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SUMMARY

I. Project Title

A Study on the Photo-Catalytic Decomposition Reactions of
Organics Dissolved in Water (II)

II. Objective and Importance of the Project

In the primary and secondary water chemistry systems at the nuclear
power plants, corrosion of systern 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 CO: 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 several
structurally different  nitrogen-containing 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
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, TiO; photocatalytic experiments were also carried out with
aqueous EDTA, EDTA-Cu(Il) and EDTA-Fe(lll) systems.

III. Scope and Contents of Project

An experiment was carried out with ethylamine, phenylhydrazine,
pyridine, urea and EDTA in the previous work. In this year, distribution of
aqueous ionic and neutral species including atomic charges of neutral
molecules were calculated, and the TiO: 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.

Also, experiments of TiO2 photocatalytic decomposition of EDTA,
EDTA-Cu(Ill) and EDTA-Fe(Ill) 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.

IV. Results and Proposal for Applications

In this study the characteristics of aqueous TiO2 photocatalytic
decomposition of organic compounds and nitrogen—atomic charge dependence
were investigated. Based on the results of this work, the following
conclusions can be stated. )

- It was shown that the characteristics of TiQ: 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 organi_c compound containing 40 ppm of carbon content in the
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solution with air bubbling was mixed with 2.0 g/¢ TiO; 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) ; @ 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 TiO: 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.

On the other hand, this study investigated the availability of TiOs
photo-catalysis for the aqueous-phase oxidation of Free-EDTA, Cu
(IN-EDTA, and Fe(lll)- EDTA system. Based on the results of this work,
the following conclusions can be stated.

- This study proves the availability of TiOz photo-catalysis for the
aqueous phase oxidation of Free-EDTA, Cu(II)-EDTA, and Fe(II)-EDTA.

~ In all three aqueous EDTA systems, when TiO; loading weight was
20 g/ %, 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 TiO: 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
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degradation of EDTA, and this effect about the photocatalyzed degradation of
EDTA was smaller than that of the metals.

In conclusion, it was shown that aqueous TiO: photocatalytic
decomposition of nitrogen—containing compounds and EDTA-metal systems
can be estimated with TiO: surface charge and nitrogen-atomic charge, and
expressed akin to the Langmuir-Hinshelwood 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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Table 1-2-1 The values of nitrogen—atomic charges in each compound

molecule
Compound ethylamine pherny 1._ pyridine urea EDTA
Charge type hydrazine
Max. negative charge -0.305 ~-0.223 -0.179° -0.469 -0.351°
Max. N-atom charge -0.305 -0.223 -0.127 -0.469 -0.268
Max. positive charge 0.130° 0.157 0.155 0.421° 0.305"

® Carbon atomic charge, °"Oxygen 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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CsHsN + H, 0 = CgH.N-H" + OH™, pK,=8.76 (1-2-4)
H,NC(O)NH,; + H, 0 = H,NC(O)NH; + OH~, pK,=9.23 (1-2-5)
EDTA®S Z$-ole ¥8717 9 pH W7t 527~7.9201917] @&, o] pH
MM F geFe o7 2 ke FeleF oA e 2L WYL o
o}.
‘H-Y-H?*" = H-Y* + H*, pK,=6.16 (1-2-6)
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A o o]2FH FTAHEAY E L v&S A4S, 49 pHS TOCS ¥
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Table 1-2-2 The values of pKp and molar ratio between ionized species

and neutral species of each compound at 25 T

Compound -
PO ethylamine Pheny.l Pyridine Urea EDTA
Values hydrazine
pKp 33 838 8.7 9.2 7.8
Lionized)/[initial} 021 0.04 005 0.44 0.13

ratio
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A TiOHy" B eje) FAsE FA3A "ok

¥#, phenylhydrazine® &9 oA S (1-2-3)3 2o
phenylhydrazinium %o]&2 2 ol23lste FTAHEXI} g7 FEL o Fy o
H¥ e pHY Folth welr], =TiO YW =TiOHz ol i Fo| $Azoez
nFojor & 38EF L phenylhydrazinium %o]23} phenylhydrazine %4322}
o]t}

Phenylhydrazine <=8 WA ZAF A - $9 Aol wet 89 pHel &
3tH Al W3l = phenylhydrazinium ©]2% 9] Z49} phenylhydrazine 4 &4}
9] B4 E 159 H]&L Fig. 1-2-59 Zo] vedrt Fig. 1-2-5414 BEH, &
2 z7)ol & phenylhydrazine $A4®AY F=7F dgF 97 % AEEA Zd& o
2 av A\ zro] Frtel il HAstE WA, FAF A 3080 ©]27] "l o]
o] o529 EFUt FYT AHE Ay, FFA FRE = phenylhydrazinium %
ol &7} YBEES AT =, phenylhydrazine EZEA 4o WiF
phenylhydrazinium ©]2% &9 H&& WgA|zto] Frbge wet 2gn 3
ZAL A Ao FASA FHEE £+ UTh

=TiO €9°]2 9 phenylhydraziniom %°]<9 H3e= 2z -1 2 +190 €A,
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Fig. 1-2-4 Changes of TC(total carbon), TIC(total inorganic carbon),
TOC(total organic carbon) and pH In an aqueous
phenylhydrazine during 60 minute adsorption on TiO2
surface followed by 180 minute UV irradiation
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Phenylhydrazine
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Fig. 1-2-5 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 FA4&A oA Hd &ASFE Ad 2YE, Fig. 1-2-6
Table 1-2-1¢ll A ¢} Zo], A2YAZA A Fhol -0.2230]7 H) ¥A
d e FALAZA 4238 gel oF +0.157¢]%. Phenylhydrazine &
A W LAY FAste =TiOH:'o dig] 8oz 288 Roln, wiy
29xte] FHA3F 2 ethylammonium %0l =TiOH:'o| tis} Hgo=z g
g Roldt. zu, F4AYAAY FHI @}, ethylamined H$9 o,
phenylhydrazinium %o]2¢] <43t gholl Hls) dujxo=z zg ot olyg, o
-9 BA7IA ®3E7F Fig. 1-2-5o14 9 o] JF R o] n Ao Ast
Pe7t 28 X && A BE TiO; ZAF R g 7d=7t 34 &L A
o]t}

