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Fig.1-1 Keller-Hunter Model of anodized aluminum oxide film.
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Fig.1-2 Dissociation chart of sulfuric acid ion in water at 25 C.
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Fig.1-5 Flow diagram of RESS method.
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Table 1-2 Solubilities of metal complexs in SC-CO,, which are used for

SFT-CD method.

Kind of Solubility Condition of
Reagent
metal [mg/dm’] dissolution
Li f3 —diketonate 0.02 29.4 MPa, 333 K
Ga 3 —diketonate 3.01 29.4 MPa, 333 K
Zn 3 —diketonate 1.01 29.4 MPa, 333 K
In B —diketonate 2.63 29.4 MPa, 333K
Mn 3 —diketonate 1.26 29.4 MPa, 333 K
Co 3 —diketonate 0.62 29.4 MPa, 333 K
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Fig.1-7 Concept of NC-SCF method.
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Fig.1-8 Observation by SEM on surface of platinum porous material.made

by NC-SCF method.
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Fig.1- 10 Change of pH of carbonic acid aqueous solution with CO,

pressure at 50 C.
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Fig.1-11 Solubility to water of CO; (temperature and pressure dependence).
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- MWK EX - 1500H2
CHAEE (0 ~ 240V
CHAEW 0 ~ 25A
CEBRHNES 1500 W

P FTINVEAF
- AP PE-33-A
- EARIEGE 0 ~ 35 MPa
B £0.3 %FS
- fEFIR MR —18 C ~ +74 C
BRI HETRAR ¢ KU, WK

N FY&IREE
CBUEN YT B K BBEN
AR c —40 T ~ +1200 T
- PUIEREE - £2.5 C (—40 T ~ +333 C)
+0.0075 + | t| (+333 C ~ +1200 C)
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CRBFEER . T SR9?2

- FZREE 0 (0.3 %FS + 1 digit)

B (B> 7IAD 12 20mm GRE) X 10nm (85) X 3mn(BE&) OFi7 I I =7 A
(JISA1100) ZHW/z, BEIZIE 20mnxX 10mm O B&RE AL, BiREREIT
H&MIC TEHE (1) IEEIshTnS,

RIZ, ZPRATET O RERBLUVERGFGEUTIZRT,

1. BMEELT ./ —FRAKKOES B I CHFLHEEDOBR
WREE : 50 ~ 250V
EMRE : 60T
CO,[EH : 15 MPa
B ;60 BXT 150 &

2. BREBELY - FRICKEOES B X CHMILAEEORER
\|MEE 200V
BEMEE @ 10~ 17T
CO,EH : 15 MPa

WM . 150 &

8. CO,ENET/— FEMERBEDES B I UHIFLHEE OB R
BRELE : 00V
BREE : 60T
CO,EH : 0.1 ~ 30 MPa
BRER . 150 &
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4., TEMFEMET /— FEACRBEOEE B I OMILRGE O B &
BREE 100 BET 200 v
EARRME 60 C
CO,E#1 : 15 MPa

WREEM . 10 ~ 600 4

EZHRFFEEUTREXS, ETHROT NIV AROAMLEE LT, 10~
80°C D 20g/dm* AKE{L T P U D ALAKBRKIC 10 BHBEL, PIIZUARED
HMEZEOHENL ERABCEER D Vi, KEE, ThE=RO 30vol ¥Ry EK
BWIRIZ 30 MBEL, KB P DAKBRIZBELUERICRAEL LKEZ
WO, FoRKkE®, FO 40’ OFiKERET B) ZANLEELEEMR
W4 OBEHIITZNVIZUARO LEIZETZER ImORERMELTFS
VMORDIITHEEREVICRO AT, AFRCEBERICEERREZRD A
v, BEMAKTHEEREL TASERAL .

RICKBAZR R (1) MEBEXERRT () 2ZHAVWVTREENETT
BIERBZEBTEMYWANEAL, TTXFoIRA5—5— (8. 9) THRHEL
TEERBKOEMREEALLE, O, BTERUACENTIEBEESR
(10) THMLE, T TRARIKZBIERREEAT S &, ERRVERY
AT 2BRNRH20TEELALS TRWIR W, ERWAOETBFRE
EETERD, SERDS FHRIC B REVELHEI RO THEK 30 7 FH
BE. —BILREEMULAZTETOREZMERFL, ZBLRBNKFITHAMTS
NEFHEoe, ENNEEL, ERYRENREEMETEEL TND O EHER
LT e EmeEFTn., 7/ — FBAERBEEERLE. ZEUVEAZRER 0. 1MPa
DEALRMETIE24Y, GEEMEZERKERICRBLER. 3<KE
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wEMHBL., ERMRENREMMIIELES, BRETW, 7/ — FE4L
AR LT,

ZFMTH, MEXER TICL2 ZBILRFEOEAZ LD, FEH Tha
CHEBBUANOENZT TR, ENBAXKEE TIN5, HEAYHS
BEBMYEZRODHBHL, BOMIBBEO7 VI ZUAREEEEMHIYMASTD
HU. HEKTUHEER, FERLUE,

REIRIR, FERRLZY /- FE(CEROZE S L W% SEM (JEOL ) 12T
BETHEDI, PIIZULEEEOTEH (P54 snm OE4) %54 90°
0. TO®%, SEFETWL, SEMITTHELR, 7./ - RE{LERIKD
BEE, RIFLEB XTIV H 1 XV SEM EE M 5 JIE L 2,

RIZERUAET /- FRERBEOFOHE S cBREZRTO AN EEHME (F
—IAH VK-8550) EAWTHELE, FERMENEEHIENRE (=%
{LZ8 MCP-HT450) ZHWTHE LR, WP LD, —BMICHHASATNS
THEREIZLDT /) — RBICERE LB E,

