl PH7> ^ ^ ^ ^ 1 4 ^71 ^6.3. £ 3 3 3, * ^ ^ i £ PH
SJ-71- 4 ih X l o l ^ i S71S1 pH ̂ ^ H -fr^lSlS.3. -H, TiO2

Table 2.3.2 pH change of solution before and after adsorption

Initial pH (zJpH after adsorption for lhr)

2.85 5.17 6.4 6.97 9.39 10.09 11.15
Free-EDTA

(+0.03) (+0.26) (+0.05) (0.00) (-1.43) (-0.14) (-0.13)
2.48 3.04 4.89 6.82 8.6 11.17 11.65

" (+0.06) (+0.10) (+0.81) (-0.11) (-0.31) (-0.7) (-0.54)
2.89 3.50 4.14 6.80 9.67 10.75 11.56

Cu(H)-EDTA ( + M 5 ) ( + a 3 5 ) ( + a 5 9 ) ( + a i 4 ) ( _ L g 7 ) ( _ L i Q ) (_^ 2 6 )
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Fig. 2.3.9 The chemical species of dissolved EDTA in a

system with [EDTA 2Na] = 1.79 mM. Calculations

were done for 20 °C with MINTEC, a computer

program
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Fig. 2.3.10 The chemical species of dissolved copper and

EDTA in a system with [Cu2+(dissolved)]=1.79 mM

and [EDTA]=1.79 mM. Calculations were done for

20 "C with MINTEC, a computer program
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Fig. 2.3.11 The chemical species of dissolved iron and EDTA

in a system with [Fe3+ (dissolved)] = 1.79 mM and

[EDTA] = 1.79 mM. Calculations were done for 20

°C with MINTEC, a computer program
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Fig. 2.3.15 The change of pH in the solution containing 1.79

mM of EDTA and 2.0 g/« of TiO2 according to

initial pH of the solution during the photocatalytic

reaction
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Fig. 2.3.16 The change of pH in the solution containing 1.79

mM of Cu(n)-EDTA and 2.0 g/Z of TiO2

according to initial pH of the solution during the

photocatalytic reaction
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Fig. 2.3.18 Change of total organic carbon(TOC) concentration,

EDTA concentration and solution pH during 180

min irradiation in EDTA-only solution
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and solution pH during 180 min irradiation in
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Fig. 2.3.20 Change of Fe concentration, total organic

carbon(TOC) concentration, EDTA concentration

and solution pH during 180 min irradiation in

EDTA-Fe(III) solution
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-I- °J:

2.3.9, 2.3.10, 2.3.1H MINTEC
EDTA^ Cu(n)-EDTA ^
*h TiO2 a ^ ° l =Ti-OH2

+

Fig.
°l-g-«H Free-EDTA, Fe

EDTA

(H)-EDTA

], 1.79 mM Free-EDTA, Fe(ffl)-EDTA ^ Cu

EDTA ^-#^1^3ij- TiO2

p H o ) ]

^ 5 H - Free-EDTA

1 fe Fig. 2.3.15, Cu(H)-EDTA31fe Fig. 2.3.16, Fe(m)-EDTA7llfe Fig. 2.3.17^1

PH, EDTA, TOC £ $ • ! • ^Hl«)-^ Fig. 2.3.18,

2.3.19, 2.3.203I- ^ ° 1 M-Ej-\+4. S7 l ^ - g - ^ H

Free-EDTA3HH 6.97, Fe(m)-EDTA3H)Ai $)= 6.50±0.2 (489-6.82

)-EDTA3H1A-1 cfl^ 7.0±0.2 (6.80-9.67

SI 4 .
p H

2-2-1, 2)[38, 39]«

4-3),

h+ + H20ads

h + + 0Ha~ds

2 H20 + 2 e

• OH + H+

OH + OH"

2 0H~ + H2
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(2-2-2)

(2-2-3)
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2 H20 + h + — 4 H + + 0 2 (2-2-4)

EDTA31

M ^H«H Free-EDTA^l &7) -̂g-°Jj pH 2.85-11.15^414
Itt TOC l̂ £3Hr Fig. 2.3.2141, EDTA ^ £ f e Fig. 2.3.2241
Fig. 2.3.2141 44\fi TOC ^^HHfe PH 2.85-11.15 ^ ^ 4 1 4 2 :44#4 ] cfl

pH7l- 2.85^ ^ •£•§- 3 ^l7! ^ 4 ^ ^^HS. 4 48 %

EDTA ^-3E^2># 4 4 ^ Fig. 2.3.22414 ̂  Fig. 2.3.21 £} TOC
711 2:71 "r-^°A pH 2.85^ nfl ^ - £ 4 60 •& ^41 2:71 EDTA ^J££} ^ 100 %
7} # ^ § H ^^S] #5)-#S.# ufBfvU^ji, PH7> It7}*t°\) 45}- EDTA l̂
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TOC ^S}-fe Fig. 2.3.23 41 4 4 ^ 4 4 tk0] 2.89-11.56^1 pH
>̂41 tfl«11 1̂ > 1>|-AS S l ^ & ^ K TOCfe 2:7] r̂-g-°fl pH7]- 2.89^ Bfl 2

S. 4 42 % ^5- :£±-5}%6_v]i 2.7) -̂§-"31 pH 2.89-3.50 ^ ^ 4 1 4 4 25

EDTA ^ £ f e Fig. 2.3.244
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7^0] ov 22 % T § £ ^-ii*VSa4. pH 3.04-11.65
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:7l 4H3-^ pH 2.541 ^ i ^ ^ - S 4 180 •§• ^4] 2:71 EDTA ^£S] <$ 96 %;
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Fig. 2.3.21 The change of TOC in the solution containing