Phenylhydrazine &< AlolA #xAl Aoll&, Fig. 1-2-59 A& Zo|, =&
pH7t 666914 44622 AL HFAEEAN GAsA  FaEUx,
phenylhydrazi~ nium %°]2 X9 phenylhydrazine 4%z} FXo| s u
&o] 4 %1 8 %= AA FrtsHh

%7] oF 1587 89 pHE, F2A A 89 pHY ZA47 wgAzo] AAM
Hoz wadttn 2 u, 666dM +8 F9 TiO, SHA pHAM0] 6743 &
A9t & 5 glen, o] Alolo] F2 EAsE TiOE =Ti0 FHE 9
"o}t o] =TiO ¢ phenylhydrazinium o] 7to] A3 QAL A s A
Ny H&E 3 %ollA &F 20 % ol FeE AA ZF7HE ¥k, phenylhydrazine &

AEA W B24A Aszel FA7H AP AZse AuA WL 97 %ol

o

ox
e R A

ATkt ATk whEl oF 80 % ©ol3tE A A3 ZAasgu gAl wIlH, x7] 15
B7te] F&3 Ao A= phenylhydrazinedl ] FZAF A TiO FHF&o] 4As)
A717F Ztid e 2 & phenylhydrazinium +17F %ol $MF o7 o &3
doju}, phenylhydrazine SAEX U 44 A SAF(-0.223)0] 28 F<

Ho g Ftsld T & = St

9, 7] 158 olF FFA AR+ 8 pHF F89 F TiO9 SAH
pHAl M B T 0|3} 44622 Z4ste TiOv 52 TiOH: FHZ SRt
o] =TiOH; ¢} phenylhydrazinium %e¢]27tel]l AA7|A HHE AT A=A
H &2 85 %& 2713 whd, =TiOHz 9 phenylhydrazine 423 W %

=
Aspziel AA7H QYL ATse AdF e 15 %2 Hadt 3

7} Aol wa} A AE F7ksleE FAlel, phenylhydrazine FAEA WY Hst=z
N7 Aoz BHe ALYAY FAE(-0.223)q WFE &ty B = 3l
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L8 %39, phenylhydrazineAl 9] F3A A &9 TOC ¥=7) & AA-3
F F713FEEFHE €9, Fig. 1-2-590A 9 o), fdstA & Zoz #a%
ol &£7] 156%79 TiO o W# phenylhydrazinium +17} %o]-&<] 73 g
2 o]F FxAl AR 9] TiOHz ol ¥ phenylhydrazine 2482 W A4 9=}
A A 7Asdn & 5 o

T, FZA o=, Fig. 1-2-5914¢} Zo], 494 pH7} 446914 4152 o}
A 74353, phenylhydrazinium %4°]2 ¥ X¢| phenylhydrazine 2453} &%
Tol thd u¥|&o] <k 5 oA 11E AA Hrletgcr. =, =TiOHy 9
phenylhydrazine %¥°]-&2te] A7 A HEL AT AU HL&L 85 %olA
92 %2 <%+ ZF718 wbd, =TiOH2'$d phenylhydrazine A4 EA W A2 Y=}
Aspzke] AA7™ AYE AT A vE&L 15 %A 8 %E 723
-t ©A] T8, phenylhydrazineAle] #ZEAF ¥ =TiOHy” EHEEFS &3l
A7 AdH o8 2 phenylhydrazinium +17} o]0 <ol& ®BL o] = A
W& W= S A9, phenylhydrazine EAE2 WY Astar)sr Agydoes z
& A2AAe] LAB(-0223) JEFTT F 5= Qi

thA] 2.9F3l¥, phenylhydrazineAl e TiO; FZn] EWHEE 2 FEn Eais,
FZAL AolE F& phenylhydrazine 3528 AL QA Adle] & & thAl
FHY ZA2-FH F71F FAAA A A9 TOC W3l E, & F3E&0] 7H4
gz & 5 o wbE, FxA Fole HlE R Ee =TiOHolel FFo)
phenylhydrazinium %] Zsh+1)el 9l W& o SXas, dxzos
=TiOHz'ol &2 phenylhydrazine $4EX7F F&w) E&d s A2=HE
w2 st o] o8] phenylhydrazinium ©129°] phenylhydrazine 4822
thA] A3s7] o &, phenylhydrazine £4 229 A H(-0.223)0)] &34 =2
ZAolt}. o]¥, Fig. 1-2-5d1A4 TOCS #AF A7} phenylhydrazinium °©]-2% % ]

ol

fr

>,>~

Ly

ZaFA et §-AEHA e felolgltn & & ok
¥ phenylhydrazineAlol A 9] FZA A - & $£4d TIC %%, Fig. 1-2-4

Mt o], thg HAA-FF F7ISFEY A -Fol vls] A W3 & Folw
7] FE}. ol FEY% pH/F B8 WA dA AAgdges FAH7 o
2o, ethylamineA 9] 7 $-¢+ 24d, vg (1-2-7)0] gutgto g ZAsgH doj 7]
A}Ttm E 5 Ut

AE2X 02 PhenylhydrazineAlolA e TiO:A ZZv) ko] o3 FA A - &
A TOC F=(EE TC %)Y #FAZol Y& AA-3F f7I8HEY A S

od 88 71F FHode RAe S wIH, FHa EHfEHo] F=
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phenylhydrazine =382 U 2442 @Astd] J2sgm & 4 itk
t}. Pyridine®} TiO; &% 2 F&4 B 54

