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Abstract — Chlor-alkali industry is one of the largest electrochemical processes which annually producing 70 million
tons of sodium hydroxide and chlorine from sodium chloride solution. DSA® (Dimensionally Stable Anodes) electrodes
such as RuO, and IrO,, which is popular in chlor-alkali process, have been investigated to improve the chlorine gener-
ation efficiency. Although DSA electrode has been developed with various researches, understanding of the chlorine
evolution mechanism is essential to the development of highly efficient DSA electrode. In this review paper, chlorine
generation mechanisms are summarized and that of key factors are identified to systematically understand the chlorine
generation mechanism. Rate determining step, effect of pH, reaction intermediate, and electrode crystal structure were
intensively overviewed as key factors of the chlorine mechanism.
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Fig. 1. World chlor-alkali capacity.
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Fig. 2. Schematic diagram of chlor-alkali process.

5} HH$-(2CI—>Cly+2e, E%=1.36 V vs. NHE)#} S0l &2 -3l
HH-8-(2H,0+2e —>H,+OH", E’=-0.83 V vs. NHE; Basic condition)°i|*]
AdE= 7Pt A RS oR A TH4-T).

SEEWIF T da Aol TS T T A=
A pH, &, A 24, vh37] 72 W AT B 5
T F9lom, o] T AT EAS AA A & Y SEE
St B9 A Ay AuES AAske 7P SRS AR o
HA Stk 4 AAYE A5° 2= DSA(Dimensionally Stable
Anodes) A=olgkal sh= Zolw< AbslE = (transition metal
oxide)o] thazAoln], @A) ot E22Uvte] F4olM= DSA
AHS d=o% ARk QlvHs-12].

DSA A& 222471 Al 330X 88 A5 =42 AL
|2 ¥ olE}L.8], A71EEH] A T AFEE L Qi)
7|E A% 3 g A71slE A 38 54 gt okE e
ARESEA] ot 3 218141 FolH 5 BRSNS Hew
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ZE)F} T I A3 o] 7N Ao FEatal P B
£ 3wl Algka Aol Hr)Esra o r Qas sk e
A& 7¥sstal golst 712 | Agow A FAE] AN
(decentralized water treatment system)s A& 4= SITH13-15].

DSA A== Ti 713 9ol AE/do] & o734 AkslE(ex. Ru
9 I)g SEAE by o o F3H (thermal decomposition)S:
Foto] Azt o]2]3t DSA T2 A 50d7F 94 HAYE- K
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] ki g A Aol dish #hdste] Zo SR EUTH Al ¥
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oA E3al Hheo] dout Absle M=) Mgt Sk e
Q] Wistel] wh Ak A IS EASIITE PbO,, NiO,,
MnO,, PtO, 5} o] Abnglate] 3 F2F ouA|7} 22 75
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Fig. 3. Electrocatalytic activity in O, evolution at various oxide elec-
trodes as a function of the enthalpy of the lower to higher oxide
transition O alkaline and @ acid solutions are indicated.
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Fig. 4. Overpotentials of the chlorine generation as a function of the
characteristic Raman shift.

Table 1. Literature summary on chlorine generation mechanisms

B A S 333

4 2] 2t o] & (Raman shiftys =73
Fig. 49} 2o] A= Z2o & hgt o537} d4 A apAgks:
TS A3 Cl-0 Aol WEeluA] 7} Ru-0 B4 1r-02] W o]
Uz gl 7P AR Bol Ru0,9} Ir0, A=ollx] thE A=l 1l
3 A o] Z dod = les ERIE F Stk theelM=
RuO, A=A 94 ¥l vizluGS A Rk S 1,20-25].
1972‘5 ErenburgZH-E] A|2}&to] AR 7EA] A|A|E A4 2AY o
7 el =t 19714 RuO, Aol G4 2y
HAYZL olafloll gt A eXo) Ae AFE om26], 1972
Erenburg, Faita 5] 7Aba2 304 ]| A7} EX—,L o i<
Zul| o]2& 7Wko g W= A glekgo] Fasttal 717gste]
21 (1)} o] Gioleo] A= el F2H(Cl,)sle] AAF A uk
5o golid Aojztar AASI3ITH(Table 1, Mechanism (1)-(3)).