EDTA and 2.0 g/« TiO2 according to initial pH of

the solution during the photocatalytic reaction
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Fig. 2.3.22 The change of EDTA concentration in the solution

containing 1.79 mM of EDTA and 2.0 g/1 of TiO2

according to initial pH of the solution during

photocatalytic reaction
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EDTA4 £sfl-§:^ 4 30 %7\ #£453^-4 , PH 3.04-11.65 tJ$H
4 ^ E D T A ^ 5 : ^ <g

44
Si 4 . ° l e1^ ^ ^ ^ ^ -§ -^ pH^ ^^-ofl ofef TiO2

^ ^ ° 1 7V^«}4. ^ , EDTA^j

fe EDTA7]-

TiO2l-

superoxide ^ t j ^ (O2*')«>1 ^ ^ ^ ^ <>1̂ O1 H + 4 ^^-ef<^ OH"

^Al^JS-S., H+ ^ £ 7 > # ^ s . , ^ PH7> ^ - i - ^ ^ - , OH'

1990

Hi J. C. D'Oliverira[43]ol 2 - 4 3-Chlorophenol^: t f l^6.s .

fe OH" 4 3 * H ^ ^ 4 7 1 rift^^) off ^5L7\ # ^ ^ , ^ PH
-, OH" 4 3 € ^J^ol S * M J 1 ^3}-

c-fl °1TT €• ^ ^ ^ 1 ^ fc^fSl?i p H ^ ^ i 4€- TiO2

TiO S. 4 4 4 D'01iverira7> ^ 4 ^ OH" ^£7f 1-^^- OH
OH" 7> -S-^4* ^ ^ Si^ TiO2 a^°fl ^

«l«fl OH*

Free-EDTA4 Fe(m)-EDTA ^ Cu(H)-EDTA
4 3:7] ^-g-d} P H4 TOC ^ 4 ^ £ 4 EDTA ^ «
71 4^B, ##*fl r̂-6- ^ 20 ^ 4 4 3 S7l ^ E ^ t l - ^- t tsH Table 2.3.4°fl

f TOC ^171#£ ^ - ^ ( k ) ^ [TOC]/[TOC]initiai^ °i^

1^}-•*•§•#£ ^J-^S ^ ^ 4 ^ X EDTA

)fe Ln[EDTA]/[EDTA]0 ^ - i :
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Table 2.3.3 Ko of TOC and EDTA at different experimental conditions

according to initial pH of the solution, A : initial pH, B :

first order rate constant k of TOC (min-1), C : pseudo-first

order rate constant ko of EDTA

Free-

EDTA

Fe(ffl)-

EDTA

Cu(II)-

EDTA

A

B

C

A

B

C

A

B

C

2.85

0.0027

0.0660

2.48

0.0025

0.0182

2.89

0.0028

0.1195

5.17

0.0025

0.0591

3.04

0.0012

0.0064

3.50

0.0015

0.0242

6.40

0.0022

0.0248

4.89

0.0011

0.0062

4.14

0.0014

0.0186

6.97

0.0017

0.0228

6.82

0.0009

0.0055

6.8

0.0013

0.0138

9.36

0.0015

0.0168

8.6

0.0008

0.0055

9.67

0.0012

0.0111

10.09

0.0013

0.0146

11.17

0.0008

0.0052

10.75

0.0010

0.0108

11.15

0.0008

0.0058

11.65

0.0007

0.0045

11.56

0.0009

0.0056

, A ^-f* Fig. 2.3.27°1)

, EDTA £*l)#5. #*r k o 4 TOC

^-8-°^ PH7> 3 °

€ A ^5.$^ &£: Free-EDTA > Cu(E)-EDTA > Fe(ffl)-EDTA

TiO2

TOC

EDTA o» Fig. 2.3.28^1

EDTA

E D T A

^ Cu(II)-EDTA > Free-EDTA > Fe(III)-EDTA ^ « .
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Free-EDTA4 EDTA-Cu(II) ^ EDTA-Fe(III)

^el*!-^, Table 2.3.54 ^^l ̂ l

Table 2.3.4 Photocatalytic decomposition conditions of EDTA-metal

complexes

•£-§-?]]

EDTA-only

EDTA-Cu(II)

EDTA-Fe(III)

T1O2 38-#nD 2̂ cfl ^rSllS^i

2 7 ] pH

< 2.8

< 2.5

2:71 EDTA
^ £

> 5.0 mM

> 1.7 mM

Hi B)l ^7^1

air-purging ^ A

TiO2 3 ^ 5 .

2.0 g/ <
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^4^ Table 2.4.14 Q^. ^ l y o ^ ^ ^)^ ^ ^ ^ > ^ 3 l , TiO2 ^ ^ m # 30^-

Fig. 2.4.1 Aromatic organics used in the experiments

- 119 -



2.

HyperChemR 3 = i ^ Extended Huckel Theory ^ AMI (Austin Model 1)

Method!- ^-g-tb Semiempirical y o V l ^ -Sl^^H 12

*}^\% n ^ l ^ ^ ^ i , =i ^^Hr Table 2.4.14 £ °

Table 2.4.1 °IH, Nega(max)^ -̂̂ > ^ ^tfl -§-£} ^ &, Nega(max) x

atom number^ ^tfl £-^ ^*># ^fe ^14^ ^*h ? H n «^S) 7l|^# ^

^ SJ:, Nega(2nd)fe ^ ^*I|S. €• -S-̂ ) ^S> S, Nega(2nd) x atom number^

Nega(2nd)» ^Nfe ^4^1 ^ " ^ U°H ^ € ^ ^ 7 ^ 1 ; ^ ^ &, Posi(max)fe

^-xf^ 3jt}] <g=̂  f̂l*> 53t, Posi(max) x atom numberfe ^ tfl

Table 2.4.1 The values of negative or positive atomic charges of aromatic

compound molecules calculated with HyperChem 6

No

1

2

3

4

5

6

7

8

9

10

11

12

Aromatic compound

Phenol

Catechol
(1,2-benzenediol)
Resorcinol

(1,3-benzenediol)
Hydroquinone

(1,4-benzenediol)

o-Cresol

p-Nitrophenol

o-Nitrobenzoic acid

Aniline

o -Phenylenediamine

Benzaldehyde

Benzoic acid

Benzenesulfonic acid

Nega
(max)