Pyridine &< AJdAE ethylamined % phenylhydrazineAl e th&o =

SA UEhth Pyridine2 8 4olA g (1-2-49)3 o] Z s=m, +89
AA o d7148& do

CsHsN + H,0 = CHN-H' + OH™, pK,=38.76 (1-2-4)

a3y, & 43 e #3894 AVt 712 bubbling HU7 WEel, 27
&9 pH7l Fig. 1-2-73 #o] 6528 YWetstth o] %7 phenylhydrazine
£ pH 6669 A9 KA WA, ethylamined) ZA-$-¢te 2@, AA 0872
o ZA pH 6.52~621 W] AHEdFHol FAHANUT o] 2 £H71<1A4 TiO:
YAEHELE F2 =Ti0O FH FAs7t g4 BAT A9 vz g9
TiOH:" Hejel FA3tE uA DoH10l. webA, =Ti0OT 2 =TiOHz ol o3k
Ag EF nEdteel & ZFolH, ol WiE FAVIFE uHE gF
pyridinium %l pyridine $/d €Akl

PyridineAl & HollA AL A - 59 Ao wat $&4 pHoll E3EA
M3t E = pyridinium ©l23F9 &9 pyridine FHEAY &5 H IEY H&
& Fig. 1-2-83 o] yehdth 5old L, AFd =o=gAn gi F7
2-FF A8 FE FoAA FY8A pyridineAl 9] o]2F &9 FHEA
ol g ©]&o] 0.3 ol3lete Aolth F, pyridineAld e AA AL F
FEd4 Yol = dii-£o| pyridine THEAZE ESAdG & + Uk

Fig. 1-2-8°14 BW, &F& Z7]|od& pyridine A EA9] F=7F dl=F 95 %
FEZA pyridinium el Fxo M TS ZH Azto] FriEel weEt o
A ZAS AT 90 %7HA FAHL ok vH, SPJE AL Fo| = pyridine A A}
9] FE7F 90 %olA 80 %E Thah FAJFAT FE&A WA FFE ol F2
Aot

Pyridine 242 oA Ad 2482 AW 29E Fig. 1-2-9 2 Table
1-2-11 s} o] BAAR2A -01792 yUeon, ole ethylamineA
phenylhydrazineAlel A gt= g &£ T2 EAo|tt. AALARAY Adte
-0.127°]9, #4294 A3te +0.1572 YERH

Pyridine 3424 Wl @29z 2437 U g& veh iA=L, Fig. 1-2-9
M} o), I FelE F£A2LA AVt Sea glonz, =TiOH o W@
Aoz AR FLIIXe B Aotk mEtr, =TiOH' d¥o2 &=

3‘1‘\% éi%‘_x}g’] %73_3]'?—:1 3’10]‘:}‘. E‘_}g, -’F::':%x]-p,] o&;ﬂﬁ} ,;7,_! pyridinium oohol

l

flo oot

4w

o
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Fig. 1-2-7 Changes of TC(total carbon), TIC(total 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. 1-2-8 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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Pyridine-AM1

Fig. 1-2-9 Molecular structure and atomic charge map of pyridine
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2<& =TiOHz'ol W3] HFPoz ALY RAolty. z3u, F429x49 <A
<, ethylamineZl % phenylhydrazineA ¢l 7$-¢} Zo|, pyridinium +17} go]&
o] FAst grel uvla) JHoZ ZE By olyg, I Y9 AANY BEE
Fig. 1-2-9¢| X9} Zo] JFRYo] 15 mxe] AsYErt a8 IAA ¢
AolEE TiOHy” EHEZ ] Wit 719 =r} 28 3% ¥ Aot

Pyridine &< AlA FxA dole, Fig. 1-2-99| 4 ¢} o], 89 pH7}
65214 6212 AL FASHEA mASHA FAs¥ 1, pyridinium ¥l &5
%9 phenylhydrazine $4€A X g vl &o] 5 %ol A 11 %= I3t F7}
St &, =TiOHz ¢ pyridinium %Fel22tol AA713 HHL AFste Ad
A gL 5 %A 10 ¥2 thh F7He ¥E, 5384 pH ul2 ¥olAl TiOHy
Brp && tda AW ol Hr EAeE TiO© dd d¥E AFses A
A v&E a9F F7tetEe RAolth E§ =TiOH: ¢} pyridine A EA W 2
29 Aol AA7IH AYHE AT FHY HLLS 95 %BolA 90 BE =
goly g ¥olth, oAl T, pyridineAle] FFAF A TiOH, A&
FA3L Al7]7F Adld e g & phenylhydrazinium +17} o] o3 wa=
Ax7} 3] vu|g vbd, i B-E80] pyridine FAEA e A=} A
2 e A2ARY SAE(-0.127)0] gEFYn B £ Quth
1, A Fol&, Fig. 1-2-991A ¢} Zo], =& & pHII 621014 5832 =
St 3L, pyridinium Fol¥ %9 pyridine T4 EA Xl dig v &

A1l A 02602 o7t FU1slth &, =TiOHz' ¢ pyridinium %o]237F9]

AR HEg-g AFse AdF H &S 10 %olA 20 %= % F74g wkd
=TiOH2 ¢ phenylhydrazine FAEx U AUz Aty AAZFH 9
Agste A v 90 %A 80 %2 7t FAsgS otk oA T
W pyridinedl ) FFA F =TiOH, EUFFL FAsE A7|7 Agidoew &
pyridinium +17} ¥ol2¢] Hgo] o W& A WX e FAd a0F
TiO ¢l 9] F&o] REH oz dojuA| el YIREL pyridine FAEA W A4 Y
2] SA3H-0.127)9 EFT F 5 Yok

dEgH o=, pyridineA? TiO, ¥Fvl EWER 2 IS0 E3le, F24A

A - ¥ B % phenylhydrazine A ALY AL AR Aslo] F2 o FE3H, o]d

flo

)Y

nlI.