ATE A,
£

No. Mechanism

Author Year

) 2CI' = Cly(surf) + 2¢”
Cly(surf) — Cl,(bulk)

R. G Erenburg, L. I. Krishtalik et al. 1972 [27]

Cr=Cly+c
@ 21, Cl,

G. Faita and G. Fiori 1972 [38]

3) Cl-=Cl,+¢
2Cl,;— CLand Cl,;+ CI' - Cl, + &

R. G Erenberg, L. I. Krishtalik et al. 1972 [50]

Cr=Cl_+c
C)} Cly— (Cly) +e
(Cl )" +Cl = Cl,

R. G Erenberg, L. I. Krishtalik et al. 1975 [36]

5 Cre=Cl,te
Cly+Cl > Cl,+¢

L.J.J. Janssen et al. 1977 [51]

RuO, + H,0 — RuO; +2H" +2¢”
(6) RuO, + CI' = RuO,(CIO,,y
(ClO,y +CI,; (or CI) + 2H" — Cl, + H,0

J. Augustynski et al. 1978 [40]

Cre=Cl+c
@ H,0 — OH + ¢

D. A. Denton, J. A. Harrison et al. 1979 [52]

® 0+ CI > OCl +e
OCly+CI' = 0,y + Cl, + ¢

L. K. Burke and J. F. O’Neill 1979 [45]

(M) = (M) + e
) MY+ C - MEHCL, + €
(MFYCL,+ CI = (M?) + Cl,

L. I Krishtalik 1981 [46]

H,0=O0H,_,+H +¢&
(10 M-OH,, + CI - M(OH)Cl + ¢
HOCI + HCl = Cl, + H,0

L. I. Krishtalik and R. G. Erenburg 1981 [41]

M-OH,” = M-OH + H*

(n M-OH=M-O+H" +¢
M-OCl + CI' + H" &= M-OH + Cl,
or M-OCl+CI = M-O+Cl, +¢

R. G Erenburg 1984 [53]

2 O, +ClI- O,-Cl +2¢ or
12 o) +Cl - 0,-Cl' +2¢

T. Hepel et al. 1986 [44]

(13) Cl, diftusion limitation

V. V. Losev et al. 1989 [35]

MZ + H+ = MHZH
MZ = MZ+1 +e

(14) MZ + Cl = MCIE! + ¢
MCI! +CI' = M* + Cl,
IMCIA = 2M# ! + Cl,

J. L. Fernandez et al. 2002 [47, 54, 55]

(15) Radical spillover mechanism S. Ferro et al. 2002 [17]
(16) RuO, nanocrystals J. Jirkovsky et al. 2006 [16]
MZ-OH; — MZ+1_OH + H+ Te
M?"OH + CI = M*"'-OHCl + ¢
(17) M?"LOHCI + CI' + H' = M%OH," + Cl, M. Thomassen et al. 2006 [48]
M#*L.OHCI + CI' = M“"-OH + c1 +e
(18) pH dependence in different surface orientation E. Guerrini, S. Trasatti 2006 [42]
(19) 0,70, +2CI' () > (0,)C1+CI' - 0,-0,, + Cly(g) + 2¢ H. A. Hansen et al. 2010 [29]
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Cl=Cl,+e (1)

ol¢} T2 Fuf o] & 7O R S 4 A wIAYF Ao A
WA =312 2 (2)8} 2ol AAIE 4= vk F faol=o] el
AT dEelM Aol CL7E E=A3 (a)), B FAE s
AR} A Fo] Aol AEste] Clyt A=A (2]
(2b)) =2]7} 21 =] It} (Table 1, Mechanism(2)-(5))[27,28]. “L&I1}
AR old ArE Flo] Favt s EA = AP o w s
ofE-91 2 (2)9] HFIAUSS AASE =EelA s Al Ad
2 AA= AAJstar QA ot

