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Photocatalysis has been widely applied to solar-energy conversion and environmental purification. Photocatalyst,
typically titanium dioxide (TiO,), produces active oxygen species under irradiation of ultraviolet light, and can decom-
pose not only conventional pollutants but also different types of hazardous substances at mild conditions. We have re-

cently started the study of photocatalytic decontamination of chemical warfare agents (CWAs) under collaboration

with the National Research Institute of Police Science. This article reviews environmental applications of semiconductor
photocatalysis, decontamination methods for CWAs, and previous photocatalytic studies applied to CWA degradation,
together with some of our results obtained with CWAs and their simulant compounds. The data indicate that pho-
tocatalysis, which may not always give a striking power, certainly helps detoxification of such hazardous compounds.
Unfortunately, there are not enough data obtained with real CWAs due to the difficulty in handling. We will add more
scientific data using CWASs in the near future to develop useful decontamination systems that can reduce the damage

caused by possible terrorism.
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Fig. 1. Semiconductor Photocatalysis in the Environment
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Table 1.

Immobilization Methods of Photocatalyst

Method Crude material Example

Merit Demerit

Immobili-zation Powder

with binder fabric, fluorocarbon

sheet, hardened cement

Paint, paper, nonwoven

Thick films can be prepared ea- Loss of activity due to bin-
sily der, powder dropout,
degradation of binder

Metallic titanium,
titanium alloy

Surface oxidation

al (anodic oxidation)

TiO, electrode (heat in
the air) , building materi-

Dense films on metal substrate ~ Smaller specific surface area

Coating Organic titanium

sol

Sheet glass, glassware,
compounds, TiO, ceramics, metal, plastic

Calcination usually at high
temperature (400-600°C)

Transparent films can be pre-
pared. Surface area increased
by mixing template compounds

Vacuum evapora- Metallic titanium, Sheet glass, efc.

tion, sputtering TiO,

Generally lower activity/
surface area, higher cost

Precise control of thickness,
composition, etc.
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Fig. 2. An Application of Passive Photocatalytic System
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Table 2. Summary of Standardization for Testing Photocatalytic Materials

Group Test method JIS proposal JIS enacted JIS No. ISO proposal ISO No.
Self-cleaning H,O contact angle 2006/03 2007/07 R 1703-1 2005 CD 27448-1
Methylene blue 2006/03 2007/07 R 17032 2006 WD 10678
Air Nitric oxide 2003/03 2004/01 R 1701-1 2003 1SO 22197-1
Acetaldehyde 2006/03 2008/03 R 17012 2006 WD 22197-2
Toluene 2006/03 2008/03 R 1701-3 2006 WD 22197-3
Formaldehyde 2007/03 2008/10 R 17014 2008 to propose
Methylmercaptan 2007/03 2008/10 R 1701-5 2008 to propose
Water Dimethylsulfoxide 2006/03 2007/10 R 1704 2006 WD 10676
Bacteria fungi Antibacterial 2006/03 2006/09 R 1702 2005 CD 27447
Antifungal 2007/03 2008/03 R 1705 2008 to propose
Light Light source 2006/03 2007/07 R 1709 2006 WD 10677

Items in Italics are not completed yet.
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Table 3.

Properties of Chemical Warfare Agents

Category

Name

Chemical formula

Volatility,s®

LCt50,6'8)

mg/m3 mg * min/m?3
Nerve gas
i
Sarin (GB) H3C/|}|’\OCH(CH})Z 22000 (25 °C) 100
O
l
Soman (GD) IISC/ﬁ\OCH(CH3)C(CH3)3 3900 (25 °C) 50-70
O
CI‘N
Tabun (GA) HBC/E\N(CH3)2 610 (25°C) 400
O
Sl(CHz)zN(CH(CHs)z)z
VX nc PN ocu,ch, 10.5 (25 °C) 10-50
(6]
Blister agent
, CH,CH, - Cl o
Sulfer Mustard S 610 (20 °C) 1500 (expiration)
(HD or Yperite) N CH,CH, - CI 10000 (skin)

Blood agent

Suffocating agent

Nauseating agent

Riot control agent

Incapacitating agent

Nitrogen Mustard

Lewisite (L1)

Hydrogen cyanide (AC)
Cyanogen chloride (CK)

Chlorine (CL)

Phosgene (CG)
Diphosgene (DP)

Adamsite (DM)

Diphenyl chlorarsine
(DA)

Diphenyl cyanoarsine
(DO)

Chloroacetophenone
(CN)

3Quinucli dinyl benzylate
(BZ)