2o o2 ajl

B fo
tf

p

o

i
k>

O

!

(@]

2L

el T FR A2-F% 4718 FoA 2 F TOCY W % F FRE
o] Zb& Zotm & 4 vk ol &8, Fig. 1-2-90A e} o], TOCY HaFAH7t

pyridinium ©] 2% %9 FLFASY okF FASA vElYD 3o
WA pyridineAl A 9] FxAL A - F FLY TIC T+, Fig. 1-2-794 ¢
Zo), Aol Wizt Z& zotny] FEY. ole &% pHIF BE ¥t B A



AddHe2 FAEH7] W el, ethylaminedl o] 7 9-9e Za, wg (1-2-7)9]
odurgko 2 zPH Holl /ATy B 5 ok

PyridineAl ol A1 &] TiOxAl F&F vl Wkl 9% A & TOC HE(EE TC
2)8 PgaZo v éfh—‘é}-rr F718EES] A$o H& 71F Ao A
phenylhydrazineAlol A &AF A - & AA TOC w59 #AZol 713 agE
I A, 5718 w7 Hold,

=
[e)
].Q
L.

2

2. Urea®] TiO; &3 % F&Eu] EIEA

2 HAydAe, Z2A&-gF /3 EY FEo) BeEXNS Bw - 7S
71 98 2715 EE S28FF 40 ppmeE TAAA FLEQ 7] WE, urea
o] A=, BA U g2dx A (F29x £)/(AxQA $)7F 1284, ©
g A%-3H H#713EE 9 73S (ethylamine 2, phenylhydrazine 3, pyridine 5,

EDTA 4)°ll ®l&f 71 &7] W&o, 271 FdFo] dux ez o] FAHAAUL.
o3LE, urea FEA Ao %7 €99 pHE, Fig. 1-2-108 Zo], dA-§
f F713FE FAA M @A UERY. Ureats FEAoA w8 (1-2-5)9
Zol 47} sl o] AfedxE HAl FL{Ao] F7]Z bubbling HU7] WE
o, 7] 84 pH7l 51201929, HA] ¥H&7|3tel] AA WA wie 1)
A AT pH7E 6 RolX WA AP S2 FAH A

H,NC(O)NH, + H,0 = H,NC(O)NH; + OH~, pK,=9.23 (1-2-5)

o] A BEH7IA TiO, YAZEHL A =TiOH, el *AsE uA =
TH10l.  wEbA,  =TiOH ol ot FFal 38 F gadFe
carbamylammonium %°]-23} urea(carbamide) 4 2=x}o|t}.

Ureal &M AL A - Fo] Ao mal 4=8 pHoll| oj&stHA] W3}
Y carbamylammonium ©} 2% E49 urea EAEALY E4 @ 259 1
&< Fig. 1-2-11% Yverdt. & x7)od= urea EEAEAY 27} g2k 69
% AEEA oz agrt v Zastd FxA A 30& ool o]&9
247 B4 AHE AYE F 2B %A gadEy, FxA R
carbamylammonium ¢ol&0] F&94 Yo giBE-S AATT. F, urea T4
2 &9 ¥ carbamylammonium ©]& &9 H]&& ¥EA|HO] FIHl
el A9 A¥gHoz FrAEE & F Atk UreadAldAE AA wHGAZ <t
g8 o] thHE carbamylammonium Fol o2 EAsE A& ¢ F ok

Urea S48 \JMW Ho SAE Ad F9E, Fig. 1-2-12 R Table
1-2-191 A4 g} 2ro], ALLAY M3t -0469°19, Hd dH3e SdhUx A
24 +0.421°11, §]EH F492 A +0.2532F YERNT
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Fig. 1-2-10 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 1-2-12 Molecular structure and atomic charge map of urea



Pyridine 3484 Wl ©@44xe A7 49 gt JEUAYH  Fig.
1-2-1261 4 ¢} o], 1 &fFolle F4A2 Ad7l Egan Joerz, =TIOH,
o digt Aoz AY AEIE AL F2UAY FASY Aok gy}, 4
294zte] FAS gL, ZE AdAY o], carbamylammonium +17} %o]& <]
FH3E grell w3 Ao oR Fe B oldEl, o R9je HAVH Exv)
Fig. 1-2-1291 A &} Zo] 479l 1F Ao AHsldErst 28 =R gL
AolBZ TiOH, FHEF & dig 7I9%7t a8 =3A @< Aol wata, o
HEe Eg-A1 kel ZA TiOHy ERAEFRY Jdse datze
carbamylammonium ¥o|&Y Zeo|H, o]& TiOH; W] FFAHR ¢ Ao
}. :