2Cl,; — Cl, (2a)

Cl,+Cl - Cl, +e- (2b)

¢

25 A2 A wWIAUSS 197535E] 1981197F] Erenburg, Krishtalik,
Janssen, Burke 5l &5} REgA4, £d7dwiAl W wkg-9] &
ol sk el FeliA vl EdsiSint. o] #dollA Tafel
slopes 57t A} WESA7) 12 ddgo] Ry Hglon, d=
EHol Faek Al A 49 iol=o] REgsh= 7Y (A
@byys wht A7 Aol ER1E Tk 22 (Cl,y', (Cl0,) &
A= el S48l ols F25C] Fuv T8 =2 tide] =
SItH(Table 1, Mechanism (4)-(6)).

g, 3 A7) B 9 =g Atst e o] viskE
AeA 0 2 153 HUrt. 1978 Augustynski®] X-ray Photoelectron
Spectroscopy (XPS) 23S F3dt] A=02 ARESH Ru(IV)yEE of
Yk Ru(VIZ} 2aEEA 924 i 3 5 d5 o) Akskd
= Zlo] A7]Ew o] el Axpite] #ojeh=A], Akark A
= xHe] Fslo] A5 Akt 23R 15 A4 W WA

F ATolxe] Fag =9 dPde® wEHth 5, 4 (3), @)el
LERd vtel o] w3 3 ellA A= A M)e] ARtel &) kst
MZhE]aA] o]0 2 AT HhEsh=A] =2 ERElE
A& AR WSl WA A (M-0OH,,)8t1 Gaol&o] A=
EHO] AR xtel wEgER=Aol tist vheket ool AAE Itk
(Table 1, Mechanism (5)-(11)).

el

M + CI - (M#DHCL, + ¢ 3)
M-OH,, + CI' = M(OH)CI + ¢ 4)

°olE FRIal7] S akart A= Alslel] #ofe B¢ RS Fal
A7t FEE 7] witel G A WhEellA] EReE A EE A
298] S0 AP7|EHA G DA Mgl pHYF T el uigk
A7) 28] 7] A2}, Krishtalik, Erenburg 5- 2] (5)2} (6)°]
ek vk} 7o) = o] BEal] #ellA A= Sakslo)
20] Aol T JTFE T e FRIEaL, 53] S
Fakglo] 0] FAdupgel ] AEE Faole] F40= pHrt
Aol JEE T Y-S 148 TH(Table 1, Mechanism (10),
(11), (13), (14), (17)). S=& pHoME= B58)7} Aahs]w wol 213k
Gk} 0] 20] 71Aslo] o] 2o] WSS siter} Fo 57wl
pHZ} 4 Ao S = 5 A "k

H,0 = OH,, + H" + & (%)

M-OH," = M-OH + H" (6)

Ftolls A5 Ax7lEd 24710 2edt geol Wi
TEE 2 DSAY A= Alxsate] A47e] A% raeelxe] Ed
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B 44 2471 9 U= E<ro] & (Density Functional
Theory, DFT) & 12| A8t 0|55 E83to] FEsh 4 28
HAYUSS sk 9771 A3 E 3L QTh(Table 1, Mechanism
12-19)[18,19,29-33].

AF7H] Qa1 wAUFS] e e 2 bl dAo] e
55 94028 &2 |, A5 319 Alg), 10 wE pHE
P TOF AR Table 1904 VRt vle} o] 1972
B dAx7k4] DSA A=A e ela Al wAYSe gk A7)
ks] 218 =] oo ofy] WAUZo] AlAlE o] girt. o]2fgh v
AYSE AFelx S22, pH, A= 24 2 2W 2, 94
WY 3 =4 T e”lsl wEt wF Yol o WA A EEA
U FEoA Bt AF2 o Av R 17t gt

3. ga o mIFHUSES F2 2kt

= 4™

Z719] 4 A WIAYS A7 DSA H=ella] a g vt
<2 5 A% WS Wele 2 AlKESIT S5 2% WAl
TFEL F7 Tafel slope= o]-&ald=d), A= 24 4 Asd v =
of] 2 Tafel slope®] W3}, =2 ISt oA Tafel slope 5= &
&30 B 7} QAbEe| G4 A e TS ERIEIGIAL, 018 T
3lo G4 A WIAUSS o5 3to] A|AISHATH Table 1, Mechanism
1-9) [34-36].