SHERCORRTEALERBKOEERBRTORET 4 > REERTRKA
HEF(BXE 2-820002FWTREL., TORKREKEFEE EEOERE
BE LKL

2-3 WRIEE

2-3-1 7/ RR{EZROEILIE

Fig. 2-2-(a)Ic, MERBAKPTOTZINIZUADT /— KRBt DESN
K7 ) — RE(LEBEORTO SENEEE2RT .. COH0BEMEL4I 200V.600C,
ISMPa. 150 HTH B BAHTONT WD REW P TOEMBEE 10V.207C. 0. 1MPa,
0 MTLART, £ TOBRERETFRNADREVELRIBVEATH L. KIRE
AR BHOMILNKE<BHEIN . BBRB=AVWAHRFEQOHTETH,
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WA OERITE 10 TH Y, Fig. 2-3 ® () BE V(D) IK/RT 30000 5D SEN 5
KTHHRVNEHTEHL 2P L LSBRIOBEEREAKP TERLET / — RE
(EREICE, ZEELTH 200m EFEFORED S EULOEREEOHMILNE
ELE, COHMRELT, BEOT /- RBEECARTEHEEEOLDIZ, ¢
WHAXBRESBDEHITHMADERDRESRD, FLHBOLDITEIK
OEBBEENES D, REKHNEWEDICHEBREBEMRTI2HHBELS Lo
RLEEREEBLIEEEAONS., TITEINEWE Fig -1 WRTLIIC, 7
J—RBRBEZERT LML | BEALECAAROOOTHS. BTt
A XEEENDOERTHD, BIEDOEDOEZD L FEMAOEREEZLE
bOEELL, BETAMALOPLMOERTHZ. SEOERTE., MO
WRBEFDHALW R TEALEREZLTVWBOT, 1 X052 EH
KEW, ZOEDR IVEOUEMOFHELTENTS X ERELL., £id
B, A OWRNAHENZEAIE, EREE U THZ B ERERKO LR 7
NATFNIZD, FEBERL LT WRENZAMICHLNREL 2D TH S,
Fig. 2-2-(0) 7 /) — RE{LEEOWED SEM ERZRT. ¥ lumDEILK
BeE 0. 20umaoN) y—@oEgank, 7/ - FREERON) VF—BOD
A—F 4 7 ERR) vIRRRATEEZNS.

CZThaWWNUVY—EBOEE, VREREETH 2, SEOERTHEMRET
200V LN Y —BOAREKIR 220nn/200V=1. lnn/V &0 e, £iET /—
RE L D 39+t X 400nn & EMAEE 200V & DI 2. 0m/V Ko,
Table 22 LS EOBERBKEZRVWIABEHEOMBEANDIHETOT /
—REMLEEOERROHKERT OV, ENSDRBLIK, SEOT /- F
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gL TER L ZEROZHFEEIHEED B TERLULEOM &E, - ik,
plLERZENS, GERFGEONLT /) — FEAEBEEREACT S — N5 —
HOMAMEZG DY /) — FECEBRTHD ZEMHB L., £V
< OHIFL () BElEhE, COBEHEELTUTOZENEILSNS, 7
NWEZULEBEICLTESSMT 20, BEERIVROBEMREIT® < @i
INTVWEDTEMPOBACKBSWPICEZ I EN, EMBPIC MR
FHONIEBABL THBIREICZD, ZTOME, PIIZTLARTATIE. B
KEWS DWW IBILKE S EELEORBAKVBRIICERT 2, Z0EDICT
WEZULAREOBGEEMS —BAREVEBICHFEL TLIRICIIPBEEIN
BN, —H. REKPEMLU TOWBEIZIRET T2 &0 DS R A E R FLEE
TEID, BHRELLPTWEDR SN ERLTNEEEILSND,

2-3-2 7/—FRB{ERBOES

Fig.2-4 i, BEKBAKRTERLEY / — FBRICEEOES L BRELDOH
BERT., ZOBSOBEMEMNL 60°C, 15MPa, EMIEMIE 60 & 150 HTH
%o 250V, 150 HDEBALN, BREENENTEETY /) — FRUKBEORESIZ
BERIICHx e, —77, 250V T 150 WS HEE, RNFHMOEMRET oS
BRI BILEEOESSEHILE, ChiE. EREEIREE 2 &, B
REOEREIDSEROFNED =D THA D, HEOEMEEICHFL<EE
TAEDIZT /— RB{LEEEERON) VY —B & EHROSAEBICH T .
BOICNUY—EBOESs L ERBEEOHRIIDVNTELELL. MEOBKE
Fig. 0-5 1o RT. 7/ — REELEBOND VY —BOREI I ERBED AT
BEEDNTWD, M5, FPEBVEEOMICIRIFREMREAISHD &
Bbino 7,

RIZQEEERA 150 HOEE. ZABBOES LEREEOERITOVTE
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gL, WEOMEZE Fig 2-5 1TRT, EMREED 200V T TRERTEORM
LHERICLHLEBOBRSEIHEML. 200V OB HE<H0. 06 mPo7, RS
ERBOWAVZHAARORERSE N EMMPLE, CHEBESHNTS
L& < OBEBRAVHN, EHEIEHET LD TH D, —F. 250V TR T
J— FEAHBEOERNBBICECD ZLEBOREZIFA L.
PEDIEMORMERBKERMBKE L THWEESTHEREECHLT
HMENCT /— FBACEBOBEEIAEMT 22 &, BERBKPTOY /—R
L ERIER D RE S BMBEESRFIT 200V THBZ EXHE M 2T,
Fig.2-6 I, MEKB/KFTTOY /— FEACRBEOES S ERRE DB/ ER
T, BEMRSGRARIE 200V, 15NPa, 1502 TH 2. BEOWMEKITT /— RELH
ROBEZEHMUEN., WCKREBERBETOMILORE D DIV EDEDHMNHE
<lpo TENEEDREN, HALOBRBHNTY /— FEEEEOBIEIHRSL
oo 2T EMAEO LRIIBERLORBERELY /- FRIEREDE
MEEDZ &R, 7/ - FRILEBEOBRREESMET 2 Z EMbh ok,
Plozehs, RERBKFTOY / — FEEEBARICEEZEMRER
BT T3 o /e

Fig. 2-TIC. MERBKPTOY /-~ FERIEEKBEORE & “BLREOCEND
BEERT, ZOBESOBEMELERE 200V, 60C, 150 HTH2. 15MPa £ T
Ehogmeskicy /- FBEEROEZSEMLE, Ll 158Pa BLETHE
7/ - FRB{LEEOEIRIFE—EL ok, TOHEBEL T, Fig 1-10 TRY
51000 REAKO pH OENKEESNES LTS AEENE V. KKE~
I5MPa DEEETIL, EAE#ITAKPADZBILRFOBERETWEIML, TORKRE
ELTHEAKD pH HEHOEME K KEL RS T B, TORKE, EANWLER
T2E7 /- FBLEEOBRRE—BREZNTEILABOERELS AT
3, ¥E"BICRROBRENBIZEDK, KPOKREA F 2P KBRAKEA
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FBEESHEML, ERAEDENLT< A3, LEOBEBICEY, EAHMNNEY
MEBET /= FRACEBO LR E SN, ThEDT &h 5HM LT,
7 ) — R BRI R TR BRI 1 15MPa T o e

