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Summary

I. Project Title

A Study on Photo-Catalytic Decomposition Reactions of Organics Dissolved in

Water (I)

II. Objective and Importance of the Project

The structure material integrity of the water chemistry systems at

nuclear power plants depends on water chemistry control with parameters

such as pH, dissolved oxygen, impurities, suspended solids, chloride, fluoride

and sulfate, including organics. Organic compounds are usually decomposed

and concentrated at the low flow areas in a high temperature system water,

resulting in inter-granular attack against inconel-600, corrosion of carbon

steel or copper alloys, or damage of turbine disks and blades. Therefore,

organic impurities should be removed and minimized by the site pure water

production process. In this study, in order for photo-catalytic reaction to be

applied for more efficient removal of organics from source water, the

photo-catalytic characteristics of five nitrogen-containing organic compounds

were investigated, based on their chemical structures.

III. Scope and Contents of Project

In an experiment on TiO2 photo-catalysis of five nitrogen-containing

organic compounds, the changes of pH and total carbon contents were

measured, and the dependence of their photo-catalytic characteristics upon

their chemical structures were investigated.

IV. Results and Proposal for Applications

• Calculation results of the effect of ionic carbon species in an aqueous

solution on thermodynamic equilibrium, pH and conductivity showed a small

quantity of organics in a system water could lead conductivity increase and

pH reduction.
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• A preliminary experiment on the photo-degradation of dissolved

organic acids showed the photo-catalytic reaction is quite effective for

removal of organic acid compounds.

• Each aqueous solutions of ethylamine, phenylhydrazine, pyridine, urea

or EDTA was irradiated by UV for 180 minutes after adsorption onto

titanium dioxide surface for 60 minutes, resulting in different types of

change of pH and carbon contents. Based on the chemical structure, atomic

charge and electrostatic potential map of each compound calculated by

semiempirical method, relationship between nitrogen atomic charge and the

first-order rate constant was expressed as the following :

R (1s t -order rate constant) = 8 ( E - a ) 1 / 3 + b

where, e '• atomic charge of nitrogen in a molecular, 8, a and b :

corrective coefficients.

Though the photo-catalytic reactions of organics would be complicated,

chemical structural approaches is still required, and this result would be

developed more to compare with other systems.
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CxHYOz(aq) - CO2(aq) + H2O Koxidation
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bicarbonate 3l carbonate %

HCO3~ Kx
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OH~ - H2O
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[H+] - [HCO3-] - [OH"] - 2[CO3~
2] = 0 (6)

S[C] - [CO2(aq)] + [HCO3-] + [CO3-2] (7)

°1 -Sr̂ fl 7l (ionic strength)^ ^ I M : 5L^% ^ %%-^ ^ ( m o l a l ionic
activity coefficient)* 3|<^}7| ^«fl %^-£7j]^( y )7\
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log/ ,= ( - ^ 2 ^ i 0 - 5 ) / (1 + 1.5 i0-5) (8)

, A ^ Debye-Hukel
4 ^ - 4 7^4.

[ 3 ] } (9)

1 (free energy)^ ^Sf-sf 4^-sf ^ -^ ^^|7> sjrf.

AG\T) = -R T \n K°(T) , (10)

i # 7}*]3. XI4.

z/G°(T) = z/G°(298.15) - JS°(T - 298.15)
(11)

+ AC?P(T - 298.15) - ^C?> T\n(T I 298.15)

carbonic acid

§J-o.s. charge balanced total dissolved

carbon ^ l ^

Carbonic acid^l -6-*llI£Ĵ  bicarbonate ^ carbonated.51
s j ^ ^ .^ ^ s - ^ Table 2.1.1i
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££(ionic conductance) 4 A

K = -J^Q S mi ^ (12)

° H , m^: -g-̂ l 1000 gtJW $ ^ H r °l^r ^ ( i o n i c equivalent)^:
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conductance $ r # ° 1 4 . -§-*H ^)^^ ^ « l l ^ ^ # o l # 1 ^ ^ ^ 7 ) # ^Eflo]

carbonic add*} 7] n&°\) ^ ( 1 3 ) 4 <̂>1 ^^.71 ^ - n f l ^ ^ # - ^ § ^ ^ H # ^

= ( Molarity of CO2) gas phase
app- 2J (Molarity of Carbon Species) aqueous phase

 U ;
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7] 4 ^ ° l ^ : ^ r € ^ ^ # y 1 S ^ <r $14. ^% v ^ carbonic acid^

o) 3.71 rtfl̂ -o]]
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4 . Salicylic acid ^-§-^1 *fl carbonic acid^l 5 J ^ ^ - ^ [1]

Salicylic acid <r-%-<% ^°fl^1 carbonic acid^ ^ ^ m

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

-B-7]!-^ y l^ JE5 .# ^-^l*>fe ^ ^ - a ^ ^ r ^ * J « V ^ 4 . UV

-n-71-i- -its}-«]:-§- ^ 1 ^ - Millipore^l A10 TOC(total organic carbon content)

fiMelt ^>-g-^r^4. Fig. 2.1.14 ^ ^ ^^°H^1 185/254 nm^ UV7>

titanium dioxide^l 2:4=1 j l °)7A°-^ 3.^$. ^ ^ (quartz)^ ^ T 1 ^ ^

TOC71-

-g-6fli|^ TjjAV- .̂a.jiL-T-B], dissolved total organic carbon*]

carbonic acidic. ^ nfl §-*flU ^ S l ^ ^ ^ ^:^

^ ^•^•^1 carbonic acid, bicarbonate, carbonate-£]

(Table 2.1.3-2.5). ^-^1, A °]^^]7l ^ , PH ^ «
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Table 2.1.1. Equilibrium properties for carbonic acid system.

Reactions

CO2(g) = CO2(aq)

CO2(aq) + OH" = HCO3"

HCO3 + OH = CO3~
2 + H2O

Eauilibrium properties

A G° 298= 2 0 0 3 c a l mol"'-

A S° 298= ~23-0 cal mol'1 deg."1

Cp =36 cal mof1 deg."1

A G° 298= 10>406 cal mol"1,

A S° 298= - 3 7 2 cal m°l~' deg-"1

Cp = 19.5 cal mol"1 deg."1

A G° 298= 5 0 0 0 cal mol"1

A S 298= ~ 16.16 cal molJ deg."1,

ACP = -21.0 cal mol"1 deg."1

Table 2

Ion

H"

OH"

HCO3

.1.2. Limiting

0

225

105

24

ionic

18

315

171

43.9

conductance of the

Temperature

CO

25

349.8

198.3

51.5

ions

100

634

447

156

(Siemens •

200

824

701.

306

cm2 • eq 1 ) .

300

894

821

460
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Fig. 2.1.1. Schematic diagram of photo-oxidation cell with UV lamp.

Table 2.1.3. Equilibrium concentrations (molal) of dissolved carbon species

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

P™ (bw.)

V1CE-07
1.206-07
1.3OE-O7
1 40E-G7
1 5OE-O7
1 70E-07
2O0E-O7
2 10E-07
2 20E-07
2.50E-07
3.0OE-O7
3.50E-07
4.00E-07
5.006-07
6006-07
7.00E-O7
8.00E-O7
9 006-07
1.00E-06
1.10E-O6
t.20E-06
1 30E-06
1 406-OS
150E-06
1.7OE-O6
2 00E-OS
2.106-06
2.20E-06
2.50E-OS
3.00E-06

CO,(aq.)

