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Characterization of nanostructure of porous anodic alumina film and fabrication of
porous a-alumina membrane by anodizing and subsequent heat treatment

Tatsuya Masuda

Porous anodic alumina film formed by anodizing of aluminum in an appropriate acidic or alkaline
solution is a typical self-ordered nanoporous material with dimensions ranging from submicron to
nanometer scales. The film can be applied to a filtration membrane after detachment from the substrate and
through-hole. However, chemical and thermal resistance of as-anodized film is insufficient due to
amorphous state in order to apply as a membrane filter. We investigated the optimum conditions for the
fabrication of an a-alumina membrane by anodizing and subsequent heat treatment of an anodic film, in
addition to the detailed characterization of nanostructures of the film. To detach the anodic film from the
substrate, an advanced anodic polarization method was better than the conventional cathodic polarization
method with a stepwise decrease in anodizing voltage, because the through-hole treatment was
accomplished in a shorter time. The regularity of the pore arrangement of the film formed by two-step
anodizing was greatly improved compared with that of the film formed by one-step anodizing, therefore,
the deformation caused by heat treatment was suppressed. As a result, the combination of two-step
anodizing and the detachment by anodic polarization process was suggested to be optimum. It was found
that a crack-free alumina membrane that maintained straight channels similar to those of amorphous anodic
alumina was successfully obtained. Thus, nanoporous and single phase a-alumina membranes with pore
diameters tunable over a wide range of approximately 40-350 nm were fabricated by optimizing the
conditions for anodizing, subsequent detachment, and heat treatment. The pore diameter increased and the
cell diameter shrunk upon crystallization to a-alumina by approximately 20 % and 3 %, respectively, in
accordance with the 23 % volume shrinkage resulting from the change in density associated with the
transformation from the amorphous state to a-alumina. Nevertheless, flat a-alumina membranes, each with
a diameter of 25 mm and a thickness of 50 um, were obtained without thermal deformation. The a-alumina
membranes exhibited high chemical resistance in various concentrated acidic and alkaline solutions as well
as when exposed to high temperature steam under pressure. The Young’s modulus and hardness of the
single phase a-alumina membranes formed by heat treatment at 1250 °C were notably decreased compared
to the corresponding amorphous membranes, presumably because of the nodular crystallite structure of the
cell walls and the substantial increase in porosity. Furthermore, when used for filtration, the a-alumina

membrane exhibited a level of flux higher than that of the commercial ceramic membrane.
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1.1 7AI=UA

TI=0h (Al) DeEL UTHA L7DIIAR/VZ OFEMmABHFR S i7- 1800 4
RUBATH L2, TAI =T LB TH D 7 A BT /v TR HI35#) 7000 4RO A
VAR I T TRELLIHANOER STV Y, RIEIZEE L TME VB IOAEN
DRI 2SR L TRk 5, Z O TIE L 7o B L2 A A MR I T
W le D BEAYROKE AN DRGSR E LTHERT 22N TELEW I, TAI =T L
DIFFEIL 1782 FEIZ 7 Z > A ® Lavoisier 723, TBIZEA (1IFA 1) 1XRFE IR 2 BLF0
INFEEITIRS, RFFELT DM OEILH T HE T E RV OSBRI TH 5 "l He
PEIRREV ] EWVIBRAREL LI LT o TR S,

THAI=ZTAENIZITENE TRICHWONTE 7 kit D0iR” 2R
FIZ Alumium & L7 2 SICHRT 5, ZOHGEITHEY TH L% (Alum) D>
DY EFERE LTS, 20k, Alumium 32> b D & W) BREFFST 7
FEOD Alumine EFENDIF A 72 n 2012 T Aluminum E AR Sz, X512, THEA4
X7 7 VEEDFER N -ium T2 H DR Z 28 Aluminium & 72 -7, TV =7 A
DOREFRE 1925 47 A U (k5% (American Chemistry Society: ACS) (2 & » TIEXIZ
Aluminum 238 SN 7228, I —nr v /3R H AT Aluminium 23S HW S ke T, B
FEIZE > TS 2