, CHCH, - €1y yir=chcn,,

R-N HN-2:R=CH,,

AN _3:R=t
CH,CH, - Cl HN-3:R=CH,CH,Cl

Cl-CH=CH-As-Cl,

HCN
CNC1

C12
cocCl,
ClCO0CCl,

ORe
ORE,
Ca0)
@COCHZCI

121 (25 °C, HN-3)

4480 (20 °C)

1080000 (25 °C)
6132000 (25 °C)

19369000 (20 °C)
4300000 (7.6 °C)
45000 (20 °C)

48 (45°C)

2.8 (20°C)

34.3 (20°C)

1500 (expiration)
10000 (akin)
HN-3

1400 (expiration)
100000 (skin)

2500-5000
11000

3200
3000
19000

11000-35000

15000

10000

7000-14000

200000
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Temporary Decontamination

Case of decontamination at surface of environmental
materials contaminated by vapor and/or drops of CWA

OSprinkle absorbent and desiccant agent.

(for absorbing CWA by activated clay, activated
charcoal, activated alumina, soap powder, clay.
wheat flour)

OWipe CWA with wet cloths.

Dry Decontamination

Case of decontamination of the location contaminated by
CWA where can be clearly specified with the naked eye

OTake off clothes contaminated.

OWipe CWA drop adsorbed at surface of materials with spatula

e, ALFMNTRERT IV ELTHEET S
L5 EMHT L5 ETHRRINTNS, —HTH
fRIRORES H O, ZFHUIME I OBRGE D BT
b5, FRITREET 572 DIE KR ORIIR N E
LaIns, FHIELT, HTFERYY HEHETIEITIVA
U PRSI EIR & LTI SN, b DB
HHKMEIL S Nz, P ABRGR D[R A T
SEE, BRFIZDOHDITE D IRIERICE OB
LB ORIBICSKIsEEE 525, Lien>TH
Lppizid, BRI ERWRL, T OB Z R L
T, ISR TOHEKREHTNITUET 208 NH 5.
ez &nhs, BRESRGTLFERZRINL, &
BT EMTE, BREMEEBRO RIGRIFICR
57, BUEMNARE, IR n] GE/RBRYY S 15
DOHENEENS.

FREBRS G ENEH TER W IT B RE I N
FERE T ORGP FEE LT, TETIIRRIC L D1
e N DAL ZEH 2 B W T REZBR G E W S HIEDE
RINTWD, ZOHEBEDR 4 DORYSIL%E
Fig. 3ICE LD TRT. EBREERT DA D %
FLICBAL TEEEL AR INTHD, W< D0k
EDOHENEHDORHMETINTNSDOTERHEINL
VY, 6-12)

3222, BB EYIC L DRERE  EEEEL
MARZEBERHLZREFEDBRVWHEARINTY
%, WERECEENAEEAALO X S ICFERE
L OMAEDBER I NZ5E, (WEFITEERE Y
REIIHET S, (LEAIDBAMERICEET S

Water Decontamination

Case of decontamination of unclear CWA and the
properties such as liquid, vapor and splash

OWash off unclear CWA by spray with vapor or liquid of
alkaline solution, hypochlorous acid, hydrogen peroxide
solution, soapsuds and buffer solution.

Hot blast Decontamination

Case of decontamination of the location contaminated by
CWA where can not use any powder and solution,
and can not be wiped by wet clothes.

(inside PC, air plane control, PC station, etc.. )

O Exhaust an inside computer, PC station. air plane
control of CWA drops and vapor with hot blast that was
adjusted to be suitable temperature.

(role of hot blast: drying and exhausting.)

Fig. 3. Chemical Warfare Agent Contamination and Decontamination Method
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phosphonate: MIPPad) 7235 L 7= THRT 5.
INEREEIC, VX, GD, GB, HD O{t¥ %, W
L TdH % MgO, Ca0, ALO;, TiO, ITHESHED T
ETMAKRG BEITY, (LR 2 EHFHITT AN
1999 470 5 2007 TN T TH ITMIZITbniTn
L WA RN I NS BIEMEEICKET DI &
T, #HIEMZ/RT F < SCH,CH,N [OCH (CH;),],
FEIMEERD SR RS NEHRLI NS 2 S0
HINTWS, LrLansZz0UMEISERIEY D
FHEMEICXVHIREN%. HD O fEEfEid, it
WEE R ORDICHGET 2K BICK D BigD, K

SEMNEZNE HCl MWL &IZAER L T CaO KU Al
O; DELY &K 2 @R S B, CaCl, Hi7s & 2 Ak
TBEIEN, BRI DO RIS FH O
ftEREZE2 EmEINTNS (Fig. 5).