Fig. 2-8 12, MiEREKFTOT / — FE{LERD B X & BAREEM OB %2R
T, EMRGMIEL 60°C, 15MPa, BEMRAIE 100V & 200V T o, EAAMKEIMEMNT
BE, MAEKICT /— RECEMOE S ZWMLE, £& 150 HETRT /
— RECE IO B S FREEICH U CIEEEMEICHEMUE, LhLanssh
PAREDRFE THEEIMOE S L7z, MR LAeLdiT, NUVP—BoREEE
BRBEEOAITLLHIL, ERFEHICEELRZV, TOKBRERICL T, RKiTE
AEEORE L BRISHOBREER L, BMEEMN00VOHA. SALEE
DEEOHEKRIT 150 0FETREM 6. 3n/27Zo7%, —A. FNLEEK 1. 5nn/
SIZW o 7. 100V OB FEKBBERVES N, € TEBRREMN 150 9%
TSI QR BN D - A, ENLBERERESES L, ERE
BEEDENNESIZo/k T EMbhMol, BEIT 150 2L LTI EARRR O R
L, BEHREERBECHAOED OENEQERNES D, IVENRH
N, MALOHRSHENIZ, TREBLEIRORR SRR Z 2871250
AOERNEND, LIV ENE oI ENERTHS, UEOT &M 5,
B2 ALER IR 150 A TH o e

BB ELUTHEZEVWAIHEDY / — FEANEE (10~20V, 16~20C,
0.1MPa, 30 4%) &< EODEEREKEHANDHE (200V, 60C. 15MPa. 150 7)
BEHBLE, SEO7 /— FECAEEZHEKEROERS ORTE M EREIM
THaH, BELT. BE. BE. EEAEWIRROFELIDDELVWERS
EXRETHY, TOBRAOT/ — RBIEEKROESE, BRTHEXRT lum
BECTERN, COERELT, BEETRERKO pH 1 204 EOHE
TH I EETHY. BERBANTINVIZUACERTIENRTN E0H
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Fohd, €6 WEERBKPOAF D BENBENEDIZESHTHINIZI W
LOEETH .

2-3-3 7/ FRUHBKOMAEBITEIL YA X
Fig.2-9 10, MEREAKRTERLLT / — FEAEBEOMALRO B EEK
FEMERT., COBEOEMEAIL 60°C. 15MPa. WKL 60 5 & 150 4T
$H5, BREENEMTHET /- FEAREOHARIEEMRAITHEML &,
FOLk., BRIFEIENVNE, HIFREBEIDOKXE<L<IE>Z., ZOEHBEL TSHE
DHETIE, HMEBPTOERMICHENTEMRBREN COCLERTH D Z &0,
BREEREVOTLAEABO LA (BREREOEFN OBRMENSZHNI L
HHTohsd, £OKE, BIEEROMARIIEFEOHBEROD DD KEN,
LBV ERBEECEDIFINVIZULABBIIELELED a—V#ITL> T,
7/ RE{LEBEORTEEMBEORENEMT 5. TORKR., 7/ — PRI
BIEOFEERLDEMRL., MFLEELOKELZD, BRAOHFLEL 250V, 150
SATH230nm THo . cNHOT ENSEMEL & BMFMITMWARIIKE
BRYEWEGS 2D ENHLENTZS T,

Fig.2-10 2. BERBKETOT / — RE{LE B OMFLE O B R REKRT &
BT, COBESOBMEHIE 200V, 158Pa, 150 2 THD., BEDOLF LR
7/ — RE{LEMOMILEREESICEMLZ. %o T, REO LFEIGER
LORIBEREL 7 /) — NBLEEDERE KIBITED T,

Fig.2-11 7. BERBARTOT /) — RE{LEEOMAROENEFEER
To 0PSO EMEAE 200V, 60C, 150 4 TH B, 6MPa LAED COFEN
TTRMILRIEBEZ 200nm T—EXEo7%. LNLABSERKETTY /—FR
LA % 7o e B &I IRMTLREEL RN o, TOTENS, KEEDKE
KPTRE7INI = A0EFICENY V—EBEEE(pH AT HEOBBRETHY
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FENEDOLAUMTRENL, CNEDEENSHEIT S &, SILEME
207 /= FRBACKIREKRKEN S 6MPa OBOHBEH T THALIRD S
DTCHBD. TDOWFD CO2 [EFK. F9HE M D RFIKZ PR B OB O XA
TR ENTE, COFEREKILITY ) — REBEBEERT 2 2 & AT [
E1 B,

Fig.2-12 12, MERBKPTOT / — RECEROMILE O BRI B K EE
BT, TOHEDOEMGEMYIE 60C, 15MPa, BEIX 100V & 200V TH B, B
BREO®MESIC, 7 - FECEROMILBIZIZEERMICHEMLE., Zh
HEMEEPEBRDIICHENTY /- FRCLKEREOBERESEML NS T
HD. 7/ — FE{LEEIA 100V 5 200V IZHMUAEESS., fIFLEREL I
27,

Fig.2-13 iT. WEKXKBKPTERLEY /— FEEEROIL Y1 XD EMR
BEMRFEERT. ZOBAOEMRMIZ 60°C, 16MPa, RISKFEIL 60 53 & 150
NTH5bH. BMEENEMNTZ2ETY /) — FEEEBEOEILT A XIXEBKICHE
Alee COTENE, LIV XZEMELITHALEXRESERRT D L,
—7%, BRI 283w Elbhol,

Fig. 2-14 {2, MEKBAKFTOT / — FEAKBEOEIL T X0 BHMHIRERK
FHEERT., ZOESOEMEMIE 200V, 150Pa, 150 3 THD, EIH1 X
EMBEEOEVWICHLTIEEALEELET. K 400m THo/k. o> TIY
1 X EMBEITEFLRN,