3 74E-09
1086-09
4 42E-O9
4 76E-O9
5 106-09
5 786-09
6 606-09
" 14E-09
7 -18E-09
8 506-09
1 026-08
1 19E-O8
1.36E-O8
1.70E-O8
2.O4E-O8
2.38E-08
2 726-Oa
3 066-08
3.406-08
3.74E-08
4.08E-08
4 42E-08
476E-O8
510E-08
S78E-O8
6.806-06
7. HE-OB
7486-08
8 50E-O8
1.026-07

H-

066-07
O7E-O7
OaE-07
08E-07
09E-07
10E-07
12E-07
13E-07
13E-O7

.15E-O7
1 18E-O7
1 21E-07
1 246-07
1 29E-O7
1.356-07
1 40E-07
1 45E-O7
1 50E-07
1 54E-O7
1.S9E-07
163E-07
1 576-07
1 72E-07
175E-07
183E-07
1.956-07
198E-07
2026-07
2.126-07
2.286-07

HCO,"

1466-08
1586-C6
1 706-CS
1 82E-C3
1 94E-C3
2.176.C"
2S1E-CS
2 S2E-C6
2 73E-M
3 05E-03
3576-08
4.07E-08
4.546-08
5 436-08
6 266-08
7 046-08
7 77E-08
8 46E-08
9.126-08
9.746-08
103E^J7
1O9E-07
1 156-07
1206-07
1306-07
1 456-07
1.496-07
153E-07
1.66E-07
1.85E-O7

0 H -

9.166-08
9.10E-O8
9 056-08
8.99E-08
8 946-08
8.84E-09
8 69E-03
8 646-05
6 596-08
8.45E-0S
8246-08
8.04E-O8
7.856-OB
7.51E-OB
7226-08
6.95E-08
6.716-08
650E-08
6 31E-08
6.13E-08
5.966-08
5.81E-O8
5.67E-O8
5.546-08
5.306-08
5.0OE-O8
4.916-08
4.82E-08
4 59E-08
427E-08

6.186-12
6.66E-12
7.13E-12
7586-12
803E-12
8.89E-12
1016-11
1056-11
1.09E-11
1 20E-11
1.36E-11
1.51E-11
165E-11
1.89S-11
2.096-11
2.27E-11
2.426-11
2.556-11
2.66E-11
2.77E-11
2.86E-11
2.94E-11
3.02E-11
3.08E-11
3.20E-1I
3 35E-1!
3.39E-11
3.43E-11
3.53E-11
3.666-11

Ionic
slrenglh

1.06E-07
1.07E-O7
1.08E-07
1.08E-07
1.O9E-O7
V10E-07
1.126-07
1 136-07
1.13E-O7
1.156-07
1.18E-O7
1.21E-07
1.246-07
1.296-07
1.356-07
1.406-07
1.456-07
1.506-07
1.54E-O7
1.596-07
V63E-07
1.676-07
1.726-07
1.766-07
1.836-07
1.95E-07
1.98E-07
2.O2E-O7
2.126-07
2.28E-07

697
6.97
697
697
6 9 6
6.96
6.95
6 95
6.95
694
6.93
6 92
6 9 1
6.89
6.87
6 8 5
6 8 4
6.82
6 8 1
6 8
6.79
6.78
6 7 7
6 7 6
6.74
6.71
6.7
6.7
6.67
6 64

Conductivity
(liS/cm)

5.616-02
5.62E-02
5.64E-02
566E-02
568E-02
5.71E-02
5 77E-02
5.79E-02
5.B0E-02
5.86E-02
595E-02
6.046-02
6.126-02
6.30E-O2
6.47E-02
6.64E-O2
8.606-02
6.966-02
7.12E-02
7.27E-O2
7.42E-02
7 576-02
772E-O2
7.B6E-02
8.146-02
8546-02
8.676-02
8.B0E-02
9.18E-O2
9.776-02

Total
carbon
species
(ppm)

1.O5E-O3
1.146-03
1 23E-O3
1.326-03
1.41E-03
1.58E-03
1.836-03
1.91E-03
2.00E-O3
2.246-03
2.63E-O3
3.006-03
3.37E-O3
4.06E-O3
4.726-03
5.34E-03
5.94E-03
6.51 E-03
7.06E-03
7.59E-O3
8.11 E-03
8.61 E-03
9.1OE-O3
9.57E-O3
1.05E-O2
1.18E-02
1.22E-02
1.27E-O2
1.39E-02
1.586-02
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Table 2.1.4. Equilibrium concentrations (molal) of dissolved carbon species

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

Pets (Darl

3.50E46
4.00E46
5.O0646
6.O0E-O6
700E46
800E-06
9 006-06
1.006-05
1 10E45
1.20645
1.30645
140645
1 5 0 6 4 5
1.70645
2.00645
2.10E45
2.20E45
2.50E45
3.00E45
3.50645
4.00645
5.00645
6.005-05
7 00545
8 00E45
9OOE-05
1 OOE-04
1 10644
120E44
130E44
140E44
1.S0E44
I70E44
200644
2.10644 _ -
2.20E44
2.S0644 "
3.00644 •
3.50644 .
4.00544
5 OOE-04
6.00E-04
7.00E44
8.00E-04
9.00E44
1.00E43
1.10E43
1.20E-03
1.30E-O3
1.40E-03
1.50643
170643 "
200E43
2.10643

CO, laq.)

1 19E47
1.36647
1 70647
2.04E47
2 38647
2 72647
106647
' 40647
.1 -4647
4 08647
4 42647
4 76E47
5.10647
5.78E47
6.80647
7.14647
7.48647
8 50647
1.02646
1 196-06
1 36E46
1.70646
2 04E4S
2 38E46
2.72646
3 06E-06
3.40646
3 74646
4.08646
4.42E46
476646
5 10646
5.78646
6.60648
7 14646
7.48646
8.50646
1.02645
1.19645
1 36645
1.70E45
2.04E4S
2.38645
2.72645
3.0664S
3.40645
3.74645
4.08645
4 42645
4.76645
5.10E45
5.78645
6.80645
7.14645

2.43E47
2.57647
2.83E-07
3.07E47
3.295-07
3.50E-07
3.69E-07
3.88E47
4.06647
4.23647
4.39E47
4.55E47
4.70647
4.99E47
5.40647
5.536,47
5.65547
6.01647
a576-07
7.09647
757647
8.45547
925E47
9.986-07
1.07648
1.13648
1.19646
125646
1 30646
1.366-06
1.41646
1.46E46
1.55646
1.68E46
1.72E46
1.76E46
1.88E46
2.06E-06
222648
2.38648
2.66E46
2.91E48
3.14E46
3.36E48
3.57E46
3.76546
3.94E46
4.12546
4.296-06
4.45548
4.60E46
4.90E48
5.32648
5.45646

HCO,"

2.03E47
2.19E47
2.49647
2.75E47
2.99E47
3.22E47
3.43E47
3.63647
3.82647
4.00647
4.17647
4.33E47
4.49647
4.79E47
5.22E47
5.35647
5.48E47
5.85647
6.42E47
6.95E47
7.44647
8.33647
9.14E47
9.88E47
1.06645
1.12646
1.186-06
1.24E46
1.30E4S
1.35E4S
1.40648
1.45646
1.54E4S
1.68E-08
1.72646
1.76648
1.87646
2.05E46
2.22E4S
2.37646
2.65646
2.91E48
3.14E48
3.36546
3.66E48
3.76646
3.94546
4.11E46
4.28646
4.44646
4.60646
4.90E46
5.31648
5.45646