G#l, V&I, HD 72 EDLEEN, BEARERRICHE
il g %72 CHELIN, FFIC HD 13K A0 E
WCHEIND 2 & THRMICERL - HRINS.
UL URAS, EEREEICIIEFA K 0I3FHEIK
TI 20, FHTHD CBEALEMOHRELEY
ENEET . £z, WINOFERNTH L THHE
ERRPEEERT 21213, TOROHEKRE VDL
BENDH 5.

4. NEERISIC X 2{EFRDOFBROHTR

4-1. RFEZRWICHE BRI E L TR
JNE U TR IO KOS 2 HETT 3 5 BR (b4 1 AR fish
BEHWS Z&ET, BELEFEREHITR DTS
RS B2 EniEang. 9kbb, LEFO
MR EREREICK ORI NRNDIZA, Fig. 4
KOS IORULIEX D AL G OTRE bEH I N
%, F7z, WHMRBRITHEREZREICEL I8 2RY%R
DWEFEEND TREWNDMLENRL/R5S. LMLz

GB methyl isopropylphosphonate (MIPP) Adsorbed MIPP
OCH(CH,), OCH(CH,),
o 1|) r|> Ho CH, __ OCH(CH,),
- 7 PR ~~P~ 5
; HyC™y) “Fs H;C” ) "OH 2 JP
1 & M 0 0.7 0N
‘OH H 91’1 i .

~Al- 0-Al-0-A-—> -Al-

Adsorption and Hydrolysis

0O - Al -

1 ' Il
0O -Al-0-Al-0-Al-

detoxification and Al-F formation

Fig. 4. Detoxification Process with Hydrolysis of GB on y-Al,0; Powder
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Cl/\/ NN cl
H,0 at CaO

CI elimination

2-chlorethyl vinyl sulfide (CEVS)

2HCl+Ca0 — CaCl,+H,0 ——»

chlorohydrin (CH)

S
~ Nl

_—» HC

Cl
‘s

_wticl

/NN

OH 950 OH

|
0-C-—— -Ca-0-Ca-0O -Ca-

thiodiglycol (TG)

_» HCl _wHCl

~- S

H,0 at CaO
divinyl sulfide (DVS)

CaCl, + HD — hydrolysis + CI- elimination

Fig. 5. Detoxification Process with Hydrolysis of HD on CaO Powder
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M5, ALFFIZHEHT 2 DIIEHICERTH 5 DI
nz, #5E, MAICHIREN®D 272012, EBRIE®
Az U 7= piddesicdian, glzid, 1989
fFIZ2 HD Z e ic K0 g L7z & 0w D i,
BT Y2 b B UIVBER TITHONTH D FFMI
AHTH .19 EHIT/2 D GB, GD, HD % TiO, Jt
il i S IS C K 0 R S F BN A Cheng 5 D
TIN—TIZEXOHREZINT NS, 20 Cheng 5D
V=71, A INICE D GB NS 1 CO,
MERT S EzmELE LhLEans, 2O
KT I)N—713 254nm OIHITK D GB ZEH57fFET
% photolysis IZBI 9 BHFZEZ HOLIZIT>THD,
TiO, K LN DLFF OB B, S SR
W2 EICBE L TOFMIIAHTH 2. 200 2k
BT, AR SRS DRI L T 2 BRI EEHF
Zff U 72 Sl SOS O BFFE S N E 17840 5
ZUFIRT LD ICHREL TN S,

4-2. HD 1983 4|z Davidson & Pratt 513,
RGBT O7 2 b= MU JVIRBEFICIEMR L 72 di-
n-butylsuphide (DBS) 7% &, HD L E2H 7
% 5SEBEOmELEmE Y & —ER O TiO, = H
WT, ISR D s 209t a1 72, 2
Figure 6 |ZHHMLF5AI 2 F U 7= Se it W75 O fE
WzRLU72A, DBS Z2H W itseni b 77 %
et TR L = ) DI TH B T EMNSIND.
ZFD#%, Fox b, 7 MUV /=T
F T —FI)LE&Y, S(CHy-Ph-X), : X=O0OCH;,
CH;, H, Cl, Br, ZJtfltfiic &0 539 2055
FERZMEL TS, D YEFOMZETIE, 7k M=
UV IR THRAESOSD TI2bNTH O, hidk
L&Y TIO, HeIE SR IZ K 0 R I N5 2 &

WINTNWD, B EEFETIZ, HD OfFEUEY:
AEL T, (LEHENEEMIL THWa P AF IV )L
74 K (DMS), PIZTFIVAIT7 1 K (DES)>?2)
T TX 2-chloroethyl ethyl sulfide (2CEES)?28-34 23 L
5NDKDITRD, JeRliIz K BER Do iRIZE
T AHWIENEAIITDONDE L DI/ £ T,
ARETIE, HRMERNL <, HEEREIHEICR
5 TW5 DES KU 2CEES I DWW TR T 5. Ta-
ble 4 1 DES & U8 2CEES DAt ¢k % L 7=.