Fig.2-15 2. MEKBKPTOT /— FBIRBEOEI T 1 XOENKFHE
BRT, EMGMET 200V, 60°C. 150 A TH 5D, 6MPa L EDORISENTH, &
W i 400nm &S BE—EOEERLE. —F. KKETIEMAIH
BTERNSOTENBEEL TRARVWET TH S,

Fig.2-16 =, BERBAKRTOT /) — RBILEED NI X0 BBEFFEIE
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FHERT . COBGOEMSEMIT 60C, 16MPa. BIELE 100V & 200V TH 5,
AEEHKIC, WHIEBL THEl U1 X EAEE LB, #5T
w VA X OB FEFETR s hano &,

LLEDRRNS, BEREKPFTY /) —FEbETd> &, 2FLEMEDT /
— REERTZDET NI RBERENDIE, —FH, KEELRET TR
BEMWTORBOBRENNENEDITHILEBEERT 2 NNBEL. 2Ok
B, MFELAERENTNVY—87 /- FEBEEBERPERTE 2 ENHES M
Bofe TRHOHLKEAKIEE, ZBAKZEENMEL TEBLSDAKPIEATSC
ETpHMWMEL D, 7/ - FBIEKRIEOBBRANESNZ, TLTHRENE
fFLEV, EREE, ERRE. ERFMommeEfickE<R2E. —F,
WA AR EMEEOAHITEKFLEZ R, EMRRE. EHRFM, B RE
DEAIZEFBEAEHEINRN >/, CNEOKBEMNGHME LT, EIVITEMR
EFHIAT 2R EREREN., TOTA ARBEBLALELETICHARDOANE
BIITHEML TRKEL B2 T ZENDbM

2—-3—-4 7/ RRERBRORE

Fig.2-17 k. BEEMRUEENSE I OBELEET VI DU LABRARD
KEO 3 RTHEGERT. () EEMITOMT VIV ABMORE. (b)I1XEE
EOWEA P T 10V, 200C. 0.1MPa. 30 HOBEMEHETHSNET / — FEEL
RO, (o) IXFEEREAKERS T 200V, 60°C, 15MPa, 150 D EMEH
TERONET /) — RBIEEIKEOERETHS. FRR@OTINIZTLABHITH
LT, ) OFECHBBFTELINET /-~ REBEEROREIZE. XAE&M
MREEND., THIZHLT, () OREXRBKERFTTESNLY /— FRIL
EBEOREIZIE, AXAMONEsNE. E7VIZUAROREMRT ZRE
Ui % Table 2-3 IR Y. Ra REMTFIGAE, Ry BRBEARE. Rz BT RF
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BEETHD, MBERPTESNAEY /— FEAERE. UELATRTOR
BIeBWTTZNIZULABMORER SO 10HL LR/, —F., BEREK
BEETESNEEY /- FBAKBIZMTZ VI I BFOREBIIINLT
I~ B D T EMBB P THELNATY / — FELEROZEB EOMD 1/3
LTFREoe > THEREKEY /— FEILUBOBRKIZHND &, HE
DHBERNDT /- FRBRIMEBELERT, PIVIZVLABMBIUTERLE
7/ — FRACKIBEDEMRPEZE R NOTT IV I 20 A5 BR OB T8 B O
BN LG TEL MELICETOHE I ERTYRBEOEHEERT,

Ko, ETNIZULBRIFEORMBIIRE Table 2-4 IIRT . (2) LM
(LRI T I I =T A OERE. (0) IAEE OWE S P TEMSEME 10V, 20T,
0.1MPa. 30 2 THONETY / — FEARROEME, (o) 3EEREKKERFTHE
fREAEDS 200V, 60°C. 16MPa, 150 TR LNEY / — FREALKEBEORE OEHR
RTHD, MEKRBKBERFTHENALY /- FRIEEKEOREENRIT, K
BMRTTESNET /- FREEBOBDIZH LT, 4 400 SOBENRTH
of, TOEHELT, 7/ - FEAKBEOERICERTLEINI Y —BORES
NHEROBEESEINONRVENI ENEIIHEL TR EEZLND, Bl
LSNP —@&ld, PTVIZULABHMESAEBIIEENZRELK
BETHD., BREFICHALEEINERENS, Ko THEBFTHELSN
7 /— Rt B 20 EOEREETHER L CBERBRKBREFTTRONL
7)—-RE{LEETIR. FOERENREEWESLZ k. SIS AHEEI
DNTEABE, BBRTTESNLET /- FRAEBEFOLILEBITILT,
BERBAKBERTESNEDOREMBMAKEEZL TWEOT, £07/
~ B EEOREEARIFEERT TEONEBEERID B RESCRELT
W2tz ona, bRAKNCERNOT IV IZUABMOREEIRIT 1. 0X10*
UFRTHp, oEAVWEEERBF TRAUERTETH . 2O ENS,
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BEKBKBRTTHONDIEARBIE., BEOHERT TEON B KK
IO BENERICHOWEELER TS EMbho /s, 1 3 ITRHEHAR
DEHERT .

2-3-5 PBEKDH
BERBKBEPTTIVI U LEGBEBLLLEBOBEKOSFKERE:
Table 2-5 IZRT, pH L 4 A OYME (2704, 67 OL, ., FII=
vA) OREEZNELZ, CORTTZNIZUARBHNKRPE TRV, 7
WEZULRBRIIL > THEISHEBRTHOTRERE RV, —H, T
FoUAUANAOHE (2 THGMXNEME) BEEEHELASBTHLE D &
Lxzbhd, ULALUREEECHKEEQRELMRLEGER, TXTOYE
DEEFEEMBUTE-ZOT, SEOHETHHINZEKITIED L TTHE
KOEETIZHAFICHENATETHS. LEOZENSSHEIERT 5 R I KEK
BREZBEBMEETSY /- FBRAABEETIREATODPIINVWAKETHZ I &N
Zifeshik, LHLESHE, FREEENETETHRLI B >TSS ZENTFH
TN, o THEERUASHEARNKYEDRBERLIVWEDIZ, S8, ®E
EMUOHMEDLIUVHEERHETIBERD S,

&

2~-4 # F

REANOEMPDRVWEERBKEZERBELL THAWETINVIZVLDT /
—REMtEERELE, COFEEAWVDERKTOREEMEBENKIEIIHR
YT THECEERNOEFESRY, BAKLBEOIX MRRESBEBRE
N3, IoRPEHEORBER VDY /) — FBRIELBEERT, PIWIZULE
HOBANESAVWOTHENTEEORIEN TS, SERSNER
EUTICE LD B,
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(1) MEREBKEZEMEEILTHEVWSY /- FEAABICIDESNRET )
— FEEEEE, BEOREZRWSY /- FE{LERERAC YT — - N
I —HMOMAEER o TR, FLTNUY—FOAERKIT 1. Inn/V,
EHEINHA XEBMETEEOLIT 2.0m/V &, BEEOEEEERLCE
Sle —H. BMEREBKFTOY /- FEERKEOKEHERERBFERELD
B<. BER I pmBEEHEN- k.