Urea T84 AlA HFxAil dole, Fig. 1-2-116A 9 o], &9 pHrt
512014 4372 A4S FASEA PlASHAl 43431, carbamylammonium
Fol2 TEY urea THEA FE W& v &o] < Wt AN 30& o]
252 dAAsA F71stdct. &, =TiOH:' ¢} carbamylammonium %Fo]-&7ke] &
A4 HHL AFse ARAE HEL 31 %olA 71 %2 ZA Z7Hs ¥y,
TiOH: ¢} urea TA4&EA Wl A4 YA Ao AA71F Q8¢ AFss A4
A vE&L 69 %olAM 29 %2 ot YAl EIH, ureaAd FRAF A
TiOH;” EHER L ¢AH3 A77F dhde s & carbamylammonium +17F <
o] ol &) =LA WS we ¥, urea SAEA Wel As=Z| Ayboz
22 AAAAY A3 dEste e vudigdn B 5 Qo
T, Fig. 1-2-1101A ¢ Zo], 84 pH7t 43704 3992
1993, carbamylammonium %°]2 X9 pyridine LA ¥ X o3t
| 25914 622 =ZA F7tstdth. &, =TiOH:'9} carbamylammonium %
kel AAZA HYE S AFTe A v &L 71 %A 86 %2 0L FUt
W, =TiOHz 9} urea F4EA W 24UA A3y AA7H AHE A
e oA Hee 29 %olM 14 2 Zasch oA 2, ureadl e #
A & =TiOHy EHE L difE &Adst M7]7F € carbamylammonium +1
7t Fol29 HHo os A LEE A Audn & F ey, urea FAEA
o] Azt Aste] 9% E&E v

AEAH o2 ureaAld TiO; F&Fvw] THER 9 33
R % carbamylammonium F°]29 HEe)| F2 BAZQ HgE won o]
o A T/ F2-FF /71E S 2A A ]

27 Uede Aot = Fg 1-2-11614  TOCS BaZzAs}

carbamylammonium °]25%E 9 TAFAY A9 FAR AL F&4 o iy

]
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< AA 8 carbamylammonium %ol29] F&o] g Wale] NAdga &
Aot
gH, ureaAldME FZA A - F £ TIC 59 W3 Zo] Fig. 1-2-10
ANX et o], A FHolr7] FEY. o]k FFF L&A pHIF ZE WA 2
A 74 4 pHY AAdggoez FAH7| @&, ethylaminedl el 9714 949
9 A 2, v (1-2-7°] g¥Fez 13yd dd 71Adgdxn 2 & 3l
o}

UreaAloll A TiO:A FZw| ®k§o 93t =A £ TOC 5=(E+ TC 5%)9
ZFaFol & AL-TFH F7ISFEY AL vF s FAdde AxE =23

o)
5712 9§ Holoh

4 o

vt. EDTAS TiO, £33 2 F&d

A5

Ha
ox,

EDTAS %% 49 pHE, & A2-3F 4718889 3¢9 e,
o] A% HA $gdo] E712 bubbling HU7] W&ol x7el 5279 A4
olgthrl F-Z:Ab F 30%0] AFSEN FrIY o uiHe FFolE pH 7.927
A AP (Fig. 1-2-13). olol weh, F=2A A TiO, ¥HL AN F2
TiOH;'e] ¥M3E wort 534 pH 6 ol FoAREE TIO FeHo SAsE
wA HA 9.

EDTA 2R, Fig. 1-2-14¢} Zol, & Ax-F4 718220 2x1s
o] 23 FegFEE Au¥ez Ptk EDTA 22 U Hu Sdste Fas
<, Fig. 1-2-14 ¥ Table 1-2-114 %} 20|, ¥l carboxyl”] W &Y A Z+
7t 0351012 RALAANA 0268018 SLAReA +0.3050] 2 FaLRbA
+0.2400] t}.

3, EDTA B9 3183 e 84 WA F£8& pHel wet 2 o
F3F ol2F o2 EATT AV B 84 pH HYdA EDTAS =TiOHy
of W3 &F&d ;B F FIFE AHEY] Y&, MINTEC Z=E AHE-5H
84 pHol W& F9 EDTA 8% s E AL Z3, Fig. 1-2-15
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Fig. 1-2-13 Changes of TC(total carbon), TIC(total inorganic carbon),
TOC(total organic carbon) and pH in an aqueous EDTA
(ethylenediaminetetra— acetic acid) during 60 minute
adsorption on TiO; surface followed by 180 minute UV

irradiation
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Fig. 1-2-14 Molecular structure and atomic charge map of EDTA

(ethylenediaminetetraacetic acid)
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Fig. 1-2-15 Major chemical species of EDTA (ethylenediaminetetra

acetic acid) in an aqueous solution depending on pH of
the solution
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Fig. 1-2-16 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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Table 1-3-1 The values of the TC concentrations decreased during 180
minute irradiation in aqueous TiO: 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 k K ATCobs ATCeal

Compound (ppm/min)  (arbitrary) (ppm) (ppm)
pyridine 0.175 -0.127 31.55 39.27
phenylhydrazine 0.129 -0.223 23.25 28.19
EDTA 0.087 -0.268 15.64 17.27
ethylamine 0.076 -0.305 13.59 14.73
urea 0.008 -0.469 1.47 1.55




Total carbon decreasing rate (ppm/min)

45 0.18
.
m TC decreased (ppm) observed '
L4
40 a TC decreased {ppm) calculated ] ;‘»— 0.16
&,
¢ TC decreasing rate (ppm/min) ‘
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=
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Fig. 1-3-1 Dependence of the TC concentration decreased and the

TC decreasing rate of TiO2 photocatalytic decomposition

of several agqueous nitrogen-—

containing

organic

compounds on each maximum nitrogen atomic charge,

including the decreased TC concentration calculated
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SEE fA87] A% Fe&x, ¥EFEU BEEE EYEY] % magnetic
stirrer, 28} YAAZL BALR AEE AT F JE F2A7EAAA A
A3 ATANBRFE7] R NE cE8FTIToE F e

g A, AMgstdnh 2 BeE T S EY BEAL FIEFAA
air-closed 289 2§ §&44A9 A2HLE 3} Hx E&To &

e ZHEE AR, FHS Agsact

A1 %) 2} =]

<>$L

I

. 28 A8 # A

Zul 2 AL Degussa P-25 TiO;& anatase (80 %)¢} rutile (20 %)<
EETFZREA, 7]EAAe] HFAZlE 30 nm, ¥ EHAL 5015 m'/g, TF &
AAe Z7E < 300 nmEA AAF 1ol AFEsad.