OH-

4.01 E48
3.79E4B
3.44648
3.1764S
2.96548
2.78548
2.64648
2.51643
2 406-06
2.30646
222E48
2.14E4B
2.07E48
1.95E4S
1.80E43
J.76648
1.72648
1.62548
1.48E4S
1.37548
1.29E48
1.15E48
105E48
9.76649
9.14649
8.626-09
8.18649
7.80E49
7.47E49
7.18649
6.92E49
6.69E49
6.28E49
5.80E49
5.66E49
5.53E49
5.19649
4.74649
4.39649
4.10649
3.67E49
3.35E49
3.10649
2.90E49
2.74649
2.60649
2.48549
2.376-09
2.28649
2.20E49
2.12E49
1.99E49
1.84649
1.79649

co,!-

3-66-11
3 346-11
3 365-11
4^6-11
4 10E-11
4:5E-11
4:36-11
4 225-11
4 246-11
4 265-11
4 286-11
4 306-11
4 316-11
4 346-11
436E-11
4 376-11
4.38E-11
4 39E-11
4*16-11
4 436-11
4 44E-11
4.43E-11
4 47E-11
4 47E-11
4 ̂ SE-n
4 49E-11
4.496-11
4 496-11
4.506-11
4.506-11
4.506-11
4.50E-11
4.515-11
4.516-11
4.5tE-11
4.51E-11
4.51E-11
4.S2E-11
4.526-11
4.52E-11
4.536-11
4536-11
4.536-11
4.53E-11
4.S3E-11
4.54E-11
4.54E-11
4.54E-11
4.S4E-11
4.54E-11
4.54E-11
4546-11
4546-11
4.556-11

Ionic
strength

2.43547
2.57647
2.83E47
3.07E47
3.29E47
3.50E47
3.69647
3.88E47
4.06E47
4.23647
4.39647
4.55647
4.70647
4.99647
5.40E47
5S3E47
5.65E47
6.01 E47
6.57E-07
7.09E47
7.57E47
8.45E47
9.25E47
9.98E47
1.07E46
1.13E48
1.19E4S
1.25646
1.3064$
1.36646
1.41648
1.46648
1.556-06
1.68E-06
1.72648
1.76E-06
1.6864$
2.06648
2.22646
2.38648
2.66646
2.91E-08
3.14548
3.36646
3.57646
3.76E46
3.94E46
4.12E46
4.29E4S
4.45E48
4.60E46
4.90E-O6
5.32646
5.45646

PH

6.61
6.59
6.55
6.51
6.48
6.46
6.43
6.41
6.39
6.37
6.38
6.34
6.33
6.3
827
6.26
6.25
6.22
6.18
6.15
6.12
6.07
6.03
6
5.97
5.95
5.92
5.9
5 33
5.87
5.85
5.84
5.81
5.77
5.78
5.75
5.73
5.69
5.65
5.62
5.58
5.54
5.5
5.47
5.45
5.43
5.4
5.39
5.37
5.35
5.34
5.31
527
5.26

Conductivity
(nS/cm)

1.03641
1.09E41
1.19641
1.28641
1.36541
1.44641
1.52541
1.59E41
166E41
1.T3641
1.79E-01
1.66641
1.92E41
2.03E41
2.19541
2.24E41
2.29641
2.44641
2.66641
2.86E41
3.06641
3.41641
3.736-01
4.02E41
4.29641
4.55641
4.79641
5.D2E41
5.24641
5.46B-O1
5.66541
S.S6E41
6.23E41
6.76E41
6.92641
7.09E41
7.55E41
B.27641
8.93E41
9.54641
1.076*00
1.17E*00
1.266*00
1.35E*00
1.43E*00
1.51E*00
1.58E*00
1.65E*O0
1726*00
1786*00
1.85E*00
1 976*00
2.13E*OO
2.19E*00

Total
carbon
species

1.766-02
1.93642
226642
2.58642
2.87642
3.16E42
3.44642
3.71 E42
3.97E42
4.23642
4.49E42
4.74642
4.96E42
5.47642
6.17642
6.41E42
6.63E42
7.3tS42
8.41E42
9.48E42
1.05641
1.266-01
1.46641
1.65641
1.84E41
2.03641
2.22641
2.40641
2.59E41
2.77E41
2.95E41
3.13541
3.49E41
4.02E41
4.19E41
4.36641
4.88541
5.74641
6.59E41
7.43541
9.10641
1.08E*00
1.24E»O0
1.406*00
1.566*00
1.735*00
1.896*00
2.056*00
2.215*00
2.376*00
2.53E*00
2.84E*00
3.32E*00
3.486*00



Table 2.1.5. Equilibrium concentrations (molal) of dissolved carbon species

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

P«» {bar.)

2.2OE-O3
2.506-03
3 006-03
3.5OE-03
4 00E-03
S00E-03
6.00E-O3
700E-O3
8 00E-O3
9.00E-O3
1.00E-02
1 10E-O2
1 20E-02
130E-02
1.40E-02
1.506-02
1.70E-O2
2.00E-O2
2 10E-02
2.20E-02
2.5OE-O2
3006-02
3 5OE-O2
4.00E-02
SOOE-02
6 00E-02
7.00E-02
B.OOE-02
9.0OE-O2
1.0OE-O1
1.106-01
1.206-01
1.30E-01 '
1.406-01
1.50E-01
1706-01 .
2 006-of"
2.10E-OV
2.206-01 .
2.S0E-01
3.006-01
3506-01
400E-01
5.00E-01
6.00E-01
7.00E-01
8.00E-O1
9.00E-01
1.00E+00

CO, (aq.)

7.486-05
8.50E-05
1.026-04
1.196-04
1.366-04
170E-O4
2.04E-04
2386-04
?72E-04
.1066-04
3 406-04
3.746-04
4.086-04
4426-04
4.766-04
5.106-04
5.786-04
6.806-04
7.146-04
7 486-04
8.506-04
1026-03
1 196-03
1.366-03
1.706-03
2 046-03
2.386-03
2.726-03
3.066-03
3.406-03
3.746-03
4.08E-O3 "•
4.42E-O3
4.766-03
5.10E-03
S.7SE-O3
6.B0E-03
7.14E-03
7.48E-O3
8.506-03
1.02E-02
1.19E-O2
1.36E-02
1.70E-02
2.O4E-O2
2.38E-02
2.72E-O2
3.06E-02
3.40E-02

H"

5.58E-O6
5.94E-06
6.51 E-06
7.03E-OS
7.S2E-06
8.41 E-05
9.21 E-05
9.95E-O5
1.06E-O5
1.13E-O5
V19E-05
1.25E-O5
1.30E-05
1.36E-O5
1.41E-05
1.46E-05
1.55E-O5
1.68E-05
1.73E-05
1.77E-O5
1.88E-05
2.06E-OS
2.236-05
2.38E-05
2.67E-OS
2.92E-O5
3.16E-O5
3.38E-05
3.58E-05
3.78E-05
3.96E-O5
4.14E-OS
4.31 E-05
4.47E-05
4.63E-05
4.93E-05
5.35E-05
5.48E-05
5.61 E-05
5.98E-05
6.55E-O5
708E-05
7.57E-05
8.47E-05
9.28E-05
1.00E-04
1.07E-O4
1.14E-O4
1.2OE-O4

HCOr

5.57E-06
5.94E-06
6.51 E-06
7 03E-06
7.52E-C6
8.41 E-06
9 21t-O6
9.95E-06
1 06E-05
1.13E-05
1.19E-05
1.25E-O5
1.306-05
1.36E-05
1.41E-05
1.46E-05
1.55E-05
1.68E-05
1.73E-05
1.77E-05
1.866-05
2.06E-05
2.23E-05
2.38E-O5
2.67E-05
2.926-05
3.16E-05
3.38E=05
3.58E-O5
3.78E-O5
3.96E-05
4.14E-05
4.31 E-05
4.47E-05
4.63E-05
4.93E-0S
5.35E-05
5.48E-OS
5.61 E-05
S.98E-0S
6.55E-05
7.O8E-OS
7.57E-O5
8.47E-05
9.26E-O5
1.006-04
1.07E-O4
1.14E-O4
1.20E-O4