1983 Janssenol| 2J8te] 4 o] 7t &AM Tafel slope”}
ARFEI oM, 1 A¥= Fig. 59+ ZTH37). Fig. 5ollA] 1= niel o]
o]0l A= el Fsk= W] Tafel slopet= 118.4 mV/
dec® ANXYE 1, e F2E HA7t AAE ol FRA dAlg
Tafel slopex= 39.5 mV/dec, 947} A HojA] Wk wEx|at
HAS] Tafel slope= 29.6 mV/dec® AXFESIT). o]2] st A¥E v}
o2 og] Aol S Tafel slope”’l 30 mV/decdS <13}k
WA fart A= BN ghlEo] Wiks ke AR 4
A HRSe] 5 A% dAYdo] R3]

olof] thst A4 AR, Faita and Fiori?] $17¢] Fig. 604 A=
E4e] wE == (polarization curve)S R RuO, H=0] Pt A=
S A= FARSE Tafel slopes HYS & = Sttt o=
Pt Aol ATRE Y183 o] 2F 30~40 mVe] Tafel slopei=
A5 oA Holx] W= wgo] SR TAdS H
HEx) & 2= Q)= ZA}o|t(Table 1, Mechanism 2)[38].

TS, 0]5-9] IFeM T RuO, =2 G4 WA wkgo] Ehilsh)

S

k
rlr
=
=

ol

e -/z\

M ——s MCl —— MCL"

T Step 1 (118.4 mV/dec) Step 2 (39.5 mV/dec)

Step 3 (29.6 mV/dec)

cl, cr

Fig. 5. Tafel slope of each step in chlorine generation mechanism.
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oup7] miiZol] Faole] Folut Ak e 52 w7} ofd
HAFHOR AR Lol St HEF % Y SE Aojdirka
Adrg3kar Itk Table 1, Mechanism 13)[35]. ©]2igt - A¥i= &
A7HA AR wrobzoiA] DSA Aol 2] ol Ay WA YZe
A8 &% A% AlE IS G4t A5 o R E Flslel
Whes "AIZ 28 A Slrh39].

3-2. g4 UM HFLB deks = 22

3-2-1. {=F o] Aks)

Y A% B s W el Qofid ) 2 2
LTI TH A F oP‘)rOl
: XJE,L ¥ tﬂﬁf X-ray photoelectron spectroscopy(XPS)= ¥4
A= o] *@32 WS Qlom A= o] kst
Aol o o= pHE S8t & = vk 2719
A-elM= pHE 015% A AT =REE F
AL _/]\_7]_ -]:L _quJ /\}Q J,]_x%_i o3 A~ ul/\goﬂ _L}oqa-
I ol gl el wel pHE e d viAYZo] AAE ATk
(Table 1, Mechanism 10)[40].

1978 Augustynski®] +==ol|4= XPS Az}l 23l A=<] Ru(lV)
7} Ru(VDE AlslgS $28)aL Akae] 9J8) o] slsls]= 3go]
Aol Bzto)| ekl dojuktar AAIEkAL YTk (7)-(9)) (Table
1, Mechanism 6)[40].
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o 5 i g TR
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ox
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1:110
o

RuO, + H,0 — RuO; + 2H" +2¢ 7)
RuO; + CI" = RuO,(CIO, ) (8)
(ClO,,)y + CI, (or CI) + 2H* - Cl, + H,0 )

of w), A A3l Pojts AL BRaNE Bl WUt B

el Al 4 WO = pH W3 Q7] el pHell wheE A4 it
A s A A
H,0=O0H,+H +¢ (10)
OH,, + CI' > HOCI + ¢ (11)
HOCI + HCl = Cl, + H,0 (12)

pH 8-S 198140] Krishtalikell I3 28 AAEH0H, pH 3
S 3’_34 0}04 21 (10)-(12)2} 22 HIAYSS Akt 41].