-0.263

-0.261

-0.250

-0.252

-0.254

-0.345

-0.318

-0.405

-0.313

-0.289

-0.277

-0.932

Nega
(max)
x atom
number

-0.263

-0.521

-0.500

-0.504

-0.254

-0.690

-0.318

-0.405

-0.626

-0.289

-0.277

-1.864

Nega
(2nd)

-

-

-

-

-0.180

-0.232

-0.246

-0.225

-

-

-0.265

-0.757

Nega
(2nd)

x atom
number

-

-

-

-

-0.180

-0.232

-0.491

-0.449

-

-

-0.265

-0.757

Posi
(max)

0.207

0.232

0.221

0.216

0.219

0.552

0.413

0.216

0.174

0.223

0.222

2.837

Posi
(max)

x atom
number

0.207

0.464

0.442

0.432

0.219

0.552

0.413

0.431

0.174

0.223

0.222

2.837
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Fig. 2.4.2 Atomic charge densities of phenol molecule

calculated by HyperChem chemistry code

(Fig. 2.4.2

(Fig. 2.4.3

Phenol photocatalysis
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Fig. 2.4.3 Carbon contentand pH changes of phenol with

photocatalytic reaction time
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-. Catechol^l
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Fig. 2.4.4 Atomic charge densities of catechol molecule

calculated by HyperChem chemistry code

Catechol
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Catechol photocatalysis
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Fig. 2.4.5 Carbon contentand pH changes of catechol with

photocatalytic reaction time
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. Resorcinol 4)
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H 0

Fig. 2.4.6 Atomic charge densities of resorcinol molecule

calculated by HyperChem chemistry code

Resorcinol £ 4 ^

0.221 °1 $ 4 (Fig. 2.4.6

t 4 (Fig. 2.4.7

75%

Resorcinol photocatalysis
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Fig. 2.4.7 Carbon contentand pH changes of resorcinol with

photocatalytic reaction time
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Hydroquinone^

Fig. 2.4.8 Atomic charge densities of catechol molecule

calculated by HyperChem chemistry code

Hydroquinone

0.216^1 S i ^ (Fig. 2.4.8
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Hydroquinone photocatalysis
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Fig. 2.4.9 Carbon contentand pH changes of hydroquinone

with photocatalytic reaction time
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Fig. 2.4.10 Atomic charge densities of o-cresol molecule

calculated by HyperChem chemistry code

o-Cresol

(Fig. 2.4.10

(Fig. 2.4.11
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o-Cresol photocatalysis
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Fig. 2.4.11 Carbon contentand pH changes of o-cresol with

photocatalytic reaction time
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Fig. 2.4.12 Atomic charge densities of p-nitrophenol molecule

calculated by HyperChem chemistry code

p-Nitrophenol

(Fig. 2.4.12

(Fig. 2.4.13
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p-Nitrophenol photocatalysis
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Fig. 2.4.13 Carbon contentand pH changes of p-nitrophenol

with photocatalytic reaction time
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o-Nitrobenzoic
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0 . 1 4 7

Fig. 2.4.14 Atomic charge densities of o-nitrobenzoic acid

molecule calculated by HyperChem chemistry code

o-Nitrobenzoic acid £•*}£]

(Fig. 2.4.14

(Fig. 2.4.15

sj tfl -0.318
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o-Nitrobenzoic acid photocatalysis
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Fig. 2.4.15 Carbon contentand pH changes of o-nitrobenzoic

acid with photocatalytic reaction time
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°\. Aniline^
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Fig. 2.4.16 Atomic charge densities of aniline molecule

calculated by HyperChem chemistry code

Aniline £ * H

(Fig. 2.4.16
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Aniline photocatalysis
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Fig. 2.4.17 Carbon contentand pH changes of aniline with

photocatalytic reaction time
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o-Phenylenediamine^

77
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0.1 30

Fig. 2.4.18 Atomic charge densities of o-phenylenediamine

molecule calculated by HyperChem chemistry code

o-Phenylenediamine -ST*^

>fe 0.174°] 81)- (Fig. 2.4.18
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o-Phenylenediamine photocatalysis
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Fig. 2.4.19 Carbon contentand pH changes of

o-phenylenediamine with photocatalytic reaction

time
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*>. BenzaldehydeS]
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Fig. 2.4.20 Atomic charge densities of benzaldehyde molecule

calculated by HyperChem chemistry code

Benzaldehyde

l^^ - (Fig. 2.4.20).

(Fig. 2.4.21).

90%

Benzaldehyde photocatalysls
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Fig. 2.4.21 Carbon contentand pH changes of benzaldehyde

with photocatalytic reaction time
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f\. Benzoic acid^
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Fig. 2.4.22 Atomic charge densities of benzoic acid molecule

calculated by HyperChem chemistry code

Benzoic acid £-x}sl

(Fig. 2.4.22).

(Fig. 2.4.23).

s) cfl -0.277°lJi

85% ^ 7^o_^ uj-

Benzoic acid photocatalysis

(tudd)

i 
co

nt
en

t
C

ar
b

o

• Total carbon (ppm) • Total organic carbon (ppm

* pH with time . Inorganic carbon (ppm)

10 000 c nn

30.000

20.000

10.000

i ' 1 i i. , ^ _ ^ _ | _ ^ — ^ — # _ ( _ ^ _ ,

- - • •

; 1

.—•-L»_ •—•_•__•

; T
; i • V
1 ;

4.00 „

3.00 S.
o

2.00 'Z.