() BEXKBKEBEMEELLTHWSY /— FRABAEEHWEZES,
B EOBRIEMEL, HE, EMIEAEKICHEMLE, TL TR
EIEEMRT 52D OREEMIE 200V, 60°C, 15MPa, 150 57507,

(3) WRENE=MAIOERG, ERETE. EREE. ERFHEOMM EHkIC
WMLz, —F4. 1 AR EMBEEOHITEKFL .

) BERBKEEMRELTT /- FEAELAEEZT> LS, —BREICHE
AENTWARBBRTTESNAET / — FEAERBICEL T, BRIERKO
FENAERTH D, MHEESEN 2T,

5) BERBAKEEMEELTHWDT /- FBEAEGETIE, EHRES
OBARWE E FEAGLIE R T ITHAFICHHATRTH D, BRAEIR b2 XE
CERTEZ T ERDMo .
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Table 2- 1 Acid dissociation constant and anodizing voltage of acidic

electrolytes used for anodization of aluminum.

Acid Dissociation constant A\r:(f))lc:'cifgigg
Ka Ka Kaz Kaq (V]

Sulfuric acid Very large | 1.0 X 1072 12-20
Oxalic acid 56%x107|5.2x107 40-60
Chromium acid 1.8%x 107 [3.2x1077 30-40
Phosphoric acid 59%1076.2x10"% |4.8x10™" 30-40
Pyrophoric acid 1.4x107{1.1%x102]2.9%x107 {3.6x107| 70-100
Boric acid 5.9x107" 0-600
Malonic acid 1.16 X107 2.1x 107 80-110
Succinic acid 6.2%107°|2.3x10°° >120
Maleic acid 1.8%1072|1.5%x107 150-225
Citric acid 84x10™|1.8%107° | 4.0x10°® >120
Tartaric acid 9.1%x10™ |4.3%x107 >120
Phthalic acid 1.1x107(3.9%10° >100
Glycolic acid 1.5%10™ Pitting
Malic acid 4.0%x10™[9.0%x 107 Pitting at 400
Carbonic acid’ 45%x107 {4.7x 107"

*It has not been used before our study.
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Q > 11 D> ya

Fig.2-1 Experimental apparatus used for anodizing of aluminum.

1: CO, cylinder, 2: High—pressure pump,

3: Temperature~controlled water bath, 4: High—pressure electrolytic bath,

5: Aluminum anode, 6: Platinum cathode, 7: Electrolyte solution,

8: Stirrer bar, 9: Magnetic stirrer, 10: Back-pressure regulator, 11: Rectifier,

P: Pressure gauge, T: Thermometer.
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A: Pore diameter (200 nm)
B: Cell size (400 nm)

70kv  X10000 1um WD .Oml

= C: Porous layer (1 um)
: D: Barrier layer (0.22 um)

SEl 7.0kV  X10,000 1umw WD 8.0mi

Fig.2- 2 SEM pictures of anodic oxide film of aluminum formed in
carbonic acid bath at 200 V, 60 °C, 15 MPa and 150 min: (a) Surface of
oxide film (X 10000), (b) Cross section of oxide film (X 10000). -
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Fig.2- 3 SEM pictures of anodic oxide film of aluminum formed in 15

vol% sulfuric acid bath at 10 V, 20 C, 0.1 MPa and 30 min: (a) Surface of
oxide film (X30000), (b) Cross section of oxide film (< 30000).

—
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Table 2-2 The growth rate of anodic oxide film.

Carbonic acid Conventional
method
Thickness of barrier layer 1.1 nm/V 1.0 ~ 1.5 nm/V
Anodizing voltage
Cell diamet
cli diameter 2.0 nm/V 20 ~ 3.0 nm/V

Anodizing voltage
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g
=

® 60 min
M 150 min

Y
«
U

o~

Thickness of oxide film [z m]
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Fig.2-4 Relationship between thickness of anodic oxide film and anodizing

voltage at 60 ‘C and 15 MPa under different electrolyzing times.
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Fig.2— 17 3D image of surface of aluminum with super- depth shape
measurement microscope: (a) JIS A1100 before anodization, (b) Anodic

oxide film of aluminum formed in 20 vol% sulfuric acid bath at 10 V,

20 °C, 0.1 MPa and 30 min, (c) Anodic oxide film of aluminum formed in
high—pressure carbonic acid bath at 200 V, 60 C, 15 MPa and 150 min.
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Table 2-3 Roughness of surface of each aluminum anode.

Ra Ry Rz

Sample (um)  [um]  [um]

(a) JIS A1100 aluminum before anodization  0.093 1.370 0.890

(b) Anodic oxide film of aluminum formed
in 20 vol% sulfuric acid bath 1.525 13260  9.998
(10,20 C, 0.1 MPa, 30 min.)

(c) Anodic oxide film of aluminum formed
in high—pressure carbonic acid bath 0.184  3.810  2.526
(200 V, 60 C, 15 MPa, 150 min.)

Ra : Roughness of arithmetic mean, Ry : Maximum height

Rz : Roughness of average of ten points, As for details, please refer to an appendix 2.

60



Table 2-4 Surface resistivity of each aluminum anode.

Surface resistivity

[Q/sq.]

Aluminum anode

() JIS A1100 aluminum before anodization <1.0X10*

(b) Anodic oxide film of aluminum formed
in 20 vol% sulfuric acid bath 9.95 X108
(10 V,20 C, 0.1 MPa, 30 min.)

(c) Anodic oxide film of aluminum formed
in high-pressure carbonic acid bath 4.01X 10"

(200 V, 60 °C, 15 MPa, 150 min.)
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Table 2-5 Analytical results of waste electrolyte solution after anodization.