A A WAYUS 535
] —_
ok e
cE (230) --—”__.___ 6
S _1F ) .’_.'__.‘-
= =2k
=0 (110)
2 —3 - ---Q-_O_"'O' """ Or====== o--g----
_4 1 1 1 .
0 0.5 1.0 15 20
pH

Fig. 7. The pH dependence of the rate of Cl, evolution from S M NaCl
solution on RuQ, single-crystal face electrodes.

1.8 = T ' T y T Y T " T
20,,+ CI(0,),
16 FCIER 20,,+ (OH), + (O3, i
1.5 f -
2 14 .
o
1.3 Oé\'9 -
i3 20,,+ 0y, i
20H,,
1.1 +2Cl,, N
1.0 ! : :
0 2 4 6 8

pH

Fig. 8. Surface phase diagram for RuO, (110) in equilibrium with CI,
H' and H,0 at 298.15 K. The regions where we expect chlorine
or oxygen evolution to become significant have been marked.
ot and br denote on-top and bridge sites, respectively.

Ty, #H 2] =S 551 Fig. 70l UERd viel o] =)
B gz weh A4 AT pHel AaEAZE Dk e, Ruo,
(230) A= G4 W A7 H 5120 o5l vlellshk=
HFH, RuO, (110) WA= 14 w7 pH7E F-kgto] vhal 3
TH29,42]. ol & Fstel A5 3He] 727 i el & J3=

]z]b e <& ol dkd o7 AME-EE RuO, A=) ¢
i (110) 3102 Lehdm[29,42], pHell whet Ak A2t
2l Arr) gl Aow delA QIxvH43), Fig. 73 2o
pH 2 0]&}2] Y& o= RuO,(110) 2] 735 pH J TS WX
SH=TF. Fig. 8ll41= B pH ¥$lelA] pHell whet 14 Al whgo
oA GERAEA] BolFar QIrH29]. B4 pH FGoME Enel=
Qo] FAJE Abae] o) 5 1o EH‘E’ o] gels &3
Om, Bk potentialol| 4] bridge sitel|TF OHZ F A 381l potential®] 57+
slof| w2} OH7} on-top sited]] A3HE-S H oI,

AR G 2 JESof] pHZ} T FER, WA (Single crystal)
]l 759k T (Polycrystal)®] 735 pHJ Aato] thEA| e,
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Fig. 9. Difference of the cyclic voltammograms for the RuO, (110)
and RuO, (101) electrode in 1 M HCL

(230), (110) 5 ¥4 720 WM = th2 A Lehdtiar
Th, ARk 0 2 Algshe 2] A9 pHe 4 2
AE Ho|[43], AR 79 (110) EHOA = pHoll 4
Ao &S W] ¢k Zl o & YERGTH29].

3222 A= w9 4=

kA AFE uke) o] (110), (101), (230) 5 A= 3 -5
uht 4 W dAYSe] gEb 5 glom i iAol ks
% T Utk

A=) B el wh G A WiAUSC] GEiRiths A
Fig. 9ol vehd ukel 7o) 1986\ Hepel &1ol4] A4 E 2Tk,
RuO, (110) 23} RuO, (101) EHolA W7]3keld EAdo] th=A) v}
ER-S 2u]h RuO, (110) EHoA Q] A4 3 WAYUEE 4
(13)3} #o] #A18FATH(Table 1, Mechanism 12)[44]. 2] (13)°14]
0,~= on-top 2k¢12k, 0, bridge AFAAALE, A= 3] Rus}
0] x| ellA] AR QAL $1A18 Ak S vrERdTE. 2] (13)0ll4=
Haol2o] Afsh= AkAAxte] 9ol w2t (110) WA A4
o] 3 A gebs BolFar Qlk,