1.00 o.
i

-

(uidd

co
n

te
n

t

o

ca
rb

0.000 0.00

•30 -15 0 15 30 45 60 75 90 10 12
5 0

Reaction time (min)

Fig. 2.4.23 Carbon contentand pH changes of benzoic acid with

photocatalytic reaction time
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Benzenesulfonic
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Fig. 2.4.24 Atomic charge densities of benzenesulfonic acid

molecule calculated by HyperChem chemistry code

Benzenesulfonic acid £r*H

*Rr 2.837^1 c&t\. (Fig. 2.4.24).
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Benzenesulfonic acid photocatalysis
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Fig. 2.4.25 Carbon contentand pH changes of benzenesulfonic

acid with photocatalytic reaction time
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4.

-OH ^-fr

Hydroxyl7| phenol, catechol, resorcinol, hydroquinone

(Fig. 2.4.26
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Fig. 2.4.26 Total carbon content change of hydroxyl containing

aromatic compounds with atomic negative charge
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-. -CHO, -COOH, -SO3H £^r -NH2

-CHO, -COOH, -SO3H S^r -NH2

benzaldehyde, benzoic acid, benzenesulfonic acid, aniline
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Fig. 2.4.27 Total carbon content change of one group

substituted aromatic compounds with atomic

negative charge

- 134 -



-N02

fe- p-nitrophenol, o-cresol, o-nitrobenzoic acid
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Fig. 2.4.28 Total carbon content change of nitro group
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K -COOH 5Efe -NH2

benzoic acid
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3.7}o\] ^ e } Fig,
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Fig. 2.4.29 Total carbon content change of carboxylic or amino

group containing aromatic compounds with atomic

negative charge
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- # ^SRphase change), £*}•(adsorption),

5} (membrane separation) SEfe- °l^-51^:(ion exchange) ^

(AOP, advanced oxidation process)*°1

AOP ^ H 7\^ A%%: ^3. sa

(photocatalysisH 3}31 * H , ^

l-fe ^-g-°14. ^ ^ ^ ^-S-^, CO2

SOxt-

[1-8].

: (D
fl^ ; (2)
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=•• ^ ^ r l -

[1-20].

-71 ̂ (mineralization)

2.

xj7l s|-*v^ (photoelectrochemical)

A S vflel^^Kthermodynamically down-hill)

0 ^ ^ ^ 1970\£tfl ° 1 ^ 1980\icfl i ^ M

^^(photovoltaic conversion) ^ ofli-1 ]̂

(energy storage)^ 7 > ^ ^ ^ a-sq^^tjl ^ E ) & 4 - 1980\i^

W^r-Hquantum yield) ^ 1 ^

-Q/\ TT X-^SS^L^ A | t | o ^ i - ^ "S"-^ -B^run tr-S""!! Ĥ ?r a fa -g-g

, semiconductor)7l-
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(bandgap) °flM*14 ££• ^Z}# «>-§- (5-1)2]- go] ^ x } - - ^ (electron-hole)

hv > Eg

SC > ecB + hvB (5-1)

c -̂f- «>l|uî l(bandgap energy)°M, B ^ S
3.4£-£N(photogenerated electronic carriers)^ !-£• ^M^l - fe z}-z}-

sistj)(conduction band) ^ ^^>7>t})(valence band)
^ l l - ^ «l£^l #s^e)(slurry)/€^"#(suspension)
(interphasial) ^^1# JL^^H ^ 1 ^ 4 . ^-*1, ^M $.^A3 *}^1 tfl(conductive
support)^ 1-^-^,
potential)7l- <§

lSfe ^-^^1 (carrier)

# 4 . ^ ^ A^^€ ^ ^ - ^ l>-8- (5-2)4
SC

OH + hVB * OH ' (5-2)

OH# OH'sfltq^S. ^ ^ 1 ^ 1 4 . o]

(organic substrate)^- ^ ^ ^ ^ ^ "r Si4. °1 ^S.fe -̂*1 7]^-(gas-phase)

(5-3)4

SC
> M°(s) (5-3)

hv

fe Cr(VI) -» Cr(III)

fe -3-7)21-1-1-4, Pb(II)°14 As(III) ^ 4 ^-^ ^MSJ-s^, ?8 ^^15]44
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c
UJ

Red- Ox,

Fig. 2.5.1 A schematic of photo-driven events at a TiCb particle in

contact with a medium containing an oxidant, Oxi (e.g.,

O2) and a reductant, Red2 (e.g., an organic substrate) [11]

Fig. 2.5.

4.
e-h+ f-(bandgap)

AJ-^(surface state)*

reaction)^ yH^o]

2 H20 + 4 h +
sc

^^1 (electron acceptor)^.

y}-g-

02 + 4 H+ (5-4)

(5-4) ^ «V-g- ( 5 -5HH
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Op + 4 H + + 4 e"
SC

2 H2O (5-5)

e -h+

i A ^ , O2fe Fig. 2.

chemical surface state)'°1M

(5-4) ^ -̂ (5-5)

a TT

lfe- e

Fig. 2.5.14 t)-

(5-4)

-^r r̂-g- (5-7)4

4 OH" + 4 h + > 4 OH' (5-6a)

hv D)

C
LU

Fig. 2.5.2 Short-circuiting of an irradiated TiO2 'macroelectrode'

particle by the O2/OH redox couple [11]
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4 OH' + organic substrate > products (5-6b)

O2 + 2 H2O + 4 e~ > 4 OH (5-51)

SC
organic substrate + O2 + 2 H2O > product (5-7)

hv

^ r o l £ ( ° f l : Pb- )6\

(5-4)3- &•%• (5-8)£ ^ #-|- ^ W 3 } # ^ - g - £ &•§- (5-9)3-

2 H2O + 4 h + > O2 + 4 H + (5-4)

2 Pb 2 + + 4 e~ * 2 Pb (5-8)

SC
2 Pb 2 + + 2 H2O » 2 Pb + O2 + 4 H + (5-9)