Fgeo]l Az ALE AFLS CulNOs); - HiO (Aldrich), Fe(NOs); - 9H0
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g/ L& ALY, 89 F4E IIAZE Yol AU i) air-purging :
71F9 F71E purging, ii) air-closed : ¥rg7|& 71F9 F719 2, i)
nitrogen-purging : ¥7] W4 A4 purgingdste A4
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2. EDTA-S4 %5329 F&v] 2aue M58dx0 @ n3

7k TiOzoll &1 EDTA 3= 43}

EDTAS F4t3st wt-g-olA TiO: 5o @& J3Fe griselr) st =
Ab Al TiOz $rFol W& 1.79 mM Free-EDTAA A 23S S8t TOC &
EDTA® %= W3 ZAIFE Fig. 2-2-13 2-2-2¢] zZtz et Fig. 2-2-1
o el FxAL Azt wE TOC WsholM &4 9l5o], AL 1 AI7HSQH
o TiO7t §l& AdMe & 1 ¥R= ¥wre]l TOC/ 8o, TiO7
= AdAE % 20 ¥ = TOC £37} Yebytt}
a8 Fig. 2-2-29] JEld EDTA £l A= TOC B39 FASHA F=A}
2 AzEEde TiOh 9e AdAe o 11 %A =9 EDTAZ Esdgiown,
TiO27t Sl AldlME F2AF 80 RAZANA 100 %2 E8i71 Dojwtrt, o]4re]
A2 HE EDTAY UV, FEdANAME TiO: o7} EDTAY FEs| o =A
7NdEds & 4+ AU

. TIO, $8t%e] WxE 9

2 A7 E 489 Degussa P-258 AMEE 7% 05~40 g/ 29 TiO,
TEEYAAM 1 A7 2 2 3 A FFAL Foll TiO, #3t3Fo] 1.79 mM Y
Free-EDTA, Cu(II)-EDTA ¥ Fe(ID-EDTA®] FZEu] Eso] nxe e
Agste] 2 ZAE Fig. 2-2-3, 2-2-43 2-2-59 Z+Z veyt 249 £§F
2 A7t Rel @AYol 20 g/L 9 TIOE AHEE B¢, #89 W EDTA ¥

%, 24(Cu, Fe) 3% ¥ TOC/t AW ZAslgoen, 20 g/L 2 o AAY
Te ASoe i a8lm oluel gxol of3ke Byl §s) Table
2-2-1° Fe(I)-EDTAA S TiO; #7t%e wE =& el

gxe Hrlskel F1ESFE F7MEH T, 20 g/ 4 o) 7250 NTUE YErd
. olE Eugko] "oolger Yo FRA Hryl FUEA TiO UV
F& & F-F 80 BAadd FEd HEE&o| F2EA Hx, FHoZo] B
o]3t2 HL Aot BrE A5t TiOo] e F-5&o] F7rekAt vrg
ol HojR|7] W&o FZ2o wrEg&o] FAde AoE AEHJUA, 1.79 mM

(o]

oy £L

Free, Cu(Il) ¥ Fe(II)-EDTAAIS] &) ¥t3oA HZ ZuFE 20 g/L 2
AARsPTr ol AFATRE Fof YA =71 FEo) ¥E G &B/A U
A Zd Pl 242 F-3EEL FUdGE dTFZEHe duste o
g o 3¢ ZojFd E FY HEoM wEHo] FLFE F-utgELe F
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Fig. 2-2-1 The change of normalized TOC in the solution
containing 1.79 mM EDTA as a function of TiO:
(@ : No TiO;, A : TiOp
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Fig. 2-2-2 The change of normalized EDTA in the solution
containing 1.79 mM EDTA as a function of TiOz
(@ : No TiO;, A : TiO2)
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Fig. 2-2-3 The changes of normalized EDTA concentration and
TOC in an aqueous solution containing 1.79 mM
EDTA according to TiO; loading weight after

3-hour irradiation.
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Fig. 2-2-4 The changes of normalized EDTA, Copper
concentration and TOC in an aqueous solution
containing 1.79 mM Cu(ll)-EDTA according to
TiO2 loading weight after 3-hour irradiation.
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Fig. 2-2-5 The changes of normalized EDTA, Iron

concentration and TOC in an aqueous solution
containing 1.79 mM Fe(Il)-EDTA according to
TiO: loading weight after 3-hour irradiation.
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Table 2-2-1 The Turbidity of 1.79 mM Fe(lll)-EDTA
Suspension According to TiO; Loading Weight

TiO2 loading
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The change of EDTA concentration and pH in the
solution containing 1.79 mM of EDTA and 2.0 g/ ¢
of TiO; according to complexated metals during

photo-catalytic reaction
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mM of EDTA and 20 g/{ of TiO; according to
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A7 248 F7HEE ¢ & AUy

Fig. 2-2-69] EDTA #s&%¢ Fig. 2-2-79 TOC AA4=E ¥ o, Cu
(I)-EDTA®) 3Zu] 9$9 A9 EDTA £84EU TOC AALE, = 1 43
£57F Uyrxe F A$rg EF w24 Jeygt ojste @i, Fe(ll)-EDTAS
Free-EDTAS] 7 %A +&, EDTA Edl&xs Fx1e 971 TOC AAEEE A
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AL NAFAY =5 J7HAE ARRSA & A sl FxAL doll AR
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e TiO: A= dUXEd9 FAS 3 T84S Ad 2 E E & UH36,
371.
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3 J&gL BA H, o] FAAINE FEY F TiO9 4 %ol pH 35~68 9
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olgtell M= W37t ¢ (=Ti-OHp )2 E, 1 ol AdM e &(=Ti-0)o2 Y}
A " H22].