DES % TiO, ek ic L 0 R 3 2 W5 i,
Smirniotis 5 @ 7 )L — 7T X D T3 2001 FiZFE
EBRHEINTNS. Y [ ic&kfbs /- DES &

HD simulant GBsimulant GA simulant VX simulant
Year

— 1983 (DBs Y4 A (
Davidson
and Pratt et. al.
1987 4-NPDEP
Gratzel et. al.
DDVP,DEP
Tanaka ct. al.
1997 DMMP
O'Shea ct. al.
1998 'Vorontsov et. al.
Satyapal et. al.
2000 DMMP
Yates et. al.
Smirniotis et. al.
2002 |DES DMMP DEPA BAET
Smirniotis et. al. | [Smirniotis et. al. | [Smirniotis et. al. | Smirniotis et. al.
2003 |2CEES DMMP
Smirniotis et. al. | [Chen et. al.
Klabunde et. al.
Yates et. al.
DES
Smirniotis et. al.
Kozlov et. al.
2004 |2CEES BAET
Yates ct. al. [Smirniotis et. al.
2005 |2CEES DFP

Kleinhammes | |Osterlund et. al.

N ’ et. al. DMMP
Hofmann et. al.

Vorontsov et. al.

LS

Fig. 6. Progress in the Study for Decomposition of CWA Use
TiO, Photocatalysis

Table 4. Chemical Structure of CWA Simulant Compounds

CWA Simulant

Category Simulant formula

name compound
G agent
Dimethyl ?CH-‘
Methyl-
GB, GD phosphonate H,C” Fl ~OCH;
(DMMP) Q
Diisopropyl f
fluoro-
GB, GD phosphonate  ,(CH;HCO ~ Ill’\OCH(CH3)z
(DFP) a
Diethyl Phos- e
GA horamidate P
IZDEPA) G0 /8 Toc,
V agent
2- (butylamino)
VX ethanethiol HS (CH,) ,NH (CH,) ;CH;
(BAET)
Blister agent
. , CH,CH,
sulfer  diethyl sulfide S
mustard (DES) > P,
) CH,CH
sulfer 2 ﬁhiorol%t(li]yl S o
mustard S sulfide X
(CEES) CH,CH, - Cl

HEmic 7o —X8, TiO, Yotz k0 1R %217
VY, D) REERE N ONE MW T B IR E R FEE I D
WTHEL TWS., KEE (<1%) 1THBIF5 DES
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X9 2 A D o fRIE PR Y, 1B 59% DB/ EIC
HLTL6fEREEGNWIEEZRWHLAE oMb
EUT, & TIEOCABERT EDKsEAHEM
L, THNIZXD DES OAERMEFT 27D TH
HEREL TS, BEITXKDAEKS NS AL
BYOREITENIZIRLS, [PicBWTiEEIITS

/—JV(EtOH), 7t ~7 )5kt K(Ac: CH;CHO),
IFL > (CHy), MEREN, ENZPIZFILT A
)7 ¢ K (DEDS: CH,CH,S,CH,CH;), diethyl tri-
sulfide (DETS: CH;CH,S;CH,CHj;), S-ethyl ethan-
thionate (SEET: CH;CH,SCOCH;), hydroxyethyl
ethyl sulfide (HEES: CH;CH,SCH,CH,0OH), ®Efg
(AC), SO;, CO, TN T WD, filstFim E
/" 513 DEDS, HEES, diethyl sulfoxide (DESO: CH;
CH,SOCH,CH;) 7MtHianTn5.

H 27 ) —71%, 7oO—1KEIZH %Xt DES %
TiO, JE i SIS K O HRKHIC D RS 272D D >
AT Ll BREYICREEE L, 2003 fRICHFFEINES & it
HL TV, 20 GHiL#E S N7z DES X, TiO, Jfil
ﬁ%ﬁﬁ?i DEGIC DRI NS D, RISDHETT S

I Pk W Y fils £ H E 12 DEDS, DESO, HEES 73
ﬁﬁéﬂi‘éﬁﬂﬁ%ﬁ‘f@liﬂjéﬂé tzamRliz. Z
DOAREMEALRE OBAL, (HERZE qmﬁh@?f%
WHRZITOETTREA TS THD, WMEEKEKRIC
LHPEHNMLETHH I E2 RN L.