(2)

3.7}7}

quantum yield)°

(3)
tiJ-S- (5-7)^ ^#nfl ^-^e^-g-?!^, Gibbs

fe ^^*1 °1 3-33 ̂ frW ̂ ^ ^ u^^^^ ̂ t * W . tb^, aJ -̂ (5-9)^
+48 kJ3 o

ot3 st-i- ̂ iq^ ̂ ^ ^ 1 4 ^ £ 1 ̂ ^ i 1^«}^
(thermodynamically up-hill)

] O2/H2O2

reaction)'^

. TiO2
 AoHl ^e)7|- ^^*l-fe- ^ - f ^ 4 . -§-3 AG 2J:# ̂ f e Cu ^ O2

(5-4)1- ^r^yoH^l 3?fl ^ 4 . ̂ , Fig. 2.5.23
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Cu2+, H20

Cu island

E»
0
C

111

Fig. 2.5.3 The short-circuiting of a Cu-modified TiO2 particle under

bandgap irradiation. The oxygen that is evolved via the

hole reaction is reconverted back to H2O at the Cu site

which mediates the electron conjugate process [11]

(mediatoria

Fig. 2.5.34 £°1 Cu2+/0

- ^ (electron r e l a y ) ^ *}••§-*}•

sc2H2O 2 Cu + 02 + 4 H

^-g-(AG°=164 kJ/molWt|..

scavenger)*

acetic acid4

(5-11)4 ^ ^

(5-10)

(5-10)

«>-§-
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(AG°=-136 kJ/molH

SC
Cu2+ + 2 CH3COO" > Cu + C2H6 + 2 CO, (5-11)

hv

(4)

(steady state)^ *Hl*l^-(microelectrode)
•£-§-^-g-sl ^^al-i:(net rates)°l ^ ^ * M 6 > W f e *H Si 4 . ^ , Fig. 2.5.4
^ Fig. 2.5.5^*1^ ^°1, ^ - ^ ^ ^ ^ °o^^i^- branch^ 3.7)7}
4 . TiO24 7 ^^ n-^ ^ S ^ I ^ ^ f e , °o^^^- branch?}

SH, ^-^^i^- branch^ 4

Sj-(photoanodic degradation)7} «>-§- (5-7)^}- ^-cf^, Fig.
^ 1)^ H f K ^ ^ 2) n^3L fflV«:(^^ 3) -g-

-g-4 ^v^- ol̂ Tfl siq-. ^^fsl 3-f, ^xffe ^4Hv^l(steady state)^^ '
^(mixed potential)'(^ A)# o l l -4 . ^^f^ 3-f, °)
^ ^-^ w>-g- 4^^(overpotential, 3} B) ^ A S ol-f-

^^( t iJ:-S- (5 -5 ) )^
t]olc>

Fig.

t̂-i- (5-9)^ ^ ^ -
y ^ * S^^11 (hole scavenger)* ^7}*}T\]

^-o] n^ l̂ ppm ^ § ^ 1 ^--^ ^ £ 5 . ^.7}|*>^, -§-^- branch^H

il^-€(mass-transport limited) ^ ° H Fig. 2.5.5(b)^

^ , Fig. 2.5.5(a)s] ^-ffe- €•

%v ofl ^ - ^ o . s S)T^(metal recovery)«r^M" ^fe- l;^^«fl ^#(photoelectro

winning)'§Vfe Eflofl ^ ^ - ^ ^ ^ 4 . o|

4V0] ^-^^0fl -g-dnetal catalyst islands)0! #^r 2 . ^ 1 : ^^i}

-n-71-1- "iS}-^S.(organic degradation pathway)
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Current

Fig. 2.5.4 A Wagner diagram of the conjugate processes at an

irradiated TiC>2 particle. The hole process is shown as

curve 1; two different cases are shown for the conjugate

electron process involving one with sluggish (curve 2) and

facile (curve 3) kinetics, The (dashed) 'tie-lines'

correspond to particle potentials (A and B) at which the

anodic and cathodic branches are balanced [11]
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Current

hv (2)

hv (1)

Voltage (+)

o
Io

(a)

Current

Fig. 2.5.5 Wagner diagrams for a targeted photoreduction at TiOa for

the cases wherein the cathodic process is not (a) and is (b)

mass-transport limited. The medium is assumed to be

agitated in the latter case. Curves 1 and 2 correspond to a

slow and fast anodic process respectively for the same

photon flux incident on the T1O2 particle surface. The

tie-lines have the same significance as in Fig. 2.5.4 [11]
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fluxes) S^S 2-<t^<>] *}-§-sU 5U4. °1 y o ^ £ W « ^ ( p h o t o n flux)

4.

] rc|-^(band-edges) ^ * ] 4 ^

^x>7}cfl a} -^(conduction and

valence band-edges)^ r̂-g- (5-4)^ «>-§- (5-5) :?H ^^1 fi] sfl ^ ^ 1 € ^ Slfe-

^L i^ (^^ ) ° f l ¥ ^ 6 > ^^f. ^, €^>7T-tfl(valence band)fe I f ^ $ ^ ° 1 ] cfl

+2.85

(5-5)4 £ ° ] ^>^-7flS. 4-§-=)^, ^£fl](conduction

sir}-.