B dFAM FYPHAJE pHEZANA  Free-EDTA, Cu(I)-EDTA 2 Fe
(IH-EDTAA 9] &Auol] &Rt 38FS &4 pHoll wrat war 2k 313
Fo &5 &H9 pH ot ZAAAD. 20 C, 179 mM EDTA Ao A
MINTEC Z2 138 o] &3t 23] AA Y EDTAY 33 eE Fig. 2-2-8,
2-2-99} 2-2-10° Ve AT}

Free-EDTA, Fe(I)-EDTA % Cu(I)-EDTAA S Ti0O; FZv] HEHo|
HATE 4HEy] 93, g4 WA I3t pH 27102 3 A5 F3
Fistgdon, & d-%F pHY FHEANE Table 2-2-20] JEFHTH
el g AEE¢ F&%E EDTAY 5% 9 Table 2-2-20 uehd F3
- %9 pH W3E Free-EDTAAE Fig. 2-2-11, Cu(Il)-EDTAAE Fig.
2-2-12, Fe(I)-EDTAA = Fig. 2-2-139 Z+z} yebuiic

Table 2-2-2¢} Fig. 2-2-11, 2-2-12, 2-2-132.82 o], RE Aoy F& %
pH #el, &3 A %7 899 pHY 7]HE& Free-EDTAANA 697, Fe
(ID-EDTAA A ¢F 650+0.2 (4.89~6.82 Abol), Cu(I)-EDTAANA thek 7.0
+0.2 (6.80~9.67 At NE & d, T olFfA = ML FAFT A 27 FE&IY
pHE® T4 Frtete A& BIoY, I olddAE dAZ 97148 fA3%
A z7] $£E4Q pHEG tih gAa3AT. mEhA, oz d EDTAAES Fxa)
AelA, 7] £€d pH7l 94 Aoy E718e2 A=Y F&F Fox pH
& Wgst oA Jdudx x7)9 pH d9o] FAHEE A, TiO; EHol A4
FEANME F MIA =TiOH'E, G714 FEAdM e & AsY =TiO =

B oo
PN oo
= o

& o

x

Table 2-2-2 pH Change of Solution before and after Adsorption

Initial pH (4pH after adsorption for lhr)

2.85 517 6.4 6.97 9.39 10.09 11.15
FreesEDTA  (003) (+026) (+005)  (0.00) (-143) (-014)  (-0.13)
Fe(IN-EDTA 2.48 3.04 4.89 6.82 8.6 11.17 11.65

(+0.06) (+010) (+0.81) (-011) (-031) (<07  (-054)

289 350 414 680 967 1075 1156
Cu(I)-EDTA

(+0.05) (+0.35) (+059) (+014) (-167) (-1.10)  (-0.26)
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Fig. 2-2-8 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. 2-2-9 The chemical species of dissolved copper and
EDTA in a system with [Cu® (dissolved)]=1.79 mM
and [EDTAI=1.79 mM. Calculations were done for
20 C with MINTEC, a computer program
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Fig. 2-2-10 The chemical species of dissolved iron and EDTA

in a system with [Fe*(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. 2-2-11 The tendency of EDTA adsorption onto the surface
of TiO; and the pHs of an aqueous solution
containing 1.79 mM EDTA and 20 g/{ TiO,,

dependent upon initial pH of the solution for 1 hour
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TiO2, dependent upon initial pH of the solution for
1 hour

_5’7._.



12
/
1.76 | 1 44
1 10
1.74 |
. lg 8
= g
E 2
F 1.72 | {8 3
© i
1= 17 ®
g 1.70 } 5
(&) 16 %
< 7]
—— “
2468 | . EDTA(ads) | s :c;
——pH(ads) a
—&— pH(ini) 14
1.66 ‘l
13
1.64 1 { 1 1 ¢ 1 3 1 1 2

2 3 4 5 6 7 8 9 10 11 12
pH of Solution

Fig. 2-2-13 The tendency of EDTA adsorption onto the surface
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Fig. 2-2-14 The change of pH in the solution containing 1.79
mM of EDTA and 20 g/ ¢ of TiO: according to

initial pH of the solution during the photo—-catalytic

reaction
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Fig. 2-2-15 The change of pH in the solution containing 1.79
mM of Cu(Il)-EDTA and 20 g/f of TiO;

according to initial pH of the solution during the

photo—catalytic reaction
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Fig. 2-2-16 The change of pH in the solution containing 1.79
mM of Fe(ll)>EDTA and 20 g/f of TiO
according to initial pH of the solution during the

photo—catalytic reaction
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Fig. 2-2-17 Change of total organic carbon(TOC) concentration,
EDTA concentration and solution pH during 180

min irradiation in EDTA-only solution
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Fig. 2-2-18 Change of Cu concentration, total organic

carbon(TOC) concentration, EDTA concentration
and solution pH during 180 min irradiation in
EDTA-Cu(ll) solution
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Fig. 2-2-20 The change of TOC in the solution containing
EDTA and 2.0 g/2 TiO2 according to initial pH of
the solution during the photo-catalytic reaction
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Fig. 2-2-21 The change of EDTA concentration in the solution

containing 1.79 mM of EDTA and 2.0 g/ ¢ of TiO;
according to initial pH of the solution during

photo-catalytic reaction
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Fig. 2-2-22 The change of TOC in the solution containing 1.79

mM Cu(II)-EDTA and 2.0 g/ ¢ TiO: according to
initial pH of the solution during the photo-catalytic

reaction
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Fig. 2-2-23 The change of EDTA concentration in the solution
containing 1.79 mM of Cu(I)-EDTA and 2.0 g/ ¢
of TiOz according to initial pH of the solution

during photo—catalytic reaction
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Fig. 2-2-24 The change of TOC in the solution containing 1.79
mM Fe(lI)-EDTA and 2.0 g/¢ TiO; according to
initial pH of the solution during the photo-catalytic

reaction
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Fig. 2-2-25 The change of EDTA concentration in the solution

containing 1.79 mM of Fe(I)-EDTA and 20 g/¢
of TiQ according to initial pH of the solution

during photo-catalytic reaction
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Table 2-2-3 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 k, of EDTA.