2003 4E1Z Kozlov & Smirniotis 5 D7 )L — 713,

el I N IZ & % DES 73 R fe & ATEHEIE A 1 =
ZLDBRIZDONT, BASHRICTHEAT 5 Z & THY
5L TW5. 27 BEEH O XL DES O 45 fif %
ORI ET, JfERE LD Ti 91 b LICH
Y R ORISR I N D Z & &2 L #U S IR
(DRS) HIEMBHHSMIZLUZ. DES RN

ZETHEREND CO, DAEREED, HOERLIME
BOBINZELOEEL TWE=Z M5, MR

PRI DT D IEEE 2 (K TS 2RERTH 2
EIRELTWS. T, 20 CO, DFEAR, K[
@ DES MFIEHKL ThoELMEI NS Z &
M5, NS THEKR SN S H AL D ® DES

SRIER L THEFTAZEDRVHLE 20
B513 DES O A1 F bR T > ¥ v )L Al D HfE ik
KODBENZIENS, BEMICRILEINSZDEE
ZHNTWD, TiO, Sl )i 2 K % DES D57 fig
PRI Fig. 7(a), (D) ITK LD,

LK% 12 Cl 24 8 2CEES (Table 4) % TiO,
FEAREIZ KO RS S NAIL, Klabunde 512
£ 02003 FEICTHEINTND. D HERKICE S
NIZ&A L S 7= 2CEES %, TiO, Yfiliiiz & 0 43
W, Z D5 RS K OO RlE P OIR AR 7RI
DINT, GCMS KU FTIR 2 HWTH% 217> T
W5, #A LS 2CEES D1F & A EM TIO, Y
fil RN AE SN, YR RN IR D B2 @
I N7=. BtOH, Ac, C;H,, DEDS, 7ooIT¥FL >

Diethyl sulfoxide (DESO)

S Qe O

DES CR O o
&L 1 Il

Minor Process
H H H H H
| | | | | |
(0] OH (6] OH (0] (6] (0] (0]
| | | o, | | | |
-Ti-0-Ti- — 4 -Ti-0-Ti- _2, -Ti-0 -Ti- — ~-Ti-0-Ti

h* e
Adsorption l
~ H,c=cH, H*
oH /4 : Further oxidatik
Major Process S S
~1 (RH ~ QH H,0, CO, in gas phase
S Ti- O -Ti-Awdlor -~ Ti- O -Ti- Sulfate, carbonate at surface
Further oxidation
h' ~— S'\/
i H,C=CH,
Diethyl disulfide (DEDS)
~ ? ~ ?—S\/ o
1
-Ti-0-Ti-_ -Ti-0-Ti-
Oxidation dimerization
Fig. 7(a). TiO, Photocatalytic Oxidation Mechanism of DES-1
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S-ethyl ethanthionate (SEET)

s
OH
III H* [II H

(I)H O (|)H

-Ti-0-Ti- —s -Ti-0 -Ti-

. - . _
DES 2h
Further oxidation
Il—I
H,0. CO, in gas phase
(I) (\)H Sulfate, carbonate at surface
Ti- 0-Ti-
Adsorption Further oxidalior/
Minor Process Hydroxyl ethyl sulfide (HEES)
HZO 3
~ S\/ N N> o S~ Ol
’ ] coH
H H H H
\ |
+OH (|> «OH <‘3 (I)H
|
-Ti-0-Ti- —=z*-Ti-0-Ti-

Fig. 7(b).

(ChE: CICHCH,), 7oo7+t 7 )5kt R
(ChAc: CICH,COH) M&H THZE N, XKD
Mt & EBITENSIZPA L, BHEIZ H0, CO,,
SO,, SO}~ IZ/fRa /=, HEZ 80°CIZ T3
& T, [HITHEEL L T EtOH, Ac, ChAc, DEDS
DIWENEMT H5DITMA, 2-700TFIVITF
)V Z)V 7 14 R (2CEEDS: CICH,CH,SOCH,CHj),
bis- (2-Z7BOBoOLF)) P ZAJ) 71 K (b2ChED:
CICH,CH,S,CH,CH,Cl), SEET, 2-7 OO L%
J —)l (2ChEtOH: CIH,CH,0H), #iftT% > Z
JL7R =)l (ESCh: CH;CH,SO,C), 7o k> 7 )b
7t K (CrAc: CH;CHCHCOH) , Fifiz X F )l
(MA: CH;COOCH,), X AF )l (MF: CH;O0COH)
=it I Nz, BEEFITKDINSHz
AR ORI, EEREEDTOREN SO
il X% &EBERINT WD, £z, ERENEL
< {%\» DEDS, 2CEEDS & 7} b2ChED I3 i & 1 #&
FETICHERE Lo s, HC KU SO,
IZDWNWTIE TIO, K RITHE < HAEL TndH T &R
Huhiia sz, 2CEES i3k iEic Cl 25 2 &
M5, DES &3 78 2 FE8E O H AR O A R S B
ENTWS7A, DES OB & FERITCHE D ATE
eI N2 HE2MERELTHRT TN,