Degussa P-254 ^o] anatase4

rutile7f ^ ^ - ^ 4 V ^ £ Sa^l^l:, 4 4 ^ : ? U W ^ # £ 4-§-s]^l Si4. Anatase^

ttl-s. o|) u-1 x] (energy bandgap, 3.23 eV, 384

eV, 411 nm)fe 7$^^ ^°fl ^*fl fe-8r °)N*

l̂̂ l-7|-tH fl*l(valence band position)^

anatase7> rutile^-4 c| - f ^ s>4 . sfl^-s}-^, anatase^ ^£cfl(conduction band)

l, ©lfe- e"-h+ ^M^"

^ ^-^Dfl av-g- ^ofl anatase

peroxo7]-i-ol ^8>a^ ^ Sl^M- rutile

4-chlorophenol4 ^ ^ -

600 °Cim- fe^& ^ £ ^ l ^ i 7f t^^€(annealed)

.fe Si, TiO2, ZnO, WO3. CdS, ZnS,

SrTiOs. SnO2, WSe2, Fe2O3 ^ 6 ] Sil^-4, 6H^>^lfe TiO2 ^ . 4 14^. ^ ^

S14.
Table 2.5.1-& ^r«l nm 3.7]^ ^o]5](massive form)4 €S .o lE .^ <QT\-S]

ndgap) ^m^ l °14 . o d 4 3 7 | l - ^Tfl s]-^ ^-f-(bandgap)

014. ^ ^ s , 3.95 eVS] ^-f-(bandgap) °1M*ll- ^ l^ fe 2 nm
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£) TiO2 *1*1)

Table 2.5.12}

(bandgap) ^

i, Table 2.5.121 Si,

CdS U ZnO

(photovoltaic)

(slurry)M-
71^4 > ^ 7)^71- C-]

Table 2.5.1 Semiconductors that have been employed in photocatalysis

studies [11]

Material Band-gap energy / eV

TiO2 (rutile)
TiO2 (anatase)
ZnO

WO3

CdS
ZnS

SrTiOa
SnO2

WSe2

Fe2O3

3.0
3.2
3.2
2.7
2.4
3.7
3.4
3.5
1.2
2.2
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9X4.

(woven fabric), silica gel
£ 3 a]

TiO2

t\

ias potential)

yield)^- ^

^. #Dfls-(poiSoning)

VycorR glass,

^ )

S-S-fe dopant
anatase^ ^ ^

anatase
(flame reactorH*\ 150 irf

oi

3-chlorophenoial

7l°l-^(defect-induced) e~-h+ I l f f i l 4.^°}^^. Dopant °l£r
S. e"-h+ ^M^-^ll <^-§r ^3- O^sl5i4.

^^- 5"(noble metal islands)^ # ^ ^-^-^ ^ ^
. Ptfe- #§•, TiO2

 A<MH Pd, Au, Ag 7Ev̂ . ^
lr°l 2,2-dichloropropionate, 1,4-dichlorobenzene, 2-propanol ^ salicylic acid

«]•-§- ( 5 -

2 H("ads) + 2 e

(5-12)^

2 H("
(ads)

H
2(g) (5-12)

^(electron)

(5-5)5]

^.^, zinc tetraphenylporphyrin^)-
TiO27}-
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A. -8-

(1)

2:71 < 3 ^ # 3 H H ^ HC14 HBr

^ Cl, SO4
2~, NQs', C104", HCO3",

i ^ A ^ , N03" ^ C1OV

fe yl ^ ^ ^ (specific adsorption), 5&fe
TiO2 a ^ ^ ^ - 1>-§-7l̂ o11 7)0]

HCO3" + OH • > CO3 + H2O (5-13)

4^a o
s

v ^ ^ 4 . ^ « M pHfe ^>^- (5-4) ^ «!•§- (5-5)^} £ ^ 3 $ ) t - 25

-59 mV(pH) ^

Nitrobenzene, benzamide, 3-chlorophenol ^ l,2-dimethoxybenzene°1)

PH $$<%•& Q 1.3-6.3 ^^^1^1

flux) ^ ^ ^ ^ pH 2.64 7 ^ 11°1H ^ ^ ^ o ] ^ 7 P H 5^1^i 1/2 ^

^^10,5. H V ^ ^ C } . 6]^. ^}&\ pH°fl>M, TiO2^ ^ ^^f^( the point of zero

charge, pzc)^ cfl-g-sl^ ^ A S . ^^ s^ f e , ^ «3=^T.> S^Kzero proton

condition)^ 7l*lt|-fe- 5J^14.

Sl§>^, «] ^^(specific adsorption) £ £ • -

Cu(II), Fe(III), Ag(I)
7l-^«V

e"-h+

(2) #

H2O2M- O3 % v ^
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UV-C #•§•

UV-A #-8: 4 - § - W . j i ^ — f ^ ^ - mercury arc lamps(^rS 365 nm), V ^ *c\

(broad-band) Bfl<̂ -̂ J2.f i]-g^*], 'black light' fluorescent^^) tubes,

germicidal(#5§H &fe) lamps ^ 4 ^ 3] ̂ ( o u t d o o r sunlight)°] 3-g-^H

. Phenol^ salicylic acid* 4-8-$ ^ - f T i O ^ 254 nm r̂ 350 nm' <^7l* u]

UV

(3)

)fe IR

salicylic acid^f phenol^- *}•%•%; nfl

ArrheniusS] ^ - § r trf^c).. ti]-^, chloroform^

0} 1 - ^

(4) ti>-g-

SEfe OH

ESR,

f-^(work function)

H2O27> ^ ^ ^ 4 ^ ^°1 ^ ^ ^ ^ - S <g^s |Si4 . H2O27>

^ ^ - & ^ ^ ^ < y H2O2

€(slurry cell) d]^E
AoMfluid phase)^.S. o]^ ^ 5ft4. ^ ^ ^ ^(slurry cell) tfl*̂ 1

(5-14)^- ^°1 ^>£^l S^°flA1 4^«>-g-(back reaction)

(TiO2)OH > TiO2 + OH- (5-14a)'

TiO2 + OH" > TiO2 + OH" > (TiO2)OH (5-14b)