A 2.85 517 6.40 6.97 9.36 10.09 11.15
Free-
EDTA B 0.0027 0.0025 0.0022 0.0017 | 0.0015 0.0013 0.0008
C 0.0660 0.0591 0.0248 0.0228 0.0168 0.0146 0.0058
A 2.48 3.04 4,89 6.82 86 11.17 11.65
Fe(I)- B 0.0025 0.0012 0.0011 0.0009 0.0008 0.0008 0.0007
EDTA
C 0.0182 0.0064 0.0062 0.0055 0.0055 0.0052 0.0045
A 2.89 3.50 4,14 6.8 9.67 10.75 11.56
Cu(Il)-
B 0.0028 0.0015 0.0014 0.0013 0.0012 0.0010 0.0009
EDTA
C

0.1195 0.0242 0.0186 0.0138 0.0111 0.0108 0.0056

2 HFsg e, 4+ BLE Fig. 2-2-2609 ZA]sI T},
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Fig. 2-2-28 The changes of EDTA concentration and TOC in
the solution containing 1.79 mM EDTA and 2.0 g/
¢ of TiO:; according to initial pH of the solution

before and after photo-catayltic reaction
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Fig. 2-2-29 The changes of EDTA concentration and TOC in
the solution containing 1.79 mM of Cu(O)-EDTA
and 2.0 g/ ¢ of TiOz according to initial pH of the

solution before and after photo-catalytic reaction
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Fig. 2-2-31 Change of decreasing rate of total organic
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EDTA-Fe(IIl) solution

- 81 -



closed)®} &&3 F Ao #H-&7]d AAE purge 3t A$ (N; purging)E F&
st AYP3tdch. Fig. 2-2-32, 2—2—33J+ 2-2-3491%  Free-EDTA, Cu
(I)-EDTAS®} Fe(ID-EDTAAIY] ¢ ZWEA F&u) it Azte] @& TOC
Fowzts 474 Jelth REANA TOC AARAFL air purging > air
closed > N; purging £2.2 Yelytoen Free- EDTAﬂl«] AL E purgeste #
£ (N purging) &, A&7l EA5A &S o g 2 A3 T F 05 %9
TOC AAEL YeEld wtdd], 7] ¥-g7]q ?—:l"*""‘-»] ALTE EAY W, F
<718 W79 Adste A (air closed)® AFA7} EA)81A] &S ASBTh
< % 8 %9 AALL YEUNZL, WirlFY F7E purgedtE 76‘—°r-(a1r
purging)= W8 60 £ A £ & 17 %9 AALL Jegdid

Fig. 2-2-339] Jeld Cu(II)-EDTAAIY] A9$-E Free-EDTAAXET &L A
AE&S YEtd e, A4S purgedts 39 (N2 purging) 8+% 60 ¥ A3 & <
15 %9 TOC AALE YA Free-EDTAA S air purgingd$-¢ |13
o WE7|E U7l ADde 5 (air closed) e gr 25 %9 AALE, WF
¢} 3715 purgedte 7 (air purging)= W& 60 ¥ A3} F < 35 %9 A
&< YEY A

Fe(I)-EDTAA ¢ 73-?—% A4 E purgedt= 49 (N; purging) W8 60 &
A & ok 13 %, wrgE Wit Adss A S (air closed)= % 17 %9 A
A&E, 7159 715 purgeste ¥ (air purging)= W8 60 & A3 ¥
25 %9 AALS JeERSATh

FUZzANMY Free-EDTA, Cu(II)-EDTAS} Fe(I)-EDTAAS] F&vf

2

¢
v

_—

$ Alzte| wE EDTA ¥:WsE Yerd Fig. 2-2-35, 2-2-3637} 2-2-37¢ 7
Z} Jellicl. Fig. 2-2-35¢ YEld Free~-EDTAZSIA 9 EDTA F=¥3e
AAE purgedts A% (N2 purging) ¥H8 180 ¥ A3 £+ <oF 34 %2 EDTA
FoZAE Jgdony, ubgrE B9 Adste A $-(air closed)® ¥ 120
3 100 %9 5242E, 47159 F718 purgedte A% (air purging)s 4t
$ 80 &% 100 %9 v=#4aE el

Cu(Il)-EDTAAIe] EDTA s:ZRIdAE HAE purgez%}»‘— BE (N
purging) ¥-8 100 ¥ A3 F& o 100 %9 EDTA s=¢4E Jetion, g
LNE Ui 2AdstE B9 (air closed)= ¥HE 30 3% 100 %9 s=44E,
h71Ee B718 purgedts Z$ (air purging) £ air closed®t 5AFSHA -3 20
BF 100 %9 iE%}*g theRdi o

Fe(I)-EDTAA ¢ A% ZA4E purgedt

= 2% (N; purging) HHg 180 &
A3 ¥ oF 68 %, JT7I——£ t7]9 AgsteE 2§

(air closed)& ¢F 92 %, 7]

..82_



1.00

0.95

0.90

0.85

Normalized TOC Concentration

0.80 } ,
- Air Purging
—6— Air Closed
0.75 |
-8— N2 Purging
0.70 — . ‘ . .
0 10 20 30 40 50 60

Irradiation Time (min)

Fig. 2-2-32 The change of TOC in the solution containing 1.79
mM EDTA and 20 g/¢ TiO2 accordindg to
purging conditions during the photo-catalytic

reaction
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