2003 #E1Z Smirniotis ® D7 )L — 7%, 7O —IR
HEIZ & % %Ak 2CEES % TiO, Yt fili i [ pin 12 & 0
FANZ R L T, ZDRIGHEREIC DWW THE L T

h

TiO, Photocatalytic Oxidation Mechanism of DES-2

% .2 2CEES 13 TiO, Yt )i 12 & U CO,, H,0,
SO, IZE&EITHfREI N5 Z &% GCMS % FTIR 7
ST L. B I EAEIE, Klabude 5T X
HHMENREEIFIERCTH O, Cl2EHHRIAN
RS NDLIMNZ, SRR 7L — T 0Tk
% U7z DES OS2 ITHBT 2 LR T 5,

ﬁt_la/wa/@cmAIM£HﬁmH)ﬁ
R b EmE L THIERS Z @ ESA 13 TiO,
%ﬁﬁ%ﬁi;%<&%bfmézkéﬁmﬁb
7z. WEPATIZTC, 2CEES 7Y TiO, Yfildt £ B g
T3 E, EHEWAEKITE DMK RS N HEES &
OfifEd HD 24K T5 I b RWHL TW
%, BTN/ HD IZMMETH D, Sl ik
XD BREINDT=DEHETRNWEFEL TV,

2CEES MM RN K DRI RSNz,

TiO, KM HE & BRI MR IENRE L T b
ZENBIHIS N0, BiERKIER Z2 W TTEAlE 2
Weld 52 &T, —EBREMMEBENREINTHE
ZEMNS, BRI S YR KOS D ATE L
WHELTWSZEZ2RWHLZ.

FFifll 72 2CEES @ TiO, K Hl L~ D W REE K Y
%ﬁj: 2B 50 IR 2119818, Yates 5
WX DBEEEZLEHRITTITOR, 2003-2004 4124
MIPHEENT NS, Yates HITREBMEICHME & L
T TiO,-SiO, My ARV 2 L T 5. 2CEES
& Cl R TF S 3 TiO,-Si0, Yt fi i K O Isolat-
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ed Ti-OH K OF Si-OH, D% 0 ML m KRR 31
KEMET DI ETHET DI L2 RNWHL .0
Jeflfit i i & U 2CEES I3 R X N %0, M
NTWAEE(LFMIZ, Klabunde 529 % Smirnio-
tis 52 OWFFE T IV — T h3 ki U 7= R A gt &
FMUTHo. DESIZOWVWTHREEDERZITH
THD, 2CEES oo nfRetbikl T
JIOHEREIC R EIRENRA S NN EZ2|EL TN
5. k7=, 2CEES D fREINDH T ETHEKEINS
Clm A F 23, MERISHEBICEE LN ED
WELTNWDB. 3 £/, —E, 2CEES 20 &
T A P 2CEES 28 A L THEIXITZ & A
ER ST, BEOMISITE D Bk S Nk
R DRI RN EFE T 2 T & THEIE 2
INBHZEERVWHLTWS, 2CEES @ TiO, £H
NOWFET, 124 °C TEYUET 5 2 & THIIET 273,
2CEES D73 #1269 2 e AiE K T L= 2 &
N5, Kozlov & Smirniotis 525202 L D #i45 3IN
TW5B K DI TiO, HME O ARIE LS PR S
7":' 32)

B 27 —71%, & 51T TiO, YR m LA D
2CEES QW AEIREE, B0 SETE DR Z 1T,
2004 FEICHE R Z |G L TS, #ET)LF )L Tio, B
il SR W BB S U 7= 2CEES 13 2 °C LA L iR E
T - BB EREEIC /2 0, 22 liEE 127 °C
UETEZIZZENS, MEXREENSEEET 50
I B E ML T % )L F — % 105 kJ/mol &7E L

2. Tibhb, ZHiETIE TiO, Yot £im Eic ks
L7Z 2CEES I3 L s Z &2 RWH L=, £/,
2CEES 1%, 88 725 268 °C M3 & T T Isolated Ti-
OH > X % 1 T d 5 lattice TIO-H 12 & 0 i
&, CH;CH,-Ti & CICH,CH,O-Ti IZ /3R X
N%. 277°C PA_ LTI HCI % CICH,CH; A1 g X
TN, 33,34)