0 H -

175E-09
164E-09
1SOE-09
139E-09
13OE-09
1 16E-09
106E-09
9 84E-10
9 20E-10
8 68E-10
8 23E-10
7 85E-10
7 52E-10
7 22E-10
S96E-10
672E-10
6.32E-10
S83E-10
5.69E-10
5 55E-10
521E-10
476E-1O
4 41E-10
4 12E-10
3.69E-10
3 376-10
3.12E-10
292E-10
2.75E-10
2.61E-10
249E-10
2.38E-10
2 296-10
2.21 E-10
2.13E-10
2.00E-10
1.856-10
1.80E-1G
1.76E-1O
1656-10
1.51E-10
t 40E-10
1.31E-10
1.17E-10
107E-10
9.91 E-11
9 2BE-11
8.75E-11
8 30E-11

co,!-

^ S5E-11
i 55E-11
^ 556-11
•=S5E-11
i 55E-H
i:5E-11
-:3E-11
-HE-11111

i£-E-11
•==-£-11
*57E-11
CS7E-11
S58E-11
'58E-11
t 58E-11
S58E-11
i 58E-11
•s 59E-11
= 59E-11
•=5SE-11
•J59E-11
iME-11
i50E-11
-•516-11
4=1 E-11
'S2E-11
i52E-11
4 526-11
4 336-11
4 536-11
4 53E-11
4.64E-11
4.S4E-11
4.54E-11
4.65E-11
4S5E-11
4 66E-11
4.66E-11
4S6E-11
4 576-11
4.68E-11
4 58E-11
4.69E-11
4.70E-11
4716-11
4.72E-11
4 73E-11
4 73E-11

Ionic
strength

S.58E-0S
5.94E-06
6.51E-O5
7.03E-06
752E-06
841E-06
9.21E-06
9.95E-06
1.066-05
1 136-05
1.19E-05
1.25E-05
1.30E-05
1.36E-05
1.41E-05
1.4BE-05
1.556-05
1.68E-0S
1.73E-05
1.77E-O5
1.88EJ35
2.06E-05
2.23E-O5
2.38E-05
2.676-05
2926-05
3.166-05
338E-O5
3.58E-05
3.78E-O5
396E-0S
4.14E-0S
4.31 E-05
4.47E-05
4.636-05
4.93E-0S
5.35E-05
5.48E-05
5.61 E-05
5 986-05
6.55E-0S
7.0eE-05
7.57E-05
8.47E-05
9.286-05
1.O06-O4
1.07E-O4
1.14E-O4
1.20E-O4

5.25
5.23
5.19
5.15
512
5.08
5.04
5
4 97
4 95
4.92
4.9
4.88
4.67
4.85
4.84
4.81
4.77
4.76
4.75
4.72
4.69
4.65
462
4 57
4 53
4.5
4.47
4.45
4.42
4.4
4.33
4.37
4.35
4.33
4.31
4.27
4.26
4.25
4 2 2
4.18
4.15
4.12
4.07
4.03
4
3.97
3.94
3.92

Conductivity
CdS/cm)

2.24E»O0
2.39E*00
2.616*00
2.626*00
3.026*00
3.386*00
3.706 HX>
3.99E+O0
4.27E«00
4.S3E+00
4.78E+00
5.01 E*00
523E+O0
5.45E+O0
5.65E*00
5.85E+00
6.23E+00
6.766+00
6.93E+00
7.09E*00
7.56E+0O
8 28E+OO
8.956+00
9.576+00
1 07E+01
1.17E+01
1.27E*O1
1.35E+01
1.44E+01
1.52E+O1
1.59E+01
1.666+01
1.73E+01
1.796+01.
1.866+01
1.986+01
2.156+01
2.206+01
2.25E+01
2.40E+01
2.63E+01
2.84E+01
3.046+01
3.40E+01
3.736+01
4.036+01
4316+01
4.57E+O1
4.B2E+01

Total
carbon
speciea
(Ppm)

3.63E+00
4.1OE+00
4.89E+00
5.67E+00
6.44E+00
8.00E+00
9.546+00
1.11E+01
1.266+01
1 426+01
1.STE+01
1.72E+01
1.88E+01
2.03E+01
2.18E+01
2.33E+01
2.64E+01
3.10E+01
3.25E+O1
3.40E+01
3.86E+O1
4.62E+01
5.37E+01
6.13E+01
7.656+01
9.16E+01
1.07E+02
1.22E+O2
1.376+02
1.52E+02
1.676+02
1.826+02
1.976+02
2.126+02
2.27E+02
2.57E+02
303E+02
3.18E+O2
3.33E+02
3.78E+02
4.53E+02
5.28E+02
6.03E+02
7.53E+02
9.04E+02
1.0SE+D3
1.206*03
1.35E+03
1.50E+03
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o_^ 25

Fig. 2.1.2TT ^ £ 1 S total dissolved carbon
7H-sKr «l

Fig. 2.1.3^ dissolved carbon

. TOC ^o)

A ^ , carbonic acid7j- bicarbonate

7l>S- ^l

TOC ^

Fig. 2.1.4^1^4 ^-o]) u - ^ E o ) T0C7]- £*11^ xtflfe

c a r b o n i c aci

^ 7 ] . ^ p H

Fig. 2.1.5fe 25 M ^ S ^ i V̂Sl- ^-«fl^ salicylic acid^ yl

4 v)^ ^£-*\ y l S ^ ^ ^^ l f - i : i L < ^ 4

21 salicylic acid7> 185/254 nm̂ l UV ^^^ l^ i TiO2

i X § A ^ carbonic

acid7}- a l ^S^o f l ^ ^ ^ . t i ] ^ ^ ^ ^ . s 1: ^ Xl4. °1 yoVi3£ ^ S . »

1 H CO2* ^ ^ 1 ^ ^ 1 7 1 S . ^ - ^ ^ r ^ ^efls] TOC

carbonic acidS.
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Fig. 2.1.2. Specific conductivity of aqueous CO2 solution.
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7K

[2-7].

(photo-catalysis)^- ^ - # ^ S 4-§-s1fe- n -^
electron) 4 ^(posi t ive hole)^:

$14.

1972^ Fujishima %•<>] [8]
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transfer)*!) 7 ) ^ 1 - ,

l (phase

chemical

destruction)

SI7]

[2].

a)f-*llM^(Band-Gap Energy)

^•(cclectron-Hole Pair)^. A] ^] 14). o) ^ o

group, OH")1-

Photocatalyst

0H

15).

OH

(14)

(15)

-7lS]-(mineralization)^: ^ Si

16),

17).

n M°

Mn +

(16)

(17)

SI4 [2]. ^ Fig. 2.1.64
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Surface
Recombinati

D

W h J /

Volume
Recombination

Fig. 2.1.6. Schematic photoexcitation in the solid followed by
de-excitation events [10].
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ii) 3*}-3 ^3 ^lf-

iii)
iv)

mechanism)^ ^ ^ ^ 4 [4].
^^- ^ f1, ^^11:£ ^i£tfl(conduction band)

S|J1, ^ ^ # ^ €^7>cfl(valence band)

Ffe- ^ ^ ^ ^^> r̂-S-̂ 1 (electron

acceptor)^ *M^ S.^ ^$7} &£.*$[$ $.S-$\ S.^ M.4

^^^(electron donor)^

^-(electron-hole recombination)

9~i2) 23]

trapping)^ ^«fl7l- 7}^ ^ ^ #

S]^^(sacrificial reagent)^ 4 - § - ^ l ^ 4 . =L °§£-, 2-propanolc>l

TiO2 (Degussa P-25)

-l-oi 0] s

18 -



*r£^(electron trapping)^.

^7f(protonation)°11 s]«

[13, 23].

[14, 15].