0,,+ CI' > 0, -Cl" + 2¢"
0,, + CI' > 0, CI" + 2¢

(13a)
(13b)

3 Fig. 79149} 0] 2006\ Guerrini2] ¢ A¥= (110), (230)
Hollq 4 diAUSe] tEA JeldS st ek (230)
FEHL (110) 0] 1] defect site’} T o, o] oI 1A
F31)7] wjio)| (230) FHo] (110)0)] H]&l F543S Wk, whebA,
(230) ZHAE Paolo] AkslE]7] el 2 4kl HEgo] dof
v 7o) wht Fig, 70 YERd vke} 7o) pHO| ke o] WAl |
o} 3H, (110) BH-E AthE 02 2548 w7 ujio) £2 Aks}
Hu}h fao]9] Absrt WA dojut pHE JEEE ] gethal
Argste] B o] wgh A4 A wiFAUF] tE e S
AABRAL Qlrh42]. Yt o Z A4 WA WhSell AME-EE= RuO,
A= (110) EHE 7HA7] wige]] o] % ¢4 2 MAYSS
T =EE FZ RuO, (110) $2H A D=1t 29]. RuO,
(110) SHAZ oA 2] Aa A wIAUSTS 2] (14), (15)8}F o] A
AlE%=H, (Table 1, Mechanism 19) (110) EHof] Z231 F 7)19]
on-top AHA~@A} 2l Aol o] AFshe = el At A=

Fe R

fe
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A - aAlg

At Aol o] Gaol et Agelel ag PAshA it

(14)
(15)
219] 4] (14), (15)7F RuO, (110) FHM ] A4 Do thslod]
71 A2 AN E AUSO R, DFTS ARRalo] o]24 o7 71
THHA 5 MAUFORE & 5 otk

0,70, + 2CI' ) = (0,),-Cl + CI
(0,),-Cl + CI' > 0,-0,, + Cly(g) + 2¢

33, g4 U =7t =2

A A WIAUSE A8zt QlofA] I sl Fast Q=
CI7} CLE ARS}E= W] F3 B4S ERIsk= Zlo|th A9714]
HAUE AellA] AAlE G4 B S BEFZE Cl, (Cly)'
(Clo,), OCl,,, (M*1)Cl,,, M(OH)CI, M-OCl, (0,),-Cl 5°] It} %
7] ArelM= A (16), (17)8F 2ol W=8] & £2] CI o]2o]
A= we] 28 e e Cl, ol SRR R A7t
(Table 1, Mechanism 3)[27].

Cr=Cl,+¢ (16)
2Cl1,, - Cl, (17a)
Cly+Cl - Cly+ ¢ (17b)

241975 Clrofl thgt Al vbexl7t 10]2hs Aol Eel=d
A Cl,SF CI7F Afshes whe-& Advsl] flske] Cl,7t (Cl,)'=
AbskE (A (19)), A 49 Cr o] &3 WkeElo] ClLy7t A=
A (20)) HIAVIEC] A=A TH(Table 1, Mechanism 4)[36].

Cl=Cl,+e¢ (18)
Cl, — (Cl)" +¢ (19)
(Cl,)" + Cl =l (20)

o] AolM= FXHEARI(CL,) ] 5498 AASHA kokar, A=
o] 2kskel FEIQI(HCI0),,2 FEY S5 rka AHaiit). oo
A1, 1978+ Augustynski®] el x= XPS Aol oJ3f =] 4k
312 Pl BRe R il Akl o) Eo] AkalEls 1hgo]
CI Abslol] kA dojdttar A8k (ClO,)E A4 W Whe-9]
T AR AFshaL v (7)-(9). 1 A A= e
=0 (trapped)A=A] S2H(adsorbed)F o] AE=A], £ A AbslE