Z®D Yates 5 O ENAIL, HiRITBWT
2CEES 73 TiO, Hfiiit 2w FIZE< AL TS H
HZHMIC L, 80°C L EDIEETIE, Fm/AMEE
Ao iR AT IT K D AR (b SRR AV B
N3 EEFRLTNWS, FRROKHIEY I —T13,
2CEES & DES O I3 L Tna L L
TWaM, 2CEESMhoVETREHE50NHEDODH S
b2ChED %>, HD 7l ETHER S NS Z &5,
SEET %> DESO O£ it 43 DES THREINTW
5HbDEHRMZE, DES LN/ sd LHRELU
TIEBWEDTHD. UEDOZENS TIO, Hfilt il
ST & % 2CEES @ 7y fE k12 DWW T, Fig. 7(c)
IZE&EDT.

HD O#HEE 25T d % DES KU 2CEES D) fi#
IZBIT HHFFEHIE 2 < OIZEY I —TIC K D s &
NTHO, ERINAHHFEEENRDEEIN TN
5. ARETIIHEIC/R > TWD KIS % Fig. 7
127k L7273, Minor process MEARBEET H 2 EH
BREINTWS, £/, further oxidation |25t )&d
%R ICE T MBI DTN TH D, ol

2CEES CH,CHCHCOH
CH;CHO CH;CeQ.

~S~~l \/.S.\/\C‘ b

TR—cHCeO

B 3 S-ethyl ethanthionate (SEET)

A S S e 3

o o 0 0 ~8 OH \/Sl)K O

1 1 I
~Ti-0-Ti-—4 -Ti- 0-Ti- -Ti-0-Ti- » -Ti-0-Ti-
h* h*
Adsorption Oxidation
H,C=CH, G~~~ 0H
or or
//<\0H CICH=CH, H Further oxidation
Cl~ S HO ~~ S H,0, CO, in gas phase

| [ |

-Ti- O-Ti- Ad/or - Ti - o - Tj -

h l Rt S:‘\/\Cl

H
|
-~ ? (6]
|

STi- 0 -Ti- —p

Oxidation

HCl, Sulfate, carbonate at surface

Further oxidation
Bis-(2-chloroethyl)disulfide (b2ChED)
-~ S8~ ~ql Cl™~0H
| or
-Ti-0-T - cmue=ch,
dimerization H*

Fig. 7(c). TiO, Photocatalytic Oxidation Mechanism of 2CEES
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2 & 0 DES % 2CEES 352 2 I RS 5.
L7275 T, TiO, Yefiifz= M w5 Z & T Fig. 512
RLEEDEDVSR TG DL > RbEWmzEERT
&75< HD ZWFEITHRT 2 Z EnifFans.
4-3. GB,GD GB, GD [T EELIT 2 HiE
BUEZER 2 i K O o fEd 558, PTFIL
RAREE 4-—bO7 =)L (4NPDEP), U >
PAFII-22-o 7o)l (DDVP) KUK AR
CEEYAFIV-2,2,2-RY) s od-1-k ROoFT TF)L
(DEP) % F T 1987 4F T Gratzel 5353 Jx (X
Tanaka 5373 |2 X D f7H N 7/=. Gratzel 5 13 4-
NPDEP it £ L THMI NS 2 EHR
U, Sl s iz Bir 3 0, OEES, H,0,
% K,S,05, NalO,, KBrO; O Wb Al & 't filt 5 J s D
HEEh B % B L 7=, 3536 Tanaka 5137k H1i2$H
\WC DDVP JZ T8 DEP D W3 3 6 fift i [ i 12 &
D3RS, TiO, F£iH D H KL H0, DR
ek o pfEENE L <mET2ZEERVWHL
2 REEICY 2 EAT A ENS, 1993 i
dichlorvos & JEfl il TR 2L BITHN T W
2.3 Z D%, 1997 4£12 O’Shea 512 L D, L3k
TE GBITEEIL TWA XA FIVRAR Y AF )L
(DMMP) (Table 4) 238 LLEH & U TRER SN,
Fefilfit iz X 5 DMMP D43 1B 9 2 7813 B(E £
TREAUIZITDNTWVNS, 40

O’Shea 5%, /KIFWHICIAf# S &/~ DMMP %
TiO, S RIC K O g L, T DRIz D
W 1997 1T E L TW 5. 40 DMMP I3 TiO, Yt
fil SR IC K D BRAE SN A F IV IR AR B A F )b
[MMP: CH;P (=0) (OH) OCH;] & X% J —)L
(MeOH: CH;0H) 243 X4, MMP (3 A F)L iR
AR > [MPA: CH;P (=0) (OH),] Tk E N,
A& TiO, I RS TR T &R
(PO}™) ICETBILINDZEZRWHLAEZ, £
7=, BAHERGrE L TRIVLATILT B R (FAh: CH,0),
&M (FA: CHOOH) Z#H L TH D, DMMP 7/
AR SONIC X D HERITHREESND T 2R L T
Wb, E7z, 7IVAUEKIER T T DMMP % )i
TLEENMETAHZEERWHL, TOMHAEL
THICHEEL /= TiO, £H D DMMP O k7% & D
WhnEiERL Tnb, O