^ 3.5-6.8
[16, 17]^ nfl ^ ^ ( i s o e l e c t r i c point)-

nitrate) -§-°JHH ^ ^ € TiO2

*\ $<%4rS-7} p H i 5l«fl 3.711 %

4 ^ ^ 7 1 (OH") -̂°11 °^Ai7}7} ^7}5\O] Ag+£)

[18].

pH7l- €• <̂
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ol-§-4 a ^ ; ^ ^ ^ ^ ^ %MM: ^ I S §1-31 XI4 [2-7]

PH,

Titanium Dioxide(TiO2)
- ^ - 7 ] i ^ l - » o | rfl«-ti- ^ ^ ^ ] AVS) .^^ H C l f

^•71 ̂ (Mineralization)£] fe ^JA

^ $14 [11].

CaHbOcNdCle + ̂ a - cyi2O -> aCO2 + dNH3 + eHCl + - ^ + b - 2c - 3d
\ JL O/

. TiO2»

4 € ^ r EPR (electron paramagnetic

resonance)^

20 -



[19-21].

SI4 [22].

#x}^ Table 2.1.64 ^"^

si 4 .

Table 2.1.6. Reactions which generate radicals at the illuminated

electrolyte-semiconductor interface [23].

O2 + e" O2"*

O2"" + H+ HO2*

HO2 ' + H+ H2O2

H2O2 + e" OH* + OH"

H2O2 + O2~' OH* + OH" + O2

H2O + h+ OH* + H+

OH- + h+ OH *

- 21 -



^ dl [12], <>1*£ : (i)
# f tiV-g-, (iii)

Langmuir-Hinshelwood S 1 ! ^ : 4 ^ - ^ ^ ^ - S M-E}I4 ^ 4 [22].

k K Cx
r^ = - ~dt = 1 + KC, (19)

-n-7l#Sl £ 7 ) ^ £ , k.^ £-8-^

Ife- ^^-^-^(binding constant) °] 4 .

3. ^ ^

^-7l^]-(carboxylic acid, R-

—R* + CO2 + H*

R-COOH -R* + CO + *OH

•RRH + CO2 (20)

-. °1 ^sf-1^1" £-§-$: 240 nm °)^\^\ A$\Q 2:A}°1] 1̂«f|

' ' -b Kolbe £-8-

ol 01 AH, °1 ^-§-^1 7flAfe Fig. 2.1.74 ^ 4 . °1 #-§-!:<*l ^
^-«fl£l^ CO2# ^ -^^ l^H alcohol^-, alkene^- ^ ester^- &<>} *$A§ € ^r

-B-7l#o] J I ^ ^ i$o\)Aj ^r^S\o] Aj^^- ^ gj^. ^ 7 l ^ i S ^ formic

acid, acetic acid ^ glycolic acid ^c5! XI^-H, •£- ^^^ l^ l °l;5iofl J3L#t!:
^ 4 [1].

7>. - f r 7 ] ^ l ^ - ^ ^ ^ - ^ ^ - g - ^ [1]

^-#^H r̂-S- ^ ^ ^ - Fig. 2.1.84 £•& € ^ ^ 1 1 -
(recirculating batch type)AS ^ W $ 4 . ^ ^ ^ - S . ^ ^ ° ] ^ ^ ^ ^
£-§-71 (photo-reactor)T7 ^ o | 36 cm, ^ 1.7 cm, ^ ^ 2.3 cmS ifl̂ -̂ fl
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alcohol (or ether
ROH ROR')

alkene ester
R-COOR

+ H
X^orR'OH) T-H ® ^
2 ° ^ \ I y* R'COO

RCOO
(start)

alcohols
alkenes
esters

©

rearrangement

RCOO ads RCOO
-CO 2

R*

1-©

s R'ads

-H

alkene
R-R
dimer

R-H
alkane

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

Headspace
Reservoir

Quartz
Annular
Reactor

Centrifugal
Pump

Lamp
(UV or nUV)

Cooling Loop

Fig. 2.1.8. Schematic diagram of reactor assembly.
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"Black-Light" Fluorescent Bulb (n-UV, GE F15TB, 18")»

4 ^ - <^<*]̂  320-400 nm l̂al a j t f la l-^ 350 nnHH L ^ V }

4 . ^--#°flS. 4-g-^l titanium dioxide(Degussa P-25)^ anatase ^ ( 8 0 %)

4 rutile ^2:(20 %)# ^ H ^ t ju ] , 7 ] ^ 4 4 ^ 3 . 7 1 ^ 30 ran,

£ 50±15 mVg, ^r# -§-^14 3.7]^ 4 300 nm°14. Titanium dioxide^

^-^ [1]

500 i

A ^~\~£*\t\ ^ I S t *H#|TBH ^ ^ € - ^ « > J 1 0.22 jwn̂  MSI Filter Membrane

&% A% ^ 2 } ^ ^ , ShimatsuA}5) TOC

L^ ^ ^ ^ 20-25

Formic acid, acetic acid ^ glycolic acid°ll
, x\s.s] P H ^ til-g-7]^ ^.^)-^ pH

^ £ e S ^ 1.67 x 10~3 nioH^t]-. z]-

^ Fig. 2.1.

OH H
C'] H+

2 H2O + 2 e " ^ 2 OH" + H 2 ? (21)

HO2* + e " + H + -> H2O2 (22)

^ S ] - ^ ^-g-s] ?1*S^£.# s]^l§>fe TOC^l ^ ^ - (Fig. 2.1.10)

. Formic acid^l ^-f, ^ 40 ^ 2 4 S T0C7> ^o) s ] ^ ( o]

tlr pH AJ-*4 ^ 1 ^ ]

ZJ-4;«1-J1 $14. Acetic acid^ glycolic acid^i
sflA-] T0C7> 7 j ^ § } ^ 4 .

; %-^-T^ aV-g-̂ 1 S]*!: formic acid^ acetic acid ^ glycolic acid^l
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Fig. 2.1.9. pH variation of the photocatalytic reaction of
carboxylic acid.
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P Acetic Acid

• Glycolic Acid
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Irradiation time, min
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Fig. 2.1.10. TOC variation of the photocatalytic reaction of
carboxylic acids.
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4. ^ -§-€

TiO2 ^-#Dfl^l #S r l : °1-§-?!: 31 ̂ 3 w ^ £ €^7fl^(environmental

remediation)^: '

4 hetero-atom
7] s}-(photo-mineralization)7l- 7>^

&*1 ^ 4 . NH2OH5} ^-^ ^ 7 l ^ i , ^^ - ^fl^ NO ,
^-o] TiO2 ^ -#^6f l $] ^ ^ ^ £ ] ^ , N2, NO2)

NH3) N2H4 ^°1 ^S^slfe $), o l ^ <^7l^ TiO2 a ^ ^ H l ^ € ^

^ ammonia^ TiO2

^°lHfe N2O1- ^ ^ t t 4 . Low f̂- [24]£r nitrate, nitro, saturated ^ ^

aromatic-ring ^<>] ^dh-f-fr -B-7lSf^-l-l-c>l NH4
+4 NO3"S. ^r«H^^|

s l ^ ^ ^ . S . ^-^-712^^ 3 ] - ^ f ^ S ^ i^ : ^^ - ^-^l^f^4. Ammonium

°] •&•!••€: N-pentylamine, piperidine, pyridine°l ^-^s i l -^ 0 ! ^ ^ ^ ^ 31,

^ Q immonium cation radical (RCH-NH2
+)^: 7^cf.

NO3"

Nohara ^ [25]^ ^°^ € ^ - f - f r Sj-f-l"*^: TiO2

TiO2 a^AJ" ^•^-si ^^of l^ ^ ^ § | - ^ 4 . 0}

> amine7l# x ] ^ ^ ^ - # ^ ^-^^-^1 ^ ^ : NH4
+2}- NO3

NH4
+ <^1^^-S ^ ^ - s j ^ methylene7]^ ^oflfe <̂
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,45} NH4
+

fc^ 3i7Hl
N-C ^ItM
71^1 -COOH^

CO24 NH4
+

'H^i NH4
+°1

1- -NH2 I

N-C ^ ^ - # 1
^ ^ 4 ^ - ^^1-53
2.^7]- TiO2 ^ 4 i

=.x\ c§ - ^ ^ ^ 1 ^ 4 .