1807 4E, A XU A D Davy 1L 7 /L 2 =7 AOHEHIHER L=, Ik I =
A (AlOs, 7V T) ZKRRILA Y v A (KOH) LiRA L COMBWRRELL, Tv3
U b HEES D 7 O BRI A AR TN INTITE S 2272 D, LaL, 1809 T
Davy IZEL L7-8k (Fe) 12 ALOz ZIRE L CT — 7 ERIZ XLV Fe-Al &8l Lz,

TR =T AT 1825 EICT v — 7 @ Brsted (12 Ko THID TULE B BB S L
7zo Drsted [ THALT VI =D L (AICL) 20V U LT <V LTETL, 22K % K
STHEETLZETT VAT LORNENREFi -T2 T VI =0 LO/NRLE ST D



ZOEE/LNIZT NI =T AO/NLTMEEAME < $k78 EAREA L T, 20 40
1845 4, Davy OBITTH>7= KA Y D Wohler 1T TTH %2 7 U w7 AT <V H L0 5
EEAI Y T LIMRZDHTET Drsted L0 BMEDOEWLERT VI =T L5515
EIRTE, BEOMA CEBEIMHEEFRD Z STk LY,

1886 27 A U B D Hall & 7 F > A D Héroult 1XflE L 7-oKB A IS T V2 T % VRfR
S, RFEMEHNCERDET D 7EE TN EERNCHEI Lz, ZOFikiEs
—/b « =)L—k (Hall-Héroult Process) & FE(XAL, #9130 Afkil L7=HIAETH T /L 2
=T LAOREFIZHNLNTND, TV =T AOAEKRNATHE L 72> TH B IXAEEED
BT EMRERICBE T 2N hE - 72 Y, TEAEIZNE TR TH -1k
PHNRTCIE BAE S A R MRV — L - L —IRIC K B EMEEIEICE DY, T
L=V LADFERHIAF Y T4 T LI UEF R Y A (NasAlFs : Kihfa) 7D
T oltcEE b oo, AL s TL—IERFRAE L TG 24F1%, A—A R T O
Bayer |ZJEEI DR —F %4 MIEENDHET A BOmER, B kT ¥ 2Kt
MU D LATRHS L Z LTI THELZ®EDDTELFEA Lz, ZOIETAAY
—i£ (Bayer’s Process) &MEIEHL, FR—/L « T—IEOMEITH D TV I T OME %
MOLIENTEDLZ LML TEMICHEHHSINDET VI =V LDOEREI AR S
BIIETL, TAWI =T ARR—ARAZLE L THATELETICho72 Y,

TV =0 AIHIEHR OFERIG K 2T % L B, 7 A RITRWTIFHIZEL
SRR E L TEIROLELSGFET D, TAI =T AFRE L DOFEOROXREN =D H
B L UTHRET 2 2 LITES, B bmoa 7 Ak, Kiged, wilz
W, TABEZETIII N EmE LTHEEL TS Y

TV =7 NIERRH e BN A THEDN NI WO TEMIZITIT VIt v, T
—T U E Vo TR, AR, S AR B SRR B S
NTWD, F2, T =0 LIEROF THEAEKRE A Th 5 72D LHEICEN D
23, M D E E TITTRE P EEFENE /R 12 D, 2D, —M%IZIE Mg, Si,