0|

=2 A= A
(oxide layer) HIF-2 S017F QUSR] & = §loA] vbg 3k &40
F17] AgeiAl= & 4= §ISUTH(Table 1, Mechanism 6)[40].
T3, 1979 Burke= X E] A (Oxygen surface site)’} G4
o]2o0] & A7} H XNk 3R 2 A= AFEEHARES-(redox reaction)
of] FofabA] ek=tha 4Bt 5, A (21), (22)) 2ol A= &
ol b7k WA Ao 1 flell Y47t At oCl,/F fa
A HkS-0] F71 Bglolelar AmElar Itk Table 1, Mechanism 8)[45].
0,4+ CI' - OCl, + & @1
OCl, + CI' - Oy + Cly + & 22)

T2 2 (23)-(25)2F 2] 1981%d Krishtalik®] 2]5 =FolA] %
A siteo| A1) AbglEReINkgo] 71 F a8k QlxjolH, 3 M7} Aks)
B M2, 23 71 Ee| a7k B (MACL 7 4 e &

a1l =2

7+ E4olglal A|AEFIEH(Table 1, Mechanism 9)[46].

M) = M) + e (23)
™M*h + Cl - M hHCl, + € 24)
™m#hel,, + CI = (M) + Cl, (25)
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Fig. 10. Generalized scheme of the electrochemical oxidation of organ-
ics with simultaneous oxygen evolution.

71 o]Follie 9 sited] AFSIRHANEES-S A4 A wiIFUF] &
AR 7)estn 9lon, T F2kE OHCES: W8 571 E4o)
2}l 31ITH(Table 1, Mechanism 12, 14, 17)[44,47.48). T=3F, Fig. 109
YERS vkel o], 199441 Comninellisi= RuO,= Tﬂiﬂt A=
Aol dhste] Aka 8 9 {75 Akl wWAYSS AASITE
[49]. = oA Eol aljxo] ﬁ—&g}ﬁ}ﬂﬁ(hydroxyl radical)©]
F3% 1(MO,(-OH)), 117 o] o]ofA] AkglE|o] (MO, ) Al
Ao 7 BE] Abar wgsta 7] 8o] AkslEl F thA] %719
MO, FHE FoP7h= o w2 Qokst 4= Qi

o] ¥ o}uz}, 20100d Hansen ef al-> DFTE &3l CI(0,),5 &
P EAR GRIste] 71Ee] wAYS F3eks WRitH(Table 1,
Mechanism 19)[29].

AAIA] D B ] FREAS )7 f18 e A7 A
S QYA oA eksiA AAIEe] A L AdEfolth. @A
ATE TR, 94 M= o] AksE AL, 71 floll 4t A
et Fejrt %—7&5@0] g 5 AR A ofd PR SAEA
o thefix= F71HR1 A7 2

f
to
ot
n,
o
o
i)

4. HIAIE HIFHLES| oA

A2 A vAYE Bl QT iR Ruo, A
o AEIT. T Ao ik oR AL T gl
s

2 Ru0,0l TiO,, 110, 50| 8 B A=tolnl, Bk =to
A= R0, A7} 914 b v o) geld 5 Qs el

o] altt. H3t 2l M gl gt nieh o], oF 40 AA FE A
T R ARE B Y A A Aol FkEdo] o]
Wk vFAYFe] oAl Ho] YAl ob A Es AV R
]lell At Aol mgE ol ohrt. ol AFE= A
o Al F shth= AE7A e AT7E AVNEeHA wke S S
gkl AeAA Q7] witoletal & 4= olrk. W7)3lerA wke
&= 574 ARz A AREe] Qs v 17%414 J-oohs s @
Qleh=tls A3t AT s B = gl AHE%’— UM
Mok ST S o w}am hlacy uﬂﬂ
el in situ g B ovIA|EL 7]

AREt] B B3t 22 SQlshs Zlo] Aasitial & ¢ n:}
[91.

B A S 337

5.4 B
ol Aa WA WIAYSFE I 318 8ks o=
%5 A4 W) pH, A2 7,2 A

F—é— | G4 WA HAYS ol oju st JEFS 5]
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A |
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b
rr
RLE
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:1:;
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