I^:A1?1 ^ l ^ , amide
14. cy-amino acid

^ A i ^ methylene7l 5\

N-alkylidene

immonium o o^ |^^ . s . v*§\.Q $. . 0 0 H 4 ^ ^ -OH

amine^l ^ ^ t l : a - ^ : ^ * ^ ^ 1 ^ aikylated aldehyde^ NH3

NH4
+

f 7 j ^ NH4
+ 6 l^r«:S €^5)^1^3:, N-hydroxysuccinimide^

NO3"
 61^°1 S|J1 NH4

+ °l£r£r
, NH4

+ oj^-o.

formamide7> ^ - ^ « M ^ , NH4
+^ NO3" ^ ^

amine7)l- 7>X|JI ^ 7 ) ^ t}^}^

^ 7 ]^ u ] ^ ^ oj=̂  NH4
+4 NO3"

formamide^-4 1/5 ^ S

, OH efl^^ol TiO2 S^°fl 5 ^ Urea^l

amide7]l- 3j^| ^^§>fe $.<>} 4 ^ #^1^31 olofl 4 ^

^7f*V43l 1: ^ S14. Formamide^l ^-f, OH

carboxyl7]l- £ ^ ^ ^ ^ ^ . S . ^^§>7ll € 4 . ^ ^ , TiO2

NH4C1* - i t ^ l ^ ^ ^ 4 ^ r , 4^1 4 %^ NH4C1 ^} 15

NO3" ° 1 £ A S ^ ^ V ^ - ^ ^ : i L ^ ^ ^ 4 .
4

+4 NO3"7|-
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TT <£•§- 2:4tb ^ ^ H i W 3 , HC14 NaOHS. P H» 2:
^ TiO2 # " H ^ < # ^ S ^ 71^71TT titanol(= Ti-OHH ^ ^
TiO2 ^ 0H7)^ #-<^7) 5f^.§- t+Efiflfe 3°.JL < £ 3 ^ 4 . TiO2

51 cf. ^ ^ ^ (pH=2)°fl4 imidazole^: ^ T ] | ̂ s f lsqo} NO3

^ 6.4 wfl ^ £ 5 . ̂ ^ - OJ=̂  NH4
+

imidazole -§-̂ <*IM ^ ^ € NO3"

NO3"

Imidazole^l

45} NO3" ° 1 ^ ^ S^^^H NH4
+

^-^rS)-£]^ ^ ^ s ] ^ NH4
+

^ TiO2 £ ^ H 1 ^°] ^^-=1^71 nfl

o ] ^ TiO2 <&x}7} p H = l l ^ ^ NH4CI ^r-g-^^11 ^ 7 } £ } T 3 75 % ^ NH4
+

TiO2 S^^l ^ ^ ^ # ̂  ^ $14. 4 4 * 1 , ^ A ^ NH4
+ <^1^1: ^ ^^ - ̂ o]

NH3 71̂ 1 S. £ ^ 4 - ̂  ^r 514.
6]-&°] ^lA]t!: ^ 4 # ^^"S']-^, amino acids, amides, succinimide,

imidazole, hydroxylamine ^ urea4

TiO2 ^ ^ - ^ ^ ^ 1 ^-^-«T]£]Jl

^ ^ ^ S)-^-#(hydroxylated nitrogen moiety)^r

amine4 amide^ ^^-^^] S^^-H 5-S.^l NH4+S.̂ > ^

Imidazole f̂l̂ l hetero-cyclic nitrogen7|fe- <£*} amine4 hydroxylamine

NH4
+4 NO3"S. AA

^ 4 ^ ^ 4 1̂ > amino7l S ^ amide7]l-

NH4
+ °1^°] ̂ !^5|ai, hydroxyamino71^

N H 4
+ 4 NO3" <>]•&

4 . Advanced amine^^l ^ - ^ ^ £*IH&-&- ^ -^ [1]

] ° H ammonia,

morpholine, AMP(2-amino-2-methylpropane) ^ ETA(2-aminoethanol)#
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[1].

18.8

(Fig.

ppm, 14.6 ppm, 85.3 ppm, 5.2 ppm^-5. ^ 4 ^ 4 . Ammonia-1-

fe 7.0 ° 1 ^ <$7]<>§ £$\7}g.X),

HS 3s 3 ^ pH7f 6.7-7.5S.

2.1.11). °]^1 T0C5] ^ s | - ^ Fig. 2.1.124 £<>]

^-«B£]^ CO21- ^ ^ 4 ^ ^ ^ . S . ^-^14. AMP^l ^-f, i 7 l *} 40 £ 4 4

pH7f 47J-tt yJr^, TOC^] € 3 H ^ l ^ l ^ ^ 0 ! 4 4 4 ^ ^1, olfe. phosphate

^ ol^oi] CO27> ^1^5)71 xtfl^-o.S. ^.<y4. Ammonia^

PH 9.0^14 n^r <+^^-s|ul 4 pH 7.4

#-%-£: $)¥^r$) ^ ^ ^ofl - g . ^ amine^ ^ ^ r

| - 4 J 1 ^ ^ $14. t b ^ , advanced amine^

pH ^ ^ }

amine^ ^

44\i,
ammonia4 acetic acid ^ formic acidS

advanced amine^l

(Table

2.1.7(2.1.4)

Table 2.1.7. Average decomposition products concentrations generated in the
model boiler feedwater heater (ppb) [26].

Amine

NH3

Morpholine

ETA

DAE

AMP

MPA

QOH

Ammonia

Low O2

—

2

_3

71

79

4

5

High O2

—

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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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.
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3̂ | 71

71 # ,
#n ga ^7IXJ ^ amines

n. ^*m^

Fig. 2.1.84 £•& - i ^ ^ l l -
^ § 5J£-*| (recirculating batch

7H1" ^:^tb ^ S l : ^1\1 ethylamine, T

phenylhydrazine, ^1^1^ ^ i §>47> | i S ^1^€ pyridine,

amine A>o|ofl Carbonyl7ll- -̂-frf!: urea, ^ vfl 7fl5] carboxyl7li4

amine°l ^-n-^ EDTA(ethylenediaminetetraacetic acid)* tfl

40 ppmi «fl^^>^ °j=̂ -

l TiO2

2.0 g/« ^*g«]-3L 4 ^-711-i- ^ -g-o j j^^ 6 0

2. Ethylamine^i ^-#^11 «t^-°ll ^ ^ r pH ^ TOC $5*-

Ethylamine^r TiO2 S ^ i ^-^1^1 JL ^-#nfl ^ § 1 ^ ^ ^ ^ pH
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TOC^l ^sf-^b Fig. 2.2.14 £ 4 .

^#^r°1] ethylamine-t- n ^ V ^ pH7} 4 11.373. u j s ^

4 4 ^ $ ^ 4 , TCCtotal carbon content^ 41.05 ppm,

IC(inorganic carbon)7|- 1.54 ppm, TOC(total organic carbon)7> 39.15

TiO2-t ^ t 4 7 U 60 £
90 ^ ^ i ^ pH7> f^ ^ ^ ^ M

90 ^ - ^ ^-x]£]^rf.