Measured Effluent standard
concentration value
pH 6.0 5.8-8.6
Total chromium 0.8 mg/dm’ 2.0 mg/dm’
Chromium (VI) 0.2 mg/dm’ 0.5 mg/dm’
Copper < 0.2 mg/dm’® 3.0 mg/dm’
Aluminum < 5.0 mg/dm’ -
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Fig.3~ 1 Experimental apparatus used for anodizing of aluminum in high-
pressure carbonic acid + another acid mixture.

1: CO; cylinder, 2: High-pressure pump, 3: Temperature—controlled water
bath, 4: High—pressure electrolytic bath, 5: Aluminum anode,

6: Platinum cathode, 7: Electrolyte solution, 8:Stirrer bar,

9: Magnetic stirrer, 10: Back-pressure regulator, 11:‘Rectifier,

P: Pressure gauge, T: Thermometer.
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Fig.3- 2 Relationship between thickness of anodic oxide film and

concentration of sulfuric acid at 10 V, 20 *C, 0.1 MPa and 30 min.
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Fig.3-3 Relation between ion concentrations and concentration of sulfuric

acid.
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(b) (d)

Fig.3-4 SEM pictures of anodic oxide film of aluminum formed at 20 V,
20 C and 150 min in 0.1 vol% sulfuric acid bath: (a) Surface and (b)

cross section of oxide film in 0.1 vol% sulfuric acid bath, (c) Surface and
(d) cross section of oxide film in 0.1 vol% sulfuric acid + 15 MPa carbonic

acid bath. -
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Fig.3-5 Comparison of thickness of anodic oxide film formed in 0.1 vol%
sulfuric acid bath at 0.1 MPa with that formed in 0.1 vol% sulfuric acid +
carbonic acid bath at 15 MPa, where anodizing voltages are 20, 40 V,

electrolytic temperature is 40 ‘C and electrolyzing time is 150 min.
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Fig.3-6 Comparison of thickness of anodic oxide film formed in 0.1 vol%
sulfuric acid bath at 0.1 MPa with that formed in 0.1 vol% sulfuric acid +

carbonic acid bath at 15 MPa, where anodizing voltage is 20 V, electrolytic

40°C
Electrolytic temperature [C]

temperatures are 20, 40 *C and electrolyzing time is 150 min.
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(b)

Fig.3-7 SEM pictures of anodic oxide film of aluminum formed at 60 V,
40 °C and 150 min: (a) Surface and (b) cross section of oxide film in 50
g/dm® maleic acid bath, (c) Surface and (d) cross section of oxide film in 50

g/dm3 maleic acid + 15 MPa carbonic acid bath.
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Fig.3- 8 Comparison of thickness of anodic oxide film formed among in
carbonic acid bath at 15 MPa, in 50 g,/dm3 maleic acid bath at 0.1 MPa and

in 50 g/dm’ maleic acid + carbonic acid bath at 15 MPa at various
anodizing voltages, where electrolytic temperature is 40 C and

electrolyzing time is 150 min.
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Fig.3-9 Comparison of thickness of anodic oxide film formed among in
carbonic acid bath at 15 MPa, in 50 g/dm’ maleic acid bath at 0.1 MPa and
in 50 g/dm’® maleic acid + carbonic acid bath at 15 MPa at various
electrolytic temperatures, where anodizing voltage is 60 V and

electrolyzing time is 150 min.
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Fig.3—10 Comparison of thickness of anodic oxide film formed among in
carbonic acid bath at 15 MPa, in 50 g/dm’ maleic acid bath at 0.1 MPa and
in 50 g/dm® maleic acid + carbonic acid bath at 15 MPa at various

electrolyzing times, where anodizing voltage is 60 V and electrolytic

temperature is 40 C.
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Fig.3- 11 Relationship between thickness of anodic oxide film and CO,
pressure at 60 V, 40 °C, 150 min and 50 g/dm® maleic acid aqueous

solution.
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Fig.3— 12 Comparison of thickness of anodic oxide film formed in maleic
acid bath at 0.1 MPa with that formed in maleic acid + carbonic acid bath
at 15 MPa at various maleic acid concentrations, where anodizing voltage
is 60 V, electrolytic temperature is 40 C and electrolyzing time is 150

min.
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(b)
Fig.3—-13 SEM pictures of 30,000 magnifications of anodic oxide film of
aluminum formed at 80 V, 40 ‘C and 150 min: (a) Cross section of oxide
film in 100 g/dm® maleic acid bath, (b) Cross section of oxide film in 100

g/dm’ maleic acid + 15 MPa carbonic acid bath.
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Fig.3-14 3D image on surfaces of aluminum and anodic oxide film using
super— depth shape measurement microscope: (a) Anodic oxide film of
aluminum formed in 20 vol% sulfuric acid bath at 10 V, 20 C, 0.1 MPa
and 30 min, (b) Anodic oxide film of aluminum formed in high- pressure
carbonic acid bath at 200 V, 60 ‘C, 15 MPa and 150 min, (c) Anodic oxide
film formed in high- pressure carbonic acid + maleic acid bath at 50 V,

40 C, 15 MPa and 300 min.
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Table 3-1 Roughness on surface of aluminum and anodic oxide film.

Ra Ry Rz
[#m] [em] {um)

(2) Anodic oxide film of aluminum formed
in 20 vol% sulfuric acid bath
(10 V, 20 °C, 0.1 MPa, 30 min)

(b) Anodic oxide film of aluminum formed

in high—pressure carbonic acid bath

(200 V, 60 C, 15 MPa, 150 min.)

(c) Anodic oxide film of aluminum formed
in high-pressure carbonic acid + 50g/dm’

maleic acid bath

60V, 40 C, 15 MPa, 300 min)

1.525  13.260  9.998

0.184 3.810 2.526

0.134 3.220 2.780

Ra : Roughness of arithmetic mean, Ry : Maximum height

Rz : Roughness of average of ten points, As for details, please refer to an appendix 2.
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Table 3-2 Surface resistivity of aluminum and anodic oxide film.

Surface resistivity

[Q/sq.]

(2) Anodic oxide film of aluminum formed
in 20 vol% sulfuric acid bath 9.95 X 10"
(10V, 20 C, 0.1 MPa, 30 min)

(b) Anodic oxide film of aluminum formed
in high—pressure carbonic acid bath 4.01 X 10"
(200 V, 60 C, 15 MPa, 150 min.)