-I: °a^?14. ^^ (5-14a)4M ^Sj -^ ^ ? t ^ ^ # [(TiO2)OH"]5l a>^-7lfe 1.6
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reaction)^] &3.*& %<&7\ Sfe a ^ ^ ^ S ^ f E i $•

n flux) ^ ^ ^Hflfe tiV-g-71
flux)7l-

^4^rCrates of photon incidence)°1 <>}*r ^^-^ ^ ^ ^x} l -^ i (photon flux)

(concentrator)

^ loos (Io^

^7\](electron acceptor)^ ^«B Io7> a.7fl
4^-3]. 7̂ -4 :

2 OH" H2O2 (5-15)

T f̂e photoacoustic spectroscopy ^ time-resolved

microwave conductivity ^£r ^£--§: #^ j probed

^ TiO2

^r cyanide

Mn ^ Ag^
Langmuir-Hinshelwood
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Cr(VI) -»• Cr(III) M 4- Cr(III)^

tiV 7] Al- til

VOC(volatile organic compounds) £-& i M ^

M l -tf (fluid phase)

^ . S . 7] ̂ o ) ^(substrate transport)

(oxidant starvation)^. ^ 7\] % ^ £ ^ t ) - . ̂ ^ f -?• 7] ̂ (mineralization)7]-
3 - f Fig. 2.5.621 ^-ti>^-7lofl « .^ /§ 7 1 ^ ) ^ ̂ ] ^ 7 l l - sj-

CO2

' ^ r ^ J l 4 ( g r e e n house effect) '^ ^ i s M , CO 2 ^

1--M ^S.(energy-rich fuels)* ^"#^1-3. Sft4.

CO2 ^ t s
o ^ ° . S CO, formic acid, formaldehyde, methanol, methane

!(up-hill) 4 ^ ( ^ , AG > OH2}fe

N2

NOx ^ SOx ^ ^ ^ - 7 ] ^ £<g

fe HC1O4 iflSi SA>S1 TiCfe^-H N O »

^(disinfection)

^:, TiO2 £ £ ^-#^ 1-̂ SS. tfl^

: fluorescent, ^^-)-i- «-g-*)- r̂

^.^^-AH # n> §1-4. 1985^^]

TiO2 ^-^fl si # 5 - ^ ^ •il^i'H, ^ " H i - £ 5"# ^S^ls1-# lamp

go] 60-120M ^ M ^ t ufl ul/^

%(membrane-immobilized)
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Silicon rubber sealant

\ Outlet

200WUV fluorescent tube

X

TiO2 coated
glass mesh
in annulus

Outer glass
jacket

Outlet

TiO2 coated
6mm dia.

glass tube

Fig. 2.5.6 Annular and spiral reactors for PC(photocatalysis) treatment of

pollutants [11]

471 SI4. Texas^i 8^

-^- ozonesl-4

914. §1-7]
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3fl H5]ai "SdtsKchlorination)

content, TOC)-§: #<>l7l
ilK total organic

, TiO2£)

suspended)

fe #&)^(slurry)

, # ^ 5 ] (slurry)

(membrane)

#e i 5] (slurry)4 1̂ 1̂ ^ °fl 3

sl ^s l (suspended)

TiO2

UV aP-g-

-. UV yo
(annular and spiral) ^ - g - 7 ^

. TCE«
f, ^ ^ el (slurry)

^£^51 (slurry)

i . F i g 2.5.6^

3711 4 S

illumination)7>

(l)

TCE ^ BTEX»

bicarbonate

Phenol ^r^l

*g-«fl(inhibition) pH

7fl7f
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control T0C7}

olo] ol

reactor
systemsHH

(2)

Table 2.5.24

^7]s}-(mineralization)7l-

ir stripping)^:

7]

- ^ ^ . ^

recycling)

GAC phenolic

^-§-71

n].g-o]

UV

(3)

^^I-T1^-(quantum yi

Table 2.5.2 Competing technologies for the treatment of organic-,

metal- and microorganism-laden air and water [11]

Organics Metals Microorganisms
Thermal incineration Precipitation, coagulation High-energy 7 -irradiation
Air stripping Membrane separation Filtration

Distillation
Chemical treatment

Carbon adsorption
Microbial treatment

Carbon adsorption
Direct UV irradiation
Ozonation
Chlorination
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£• H

^ ^ 2 1 (slurry)

^-(fouling)* 3̂

(electrode)s]

l . LC # ^ 7 l ^ ^ ^^-§>7l $]*] TiO2

anodized) titanium 7l^o] aniline ^ benzyl alcohol^

/ « H H ^-S-^l^cf. 4 € - ^ T 1 0 ! ! ^ ^ , ^-^J: #^g 3S.n]-£zi2flsl(whole column

detection chromatography)!- 4-§-^-0.5.^ ^-^ e) 7>

(light-addressable spatially resolved detection)6! 7>

^ O2

#> non-illuminated) £ H

| 7] (bioelectrochemical sensors)^- ^ c M

(clinical, ^ : glucose ^ 1 ) *j-g--i- ^*fl ^ ^ ^ ^ S . 7fl^s]jL ^cf l l ) .

^ 4-§- 10V1

71 # 1 -

(toxicology) ^V^ ^ § - € - 6 H ^ ^ a ^ r <S^7V JS-^SlaL $14
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3.

- ^TJlt 3-'Ml

7}, ^^-(suspended)
S A>-g-^ ^ °Ife7>, ti>£

* K §rfe7K 7]BJ- #B]| S f f0Uling)

U V # ^ 4 fl^^ , UV

71- «a-
(membrane) ^ ^ ^ 1 1 : ^ A S ^ 4 . rzslJl ^ ^ - ^ ^ i f i ) ^-#^11 #•%• S.4:°]

Hfe, TiO2

anatase7]-

r UV

(annular and spiral) r̂-8-71 S.Q-& - a ^ * M , UV-^-^^r TiO2

(254 nm~350 nm) ^ - f iL^f a ^ ^ « y ^ 4 ^ 1 : & ^ t ^>£^1 #*1|3.fe TiO2

(anatase) « 150 m'/g)!-, ^ ^ S f e 02 ^ f e H2O2

4. ^
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PWR olS l -TJ l^ pHtfe 7.2±5L

SI 4.