Smirniotis & D7)V — 7 £z, KIFREFITHBIT
% DMMP @ TiO, Yt it 7y fE et 2 A L T

%, BRINZFEKRAERDIZ, O’Shea 50705
MESNZHDEFEUTH 74, Smirniotis 5 D
TN —T1X SPME Hifi s Z & T, #Hikick

RO )Lt E 7= DMMP O H 4Rk & 2 50k
H L, methyl methylphosphonic acid, dimethyl hy-
droxymethylphosphonic acid, methyl hydroxyme-
thylphosphonic acid DAERZHE L TWD. ZhH
WEDEQERMTH D, MICHMN & L T FAh,
FA L Tns, 4

24t DMMP % @iz 7 0 — X8, Tio, Y fil
BN K 2 57 R B & SR U 7= TN A%, 1998
fF (T Satyapal 5 IC X DHEIN TN S. 2 K[
DMMP 3¢l )12 & D CO, & CO IR
ST 22 L2 RWHLZ. AR ELT
MeOH, FA WA E L THHI N TWwS, £
7=, St X E AN MMP, MPA K& 8 PO}~ @
LB & & BT TiO, JEfll SR O ARIE AL A
BRINZIENS, AR DOERIT K D AN
REMHE LN E2RWH L. REMHEL
fil VT, KRBT A FEE 7 225 D TR O
2175 2 & TIHMERRBICHEIET 5 2 & bHE
LTW53,

TiO, Yefil i 2 T ~ > DMMP O 25 7% 0% 45 18 F2
&, FH EICBUT DI RSB D780,
Yates 512K D FTIR % f W THFZE S 41 2000 4E 12
HWEIN TS, 44 DMMP I3 KK EME N =8
BT TiO, EmEAHEFE L, DMMP ® O=P £ D
O JF¥ 7 TiO, &M £ @ Lewis 8 Ti ¥ b X3
kI (TIOH) W®ETSH. LEL L&
DMMP (%, 214K LA EDiEE, ThbbEET
X, WEYA MTLICH DI KEBIEIZLD
DMMP D-O-CH; 3 0D 1 D A3 hN/K 43 fiR & 21 MMP
KT HZEE R WL~ MMP 3 DMMP 73
T L DB IND ZETHEMREIND. AL
SN/ MMP @ OH EA el it RANICAE T S Z
E T MMP 2T 273, k3 MMP O kk
L& HIT, Ti-O-CH; Al RN K D kSN
C formate (Ti-OOCH) #HififA& L TAHERT ST
EHBEEL TS, £/, DMMP O % &K EIT
X0, NS SH I NS ZEBRNEL T
%.

Hoffmann 5 @ 7 )L — 71, BUILE X 7z TiO,
FE O DMMP QW& X Bk D%, £
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o R A2 B 12 D W T DRIFTS % W THFZE L,
T DNE % 2005 FITHE L TS, 9 B TiO,
KM T, DMMP DWW K ONK 53 fig i3 il &
TV ZEZRWH L 2t ok
A E DK MK DK REISE T T2 DI
A, FHEWAEKDREDIZE S DMMP O A&
TLEEDEBERINTVS, N &I
B 2O IR TR L 7z TiO, Tld, DMMP
DWAE R OMK G FENMEHE I ND Z L& WL T
W5, %72, DMMP 7n 5 MPA Ol 512
K20 fRTHET L B WA, MPA 725 PO}~ ~NOfE
EICIIERMZLEETDEZEZ2RNVNHL TVWS,

Vorontsov 5 @ 7 )L — 71, BRI HBIT 3
DMMP O W5 it f2 & O TiO, Jtfilt i S N2 B4 %
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Removal of Pesticides in Aqueous Phase by Photocatalysis as Determined by Total Organic Carbon (TOC) Measurement.

Reactor, 6 mm i.d. X900 mm, photocatalyst: Shinto V Cerax HQC22 (14 g), volume of solution: 200 ml, UV-A: FL-6BLB.
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Fig. 16. Change of GB Concentration with TiO, Photocatalyst

Photocatalyst: P25 on glass (50X50 mm), UV-A: 6 mW/cm?2.
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Photocatalyst: P25 on glass (50X50 mm), UV-A: 6 mW /cm?2.
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