^ f - 2 4 ^ j ^ i 38.62 ppm }̂̂ ] 4 ^ #£S ru! %-2iA} 60

36.41 ppm^^l *\*\*} #±^7} ^r^- ^ 180 ^r l̂ 23.82

, Tl^r ^ - 2 4 60 ^ ^^1 3.75 ppmAS. 4 ^ ^7}^t±7} n

3. Phenylhydrazine^l ^-^*fl »!:-§-^ ^ ^ : pH ^ TOC ^ ^

Phenylhydrazine^r TiO2 S.^] ^^-^1^13. %-^ ^si]^?l ^-^\ pH ^

^ Fig. 2.2.24

pH7} °-} 5.7^1 ^ ^ - ^ ^ phenylhydrazine^:

^ -^ , TC7> 41.35 ppm, IC7J- 0.30 ppm, TOC7} 41.05

fe ^7] ^ ^ 7 ] « H ^ TiO2« ^^^ l^ ]^ i 60 ^ ^ ^ 4.4644
i # - S 4 180 ^ ^ o J i ^ 71 <2] ^^S»fl - a - 4 4 ^ 4 . Ethylamine4

pH7}

o{| 25.58 ppm#M ^ ^ ^ 7 l ] ^-^Sfj l ^ - - 2 : 4 180

2.33 ppm44 ^ ^ 3 . 7]B\ -B-A>-sV>fl ^ - ^ § f ^ 4 . °1 TOC4

ethylamine^ ^-f^| «lsfl ^ t | ) ^

180 ^ ^^V 0.01

4. Pyridine^l 3I-#*1I *&-§-°J| ^l«r pH ^ TOC

Pyridine-I: TiO2 S^^l ^^^}f]JL %
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3*fe Fig. 2.2.3^1-

pH7> <̂  5.7°} -̂?Pr<*l] pyridine^: ^ ^ pH7> =̂ 6.52S.

-2-^, TC7> 41.58 ppm, IC7> 0.40 ppm, T0C7> 41.18 ppm<>]&4.

§ H H TiO2« ^ X | ? l : n 60 £ ^ ^ 6.213.

7)^^o> XJ-A^ ̂ .^§].^c]-. o]fe phenylhydrazine^

pH7> 4-4.6 ^ ^ S . ^ 1 € ^ 4 -B-^>*H^, pH7> 5-6.5 ^ ^ ^ 1

.3 ^ 1 ^ ^°1 43-4.

f-5A} zĵ ofl 39.90 ppm4^] ^ H ^ T H ̂ i ^ S ^ f - ^ 4 180

6.63 ppm^H Ad1^)AS -̂̂ 1̂-711 ^-4i§}^4. °1 T0C2] #± ^

ethylamine l̂ ^-f^l «l«fl ^ ^ ^ - ^ S . rfl̂ -̂ 1 3. ^jo] u>^> phenylhydrazine^

phenylhydrazine l̂ ^ ^ ^ 1 ^ #nfl
pyridine^

180 ^ ^ ^ 1.87

phenylhydrazine^ ^ -T-

5. Urea l̂ * - * . < *H

Ureail TiO2 S ? N

£ 3 ^ Fig. 2.2.44 ^ 4
pH7|- <$ 5.7"?! # j

43-*fl&°-D1, T C 7 | . 40..

pHRr ^7l ^ ^ 7 l S

#±?>}5L t - ^ 4 180

pyridine^l pH 5—6.5 ^
-fj-A}§j-q- P H «j^7]- 4.0

TOC^ 60 £ i ^
77~L "7l *7J C l̂ Vti "?̂ "L d *3?'

I*-—- 1 3 ! , T1 —1 p H <3 —1 ° i r

r°l] ^ ^ r pH ^ TOC

^-^r^l urea-1- ^ ^ § 1

17 ppm, IC7]- 0.01 ppm,

•j-̂ flA-] TiO2~S" -S-^-A] T']

^ ^ ^ l pH 4.0^Ml

5] ̂ , ethylamine^l ^

^ ^

^ pH7> *t

T0C7> 40.46 ;

JL 60 ^ ^

f ^ 4 . °l-c- phenylhydrazine-21 pH

-4.4S . -B-^]€ ^ ° 1 A£<

-f1^7}^] ^ ^^)-7]- ^J$3

1 ^"X^4. °1^" urea

5] §i"4.

pH ^

5.12s

ppm°l$

^ 4.3̂

4-4.6

7l̂ V ^

•fJi4i:

TOC^I

'3 . *$&

f̂ V 39.0
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TI ^ H #-2:A} 180 £• ^ J 3~7]£{ 0.01 ppm^H

6. EDTA^ ^ - ^ f l aV-g-^ < ^ P H ^ TOC ^3%

EDTA1: TiO2 5 . ^ ^ £3H7]:n. #-#*fl ^ f lA}^ ^ P H ^ TOC^l

€ 5 ^ Fig. 2.2.5^ ^"4.

pH7f ^ 5.7^1 ^^-^^1 EDTA« ^Z}^ pH7l- ^ 5.615.

A ^ , TC7]- 40.00 ppm, IC7} 0.48 ppm, T0C7]- 39.52

^7] ^ ^ 7 l t\^}x] TiO2» ^ ^ l ? } u i 60 £ 5- ^

30 £- ^ PH ^ ^ 1.0 ^S.7} ^7}*}$iSLv\ n ^ 120

pH 7.924*1 ^

^ 60 ^ 1-% ^ 4 ^ 1 ^ ^S}-7} § i$ i ^^ 3g-aA> ^ 60

27.02 ppm^^l ^-^*1 #±^7} ZL $• 60

30 £• ^°J:^ f - 2 4 ^ 60

^ pH7>

^ - 2 : 4 ^ 90 ^4*1 4,73
5.56
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The chanaes of carbon content and pi
in aqueous ETHYLAMINE solution

during UV irradiation

TC-EtAm •IC-EtAm -TOC-EtAm •pH-EtAm

-60 -30 0 30 60 90 120
Irradiation time (min)

150 180

Fig. 2.2.1 The change of carbon content and pH in aqueous ethylamine
solution during 60 minute adsorption onto TiO2 surface
followed by 180 minute UV irradiation.
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The changes of carbon content and pH
in aqueous PHENYLHYDRAZINE solutior

during UV irradiation

—•—TC-PhHz •IC-PhHz -» -T0C-PhH2 •pH-PhHz

-60 -30 0 30 60 90 120
Irradiation time (min)

150 180

Fig. 2.2.2 The change of carbon content and pH in aqueous phenyl-
hydrazine solution during 60 minute adsorption onto TiO2
surface followed by 180 minute UV irradiation.
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The changes of carbon content and pH
In aqueous PYRIDINE solution during UV irradiatior

•TC-Py •IC-Py —»-TOC-Py •pH-Py

-60 -30 30 60 90 120
Irradiation time (min)

150 180

X

Fig. 2.2.3 The change of carbon content and pH in aqueous pyridine
solution during 60 minute adsorption onto TiO2 surface
followed by 180 minute UV irradiation.
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The chanaes of carbon content and pH
in aqueous UREA solution

durina UV irradiation
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Fig. 2.2.4 The change of carbon content and pH in aqueous urea
solution during 60 minute adsorption onto T1O2 surface
followed by 180 minute UV irradiation.
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The changes of carbon content and pH
in aqueous EDTA solution

during UV irradiation
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Fig. 2.2.5 The change of carbon content and pH in aqueous EDTA
solution during 60 minute adsorption onto TiC>2 surface
followed by 180 minute UV irradiation.
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TiO2 ^ -#"H S ^ i 60 £

180 ^ &<&, ̂ &°A ^ ^ pHSf carbon content

^ , ZL ^[3l-# Fig. 2.3.1

2.

TiO2 #nfl ^ O ] ] A ^ ^ ^ <$s$ ^ (amphoteric) ^"^-^l 7> "titanol"

. TiO2 ^

(acidic side) H (neutral) H (alkaline side)

1̂̂ > ^711 (electron donor)7]- TiO2 ^ ^ ^ ^^A
OH] ^ S } ^ <&•£: %-•&•%-5.