(c) Anodic oxide film of aluminum formed
in high-pressure carbonic acid + 50g/dm
maleic acid bath
(60V, 40 C, 15 MPa, 300 min)

3

4.21X10°
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FEREMA T, 1,0, HCO . O HY, (HEWS 5 FMONTF LA Ok
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Fig.4-1 Formation model of anodized aluminum oxide film.
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Fig.4-2 Model of proton space charge (in sulfuric acid bath).
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Fig.4- 4 Relationship between CO, pressure and concentrations of

molecular and ionic species in high— pressure carbonic acid aqueous

solution at 50 C.
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Fig.4- 6 Relationship between thickness of anodic oxide film and
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molecular and ionic species in high- pressure carbonic acid + 50 g/dm3

(0.43 mol/dm®) maleic acid aqueous solution at 40 C, where RH; denotes

maleic acid molecule.
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Fig.4- 14 Relationship between initial concentration of maleic acid and

total concentration of HCO;™ + RH™ ions in high- pressure carbonic acid +

maleic acid aqueous solution at 40 C and 15 MPa.

116



5.0

.
=
|

Ny
>
i

9
>

0.26mol/dm’

Thickness of oxide film [z m]

1.0 |
0.09mol/dm’
0 —m——t—iir—
0.00 0.05 0.10 0.15
Total concentration of HCO; +HR ions
[mol/dm®]

Fig.4- 15 Relationship between thickness of anodic oxide film and total
concentration of HCO3™+ RH ions in high—pressure carbonic acid + maleic

acid aqueous solution at 60 V, 40 C, 15 MPa and 150 min.

117



1)
2)

3)

4)
5)

6)
7)

S% SR

BRER: BMEICISBEBRE, BEEE (1996)

@ BOR BILEREE (BEKLFSE) . NE, pp. 449-455
(2001)

BEEE: REENEE (RERWH2E) . BRI TRGHAL,

pp. 495-502 (1998)

EBRE, BERT: HF7)V< MER, HOIHK (1997
EREE: STFLAVNSAHEREOEBILTF (HRLERR) , Fol
fRz % —, pp.213-243 (1976)

T. P. Hoar, J. Yahalom: J. Electrochem. Soc., 110, 614 (1963)

A. Seidell, W. F. Linke: “Solubilitiesof Inorganic andMetal Organic

Compounds, 4ih ed., vol.I” , D. van Nostrand (1958)

118



MOE M 1

AT, HBRERTRERLSPRKD SN TWABEIIBWT, &EEE
NBERFORZORETHL2HAZFRHELZANT, FERBEVEN R & HH
VBWT V2D ADTY /= R OWTRE 217272, LFIRERE
THRONEHERZENT 5,

BIERMERTHO, KPEOERERRZELEDI, PII=LOT )
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FIWIZULAEMIZEHHEBEOY ) — FR{CEBEERTETHE 2B S
MIZ U7z, FRERLEBEEER. BREOWROBMB L TERL B
FREFMUSS— - NI —HOMA#EEEZF>TWE I Elbholk, 25
27 /= RBERIREERTH-DDORBELREERETEEEHIT. BERR
KPP TERLUZBRIERIRZ., EROBBEHANWEY /- NB{LERID bET
TRBER/T, BRGNP OMNRok, ELBERIENS
B e N oBREAER T EOEENRICHETETHILEFRLE L
toZ s, RERRKEY /—FRICOEBRELTHVWBEHEAEDY
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DERD OB —KBEF TRENIEIDOSFEULEDY /) — FEIEEEEEK
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ff & | BEKBRKPCEETIHT. 1AV BEOHE 0S54

MEREAK, RERB+ILVACBREGKBERPCHELTIHFR A48
EEEHRTS Fortran 7O 54D ) XA MELUTIZRT. ANEHELTEN
FNAHHEZ ANTEEL, TORRENHAERELTEF T4 OB
EExT.

.l HERRKOAHDHE

COMMON AKT1, AK2, CA
DIMENSION X(4), Vi (28)
EXTERNAL FUN
AK1=4, 46684E-7
AK2=4,67735E~11
15 WRITE (%, )" CA?'
READ (%, ¥) CA
WRITE (%, %) X (1) ~X (4} ?
READ (%, %) (X (1), 1=1, 4)
N=4
EPSZ=1.0E-5
EPST=0.0
FC=100,0
M=50
CALL NOLBR(X, N, FUN, EPSZ, EPST, FC, M, FNOR, VW, 1CON)
WRITE (6, 100) |CON, M, FNOR, (I, X(1), I=1,N)
100 FORMAT(SX.'ICON='.I5/5X.'M='.ES/SX.'FNOR='E15.7/(5X.
#x(,12,")=",E15.7))
OPEN(11, FILE=" dataq, txt', STATUS="0LD")
WRITE(11,200) (I, X(1), I=1,N)
200 FORMAT (' X(",12,')=",E15.T)
CLOSE(11)
write(t, %) BilT A 12 AN, #&bhB>EOEEenter
nn=0
read (¥, %) nn
if(nn.eq.1) then
goto 15
end if
STOP
END

FUNCTION FUN(X,K}

COMMON AK1, AK2, CA
DIMENS ION X (4)
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GOTO (10,20, 30, 40),K

10 FUN=X (1) #X (3) /% (2) ~AK1

RETURN

20 FUN=X (1) %X (4) /X (3) ~AK2

RETURN

30 FUN=X (2)4X (3) X (4)~CA

RETURN

40 FUN=X (3)+2, 0X (4)=X (1)

(1)

(2)

RETURN
END

AT

CA : TRRALFGROWIREE  [mol/dnf]

X(1) 2 K31 A2 OWREE  [mol/dn®)
X(2) : BROSTFOWEE  [nol/dn')
X(3) : (RERIKEA A > DENREE  [mol/dn’]
X@) : A A OWE  [mol/dn’]

78K

X(1) 1 KKA A OWEDFIEE  [mol /dn®]
X(D) : RO T OWEDFENE  [mol/dn’]
X(3) : R A OBREOFEM  [nol/dn’)
X4 : RKERA A 2 DWEDRIFAE  [mol /dn’]
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1.2 EEFE+T LT CEBRRAKEAROSS