-°} carbonic acidisL ^ ^ i i ^ - T - 7l^-fi] o)x\-

carbonic acid, bicarbonate, carbonate

7] tk, pH ^

pH 7cVi7l

o| ^ l £ £ ^ l ^ ^ ^ r salicylic acid^l ^ - ^ n f l AV$>-S. - * 8 ^ ^ carbonic acid°ll

CO2« ^ ^ - a ^ l 7 l s ^-^sl-fe- TOC

<$, ammonia, morpholine, AMP ^ ETA* ^A
o

v*-S ^

^ M f e , ammonial- ^ll^t!: amines] PH7> 7.0 <>1A<MH

6.7-7.5S ^ 7l ̂ -5] ji , TOC^l ^Sf7> a . ^ l*> tiV-§-^£S ^ j f l s l^ CO2»
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7] 3*]|, ^ - f - f r -fi-71^-^-1- ^

pyridine, EDTA, ethylamine 31 urea^:

3711 4 ^ - phenylhydrazine,

TiO2

40

bubbling

(2) 31*11
(3) at^-

pH

: ethylamine;

phenylhydrazine, pyridine, urea;

1^^.5. a r ^ 31 : EDTA.

CD

- A

: phenylhydrazine, pyridine;

ethylamine, EDTA;

urea.

pH

CD ^ TiO2

TiOHS, 3

TiO2

- HyperChem 2 E

A

Ethylamine

ethylammonium

TOC fe TC

2]
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TiOH2
+<>ll tflt!: phenylhydrazine

TiO2

TiOH2
+<i tfl^i- phenylhydrazine

«>-§-

pyridinium < > 1 ^ £ ^ Q±^si\. 7]$]
TiO2 %^ S ^ * ^ $.

TiOH2
+cH] tfl^ carbamylammonium

TiO2

^ H-Y3" - S - ° l ^ ^ TiOH2
+6ll

H-Y3

^ - ^ - i - Langmuir-Hinshelwood SL^

yj-^ ^-^Bfl #-8-^3•§: n^^t ^.A, ^-%-°A ^ TiO2

-^j^-S., pyridine, phenylhydrazine, EDTA, ethylamine %. ureaSf

] ^ Langmuir-Hinshelwood ^ V ^

SI

fe TiO2

^ EDTA» ^2] -51-7) fl«fl, Free-EDTA,
l tiV^-iAi TiO2 #"11^1 *]*lfe

<»1 $^7] ^ ^ ^M pH l̂ cH§fl i 7 l -̂g-ojj p H 7 ] .

\ 8.96 mM <>]$• iS-S. ^^^^l EDTA

E D T A ^
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- TiO2

EDTA»

- EDTA £-«l)<&*°1H TiO27> EDTA ^-sf l** 3.7]} f 7 M ^ t

- TiO2 # D t i^ ^ - 4 ^ ° 1 2.0 g/£ "U nfl 1.79 mM, Free-EDTA, Cu(H)-EDTA

EDTA ^f£, ^-^(Cu, Fe)

TiO2 4 - g - ^ ^ 2.0 g/13, 4 ^ - ^ : 4 .

- 1.79 mM Free-EDTA, Fe(IQ)-EDTA ^ Cu(n)-EDTA

EDTA ^#<>1*3|- TiO2

EDTA ^ ^ s f TOC

EDTA î]

, pH 2.5-3 .0^^ EDTA

-

l̂0-1! #^] EDTA-g-^(Cudl) U Fe(IID)

TiO2 ^#nfl V̂-g-ofl ^sfl PH 2.5-3.0

: ^-^ °] 4-§- phenol, catechol, resorcinol, hydroquinone,

p-nitrophenol, o-cresol, benzaldehyde, benzoic acid, o-nitrobenzoic acid,

benzenesulfonic acid, aniline, o-phenylenediamine •§-

TiO2

i 7 l ^ ° J ^ £ l - 40 ppm^

bubbling 4
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tflgf 50%~90%

, TiO2

© Hydroxyl7]-i- -̂n-1®- phenol, catechol, resorcinol, hydroquinone

l- 3.71 ofl ^

© -CHO, -COOH, -SO3H Sfe -NH2 ^£)

benzaldehyde, benzoic acid, benzenesulfonic acid, aniline
^ gift ^£r ^-QX}&*\ 3.7} oil ^-Hlafl«>^ ^^=-i; %

(3) Nitro7l# •§--n-s>fe p-nitrophenol, o-cresol, o-nitrobenzoic acid

© t}i^- JEfe- #0] ^ 1 ^ - ^ aniline, o-phenylenediamine, benzoic acid,

o-nitrobenzoic acid ^

aj-^-ofl

7h ^^-(suspended)

1̂<̂> *>^7K 714 #Dfl ^ , fouling,

- UV ^^«>-S-4 n<$% ^nflti]-^-^- ylSL^l-^, UV

(membrane) ^ 4 ^ v ^ l l - l i S . *>4.
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^ f e , TiO2

anatase7|-

UV
(annular and spiral) V̂-g-7l a^-§- ^^«f°i , UV-^-^^ TiO2

(254 nm~350 nm) ^-f ^ 4 S42 i<y # 4 W &^, * £ « | #"flsfe TiO2

(anatase) « 150 m'/g)!:, ^ 7 f ^ S . ^ O2 B£fe H2O2»

T i 0 2
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