(photo-reactivity)^ l ^ i ^-SL*V ^ % ^ t > 4 [25]. ^ , #

%*&•£: Extended Huckel ^-S-^- CNDO(complete neglect of differential

overlap) M ° l ^-8-s|fe semiempirical ^

HyperChem 2 E f 4-§-«]-^

ic charge) ^ ^ ^ 7 ] ^ ^ ^ ^ - S * Fig. 2.3.4-2.3.8^1

3.
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7}. ^ i -^- f } - ^-711- 5^5] TiO2

flfl^ TiO2 <y*H- ^ ^ H sife 60
TiO2 #

, Fig. 2.3.1 ̂  Fig. 2.3.2^

Ethylamine ^A i41i>Hfe, Fig. 2.3.4^

, ethylamine ^-

4^(0.06)S.Ai, ^ # 7 1 3 # 3 ^-^7> Fig. 2.3.45}

Si71 nfl̂ -ofl, ^ ^ - ^ ^ ^ ^ 1̂ ̂  o] 7^-^^]

^-§- 0^ ^ ^ ethylamine ^-^>fe TiO2 °J^}

°1*11 p H 4 TOC^l ^^l-fe- Fig. 2.3.1 ̂  Fig.

2.3.25} ^ o ] Plxfl *]•&!}. ^ ^ , ethylamine ^r-g- ̂  <̂1 ̂ i TKtotal inorganic

carbon)^ ^ 7 l # ^ ^ B } ^ ̂ ^f^l-ofl «1§1] 7}^- #e>] ^ 7 } ^ ^ ^ t l ] (Fig.

2.3.3), ^lfe ^Hfl ^71 ^ ^ CO27> A } ^ - ^ 2*} ̂ ^ H r ̂ °11 l 1 ^ ^ ^ HCO3 ^

^Bfls. ^ 7 ^ } ^ pH7l- ^ 5.7°l^i=}7l- m 2 ^ ^ 3), ehtylamine^l ^

pH7> I ^ H ^ 6.S. 4 ^ ^ ^ , ^ 45} £01 f <a-7}B]^ ^ -g -^ ̂ fl5] OH"

TiO2 a ^ ° l 1̂ 234 7EVO1 =TiOH2
+

^^)-7l^> ^ phenylhydrazine^- pyridine

^ pig. 2.3.1^1 £f £°], ^-§-°-^^ pH7} <+^ <^^ofl

pH #±si] # ^ " H ^ V ^ ^ - ^ pheny lhy drazine0]

Phenylhydrazine^ •%• #§}fe, Fig. 2.3.5°fl>H^ ̂ ° 1 ,

-0.094) ^ 2*\ amine^ ^ ^ ^ 7 . } ^-^(-0.082)^1^ 7H1"

aj-t}. oj-B}^ phenylhydrazine^r #*$ ^ -g -^ i f l ^ ^ =TiOH2
+ -̂

^ ^ e - g } ^ ols. 01 f̂l #^] ^V-S-71̂ 3: ^ ^ PH ^ TOC7r 7}^-

£ 4 (Fig. 2.3.1 ^ Fig, 2.3.2).
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Pyridine^l ^-f^, Fig. 2.3.64 -g-

phenylhydrazine-S] *1

Pyridine^r ^A3 °J^°llAi II-T-71- ^ ^ H l ^^B ^ ^ ^(conjugated add)9l

pyridinium °l^r(C5H5-NH+)^-S. ^ ^ r ^ ^r Si—^, pyridine^ pyridinium °]-§i

TiOH2
+

^ pH ^ TOC ^S)-^ ^-ol 3-4 (Fig. 2.3.1 ^ Fig. 2.3.2).

T O c ^£\ %•<>} 5^$ -^711- ^ phnylhydrazine

xz\ EL7) n)l-g-̂ ] ^ ] ;

-7l ^ ^ • ' s ;5io14.

\£-v\ (Fig. 2.3.1), T 0 C 4 TIS. 7}$\ ^.^7} § iS i4 (Fig. 2.3.2 ^ Fig

2.3.3). Ureafe Fig. 2.3.72)- -

EDTA(ethylenediaminetetraacetic
^ J L r̂̂ ]-̂ Hfl7l- f r i l l s ^ - ^ 1 - 4 (Fig. 2.3.8). EDTA^l

TiO2 a ^ ^ ^ - 4 ^ ^ ^ ^ pH^l ^^-71-, ^ 4 ^ M f ^
<$q^*\ pH7> ^ ^ ^7V§V^14 (Fig. 2.3.1).

carboxyl7ls] ^>dt^^} 4 ^ ( > -0.31 :

carboxyl7l^

^-g-oflo]]^ carboxyl7Hl s l t t # ^7l7V ^ - ^ ^ ^ pH7>

^ ^ . ^ §11̂  ̂ 4 . TOC ^ TIfe ^-^"4^ ^°fl 4^)^^1 # ^ 1 - 5 ^ 4 (Fig.

2.3.2 ^ Fig. 2.3.3) %-&*} ̂
^ ^ 4 tfl°fl 47H si31
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The changes of pH
in aqueous organic solutions

during UV irradiation

—»— pH-EtAm •pH-PhHz pH-Ur —*— pH-Edta •pH-Py

-60 -30 30 60 90

Irradiation time (min)

120 150 180

Fig. 2.3.1 The pH changes of aqueous ethylamine, phenylhydrazine,
pyridine, urea or EDTA solution during 60 minute adsorption
onto TiO2 surface followed by 180 minute UV irradiation.
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The changes of total organic carbon content
in aqueous organic solutions

during UV irradiation
"HBH- TOC-EtAm -TOC-PhHz —M-TOC-llr -ae—TOC-Edta •TOC-Py

45.00

0.00
-60 -30 30 60 90

Irradiation time (min)
120 150 180

Fig. 2.3.2 The total organic carbon content changes of aqueous
ethylamine, phenylhydrazine, pyridine, urea or EDTA
solution during 60 minute adsorption onto TiC>2 surface
followed by 180 minute UV irradiation.
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The changes of total inoraanic carbon conteni
in aqueous organic solutions

durina UV irradiation

—•—IC-EtAm •IC-PhHz -W—IC-Ur —*— IC-Edta •IC-Py

6.00

0.00
-60 -30 0 30 60 90 120

Irradiation time (min)
150 180

Fig. 2.3.3 The total organic carbon content changes of aqueous
ethylamine, phenylhydrazine, pyridine, urea or EDTA
solution during 60 minute adsorption onto T1O2 surface
followed by 180 minute UV irradiation.
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H

Fig. 2.3.4 The molecular structure and electrostatic potential map (line)
with relative atomic charge (number) of ethylamine.

Phenylhydrazine

0.047

Fig. 2.3.5 The molecular structure and electrostatic potential map (line)
with relative atomic charge (number) of phenylhydrazine.
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Pyridine

H

H

Fig. 2.3.6 The molecular structure and electrostatic potential map (line)
with relative atomic charge (number) of pyridine.

Urea

H " I E " H

o

Fig. 2.3.7 The molecular structure and electrostatic potential map
(line) with relative atomic charge (number) of urea.
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Ethylendiaminetetra
acetic acid (EDTA)

Fig. 2.3.8 The molecular structure and electrostatic potential map
(line) with relative atomic charge (number) of EDTA.
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Total carbon change and its 1st-order rate constant dependent upon
nitrogen atomic charge (max.) of N-containing organics

TC change in 240 m ad+ir (ppm)
TC Rate constant of 240 m-ad+ir (ppm/min)

-0.26 -0.24 -0.22 -0.2 -0.18 -0.16 -0.14 -0.12 -0.1
Relative nitrogen atomic charge

Fig. 2.3.9 The total carbon change and its lst-order rate constant
dependent upon nitrogen atomic charge (max.) of
N-containing organics
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