COMMON AK1, AK2, CA,BK1,BK2, CB
DIMENSION X (8}, vw(88)
EXTERNAL FUN
AK1=4, S0E-7
AK2=4, 70E-11
BK1=1, 78E-2
BK2=1. 48E-6
15 WRITE(*, %) ' CA?'
READ (%, ¥) CA
WRITE (x, %) ' CB?'
READ (%, %) CB
WRITE (%, %) X (1) 7=H+'
READ (%, #) X (1)
WRITE (%, %) ' X (2) 7=H2C03
READ (¥, ¥) X (2)
WRITE (%, %) ' X (3) ?=HCD3-"
READ (%, ¥) X (3)
WRITE (#, %) ' X (4) 7=C032~'
READ (%, %) X (4)
WRITE (%, %) ' X (5) ?=RH2’
READ (%, ¥} X (5)
WRITE (¥, #)' X(6) ?=RH-'
READ (, %) X (6)
WRITE (%, %)' X (7) 7=R2-"
READ (%, %) X (7)
WRITE (*, *)" X (8) 7=0H-"
READ (%, %) X (8)
N=4
EPSZ=1,0E-5
EPST=0.0
FC=100.0
M=200
CALL NOLBR (X, N, FUN, EPSZ, EPST, FC, M, FNOR, VW, | CON)
WRITE (6, 100) {CON, M, FNOR, (1, X (1), I=1,N)
100 FORMAT (5X,' ICON=", |5/5X, ' M=", 15/5X, ' FNOR="E15.7/(5X,
¥%(,12,")=",E15.7))
OPEN(11,FILE="dateqQ. txt", STATUS='OLD")
WRITE (11, 200) ICON, M, FNOR, (1,X (1), 1=1,N)
200 FORMAT (5X,' 1CON=", 15/5X, " M=", 15/5X, ' FNOR="E15.7/(5X,
£ X{,12,")=",E15.7))
CLOSE(11)
write(x, %) @EIT 212 AN, #ho->EDEEenter
nn=0
read (%, %) nn
if(nn.eq.1) then
goto 15
end if
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SToP
END

FUNCTION FUN(X,K)
COMMON AK1, AK2, CA, BK1, BK2, CB
DIMENSION X(8)
GOTO (10, 20, 30, 40, 50, 60, 70, 80), K
10 FUN=X (1) £X (3) /X (2) ~AK1
RETURN
20 FUN=X (1) $X (4) /% (3)-AK2
RETURN
30 FUN=X (2)+X (3) +X (4)-CA
RETURN
40 FUN=X (1) %X (6) /X (5)-BK1
RETURN
50 FUN=X(1)}#X (7) /X (6)~-BK?2
RETURN
B0 FUN=X(5)+X (6)+X (7)-CB
RETURN
70 FUN=X (1) %X (8) -1, 0E-14
RETURN
80 FUN=X(3)42. 0%X (4)4X (6) +2. DXX (7) +X (8)~X (1)
RETURN
END

(1) AEEs
CA : ZRRLIRSRDOYIME  [mol/dn]
CB: =LA ABOYMEE  [mol/dn’]
X(D : KA A > OUNRE  (mol/dn’]
X(2) : KBOSFOYNEE  [nol /dn’]
X(8) : BIRKEA A > DWIE  [mol/dn®)
X(4) : R A > OWREE  [mol /dn’]
XQ) . T LA VBOSFOLBE  [mol/dn’]
X : LA VBO 1 DO N AL | EORA 7> OFNEE  [nol/dn’]
XD VA BRD 2 D0TT b HMREEL T 2 fEORRA 3> OFNEE  [nol/dn’]
X@) : KBRLH A OFRE [nol/drY)
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(2) HHEEK

X(1)
X(2)
X(3)
X(4)
X(5)
X(6)

XM

X(®)

IKFE O DOBEOFREHE  [mol/dn’]

RO T OREDFESE  [nol/dn’]

! IRBUKSRA A 2 DIREDFEE  [mol/dn?]

: KB F  OREOFEME (ol /dn’]

COUA CBROSTOBREDFEME  [nol /dn’]

PRV CBRO 1 D070 S AL 7 | O A > OBEOFHEE

[mo1/dm?]

C RV VB L DODTT N 2 AMREEL 7= 2 DA A > OB D FHEE

(mol/dm®]

: KER{LH > DRIEOHIAE (ol /an
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ff & 2 FEESOMESE

Fig. 2-1A-a IR L DIT, FAFEHE Ra b, ML S S 20RO AT iR
ELEVHEERD, ZOREWDETOFEEROAI X e, X fli&E2TT 55T Y il
D, HEHifRE y=f(x) TRLUIEEEIZ, KNTLoTRDENZ{EE<1 70A—-F
J (um) TRLEZDDTHS,

Fig. 2-1A-D IR & DIT, BAEE Ry 13, M S Hifh 52 OO A EEES L
FEVHEETRD, T OHEWO GO LLTERR & A AR & OHINEZ ML S iR C 13289 S AT
EL. ZOEETAI7OA—RL (um) TERLEZHDTHS,

Fig. 2-1A-¢ KRT &SI, -FATHPHE Re i, ML i 5T DR AN HAER
X LETHRERD, TOHEWMO S OVHREBEITT BAMICHELE. FHEWILE
5 5 FE OUEE TOERH Yo OHSHEDFSEE, RHEVWRENS 5 BEHETORED
R Yo ORRHEDSMEOMERD, ZOEEYI 7 0A— MY (um) TRLEDHOD
TH5.,

Rz = (Yp1+Yp2+ Yp3+Ypd+ Yps| + [Vl + 2+ W3 + Yo 4 1osl)/s  + + (L.2A)
TIT, Ypl+Yp2+Yp3+Ypd-+Yp5 HEEHERS LIRS B HEMD B ORDRWILEN S

5 ZEOIEETOER, Yvl+Tv2+Tv3+Yva+Tv5 IBEEEES L I 2HEMDHIO
BHEVWRENS 5 ZBHE TOREDER TH 5.
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REEHTR o s BHRIORAR UL DRFOEEMORE LU THNWENS, RR0OFER
CEREFLET, RHEWN T 2\EHERIHT 2. 0L ERMERIIIICE DR
HHNB,
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CTTRIBEBUE (Q). RCF (S) IIREIEETRMICFE RCF (S) =9.065) TH2.
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