Cu, Zn 72 & MAT Al Gz & LTRSS TS, Table 1.1 ITAREH 72 71



=0 AEEOLFEMRE T Y, Al AITKERE (ANSD) KET VI =7 A
2 (AA) ZZZIC L THARLIERK QIS) TRIGR I L IZHESNTE Y, #MAI
AR LTV AME (MEREME, 58, T 2 bS5 Z L8 TE% %, 1000
RATMLEN 99.00 %L EO TEMMT VI =0 L TH Y, MENEWCOEEME, N
T, MEMEICEN T D RERENE, ZD7), FiREZLELE LR WERE
RfE, g EICHWH LD, il (Cu) 2% 722000 5%, ~7 x> U A (Mg) &
YU ay (Si) #H0Z7-6000 %, #igh (Zn) & Mg %1% 72 7000 I EVLER A5 4
ThHY, BT LY mBEOEE L DIV, 2000 R ILHERIZILETT 1% & DR
2D, UHIEICENTWD 20, R UELF v —ilin /e ST S b, Frlc, 2017
BTV 2T NI, 2028 HAIFBY 2TV I E L THHBNTEY, f2eireh &
LT 20 HACHIEED B VB D, 6000 SRIFHREE & MHEMEN & BICREFTH D20,
R&EM 72 6063 BlE T /L Iy VT S5, 7000 &1 Al G4 D H Chg b TEE DS
<, BarYa I EEERD 7075 e RENTH Y, FITHZEH-CkhE =
W, @FENy PRAF—A by 7R EDAR=Y Al S5,

—F, ~vH> (Mn) ZH1%7- 3000 5%, Si Zh1%7- 4000 5%, Mg %l 2 7= 5000
FRITIEBVLVBIR 54T dH 5, 3000 SR1E 7 /L 2 =0 A DIMEMECI T2 F i3 1258 E
A LSO THY, EHECERM & L THRIH STV 5, 4000 I EH: &
M EERENE BN -G48 TH DTG A N UM ERCIREEEINE, A8, h—T
U A — L7 E DRGSRV HN LD, 5000 RiE Mg OE A EOMEN 05 %~5 %
IR, BIIERICE > THE L EDLLTCOGEe0OEENEE Thbd, Mg OEAEN
DI A4 (0.5 %~0.8 %) ITTRE MR 7= O A i-SCEREH SR VIV SN D,
Mg A #J 2.5 % Te 5052 AT REOREZ R D, BEIEORA —/L Eiflibh
TW5, MgEaaENK 45%~5%Th 5 5182 54:X° 5083 A&ITHME, Mat:, &
BRI D, 5182 A& EIEHE D EA, 5083 G4l TiAEEE M EL L LT,
B, (L7772 MeEITfEbiiTwa,



Table 1.1 Chemical compositions of aluminum alloy. (unit: %) #

Type Si Fe Cu Mn Mg Cr Zn Ti The others Al
1050 0.25 0.40 0.05 0.05 0.05 - 0.05 0.03 - 99.50=
1100 0.95 0.05-0.20 0.05 - - 0.10 - - 99.00=

Zr+Ti
2017 0.20-0.8 0.7 3.5-45 0.40-0.10 0.40-0.8 0.10 0.25 0.15 020 Bal.
Zr+Ti

2024 0.50 0.50 3.8-4.9 0.30-09 1.2-1.8 0.10 025 015 0.20 Bal.

3003 0.6 0.7 0.05-020 1.0-15 - 0.10 - - Bal.
Ni

4032 11.0-13.5 1.0 0.50-1.3 - 0.8-1.3 0.10 0.25 - 050-1.3 Bal.
5052 0.25 0.40 0.10 0.10 2.2-28 0.15-0.35 0.10 - - Bal.
6063 0.20-06  0.35 0.10 0.10 0.45-0.9 0.10 0.10 0.10 - Bal.
7075 0.40 0.50 1.2-2.0 0.30 2.1-29 0.18-0.28 5.1-6.1 - - Bal.
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TV X F IR, TNEVE, WEEEREVE, MEREALPEIZEIL TV D 72O ki, WTEEA
SRR, BRI EICHN LR TN D Y, Z201Eh, T I FIIAERREEE Z
Iy I AL LTHWHRASSESOA 77 0 b, WiEECEOFE, BEEOBEOZDO
ARRPEE DE A e EOEERI I ST D, TV FITiEEZE < OfE s E S
HBNTEY, TEALZ7 A, o, B, v, 6 & m, 0, x, p, x @ 11 FFHOLENTFIE
LTWg 810, ZdI3h, fifmldE, MMENRRLIERELY o, v, KEXKTLTHZ
ENBHDH, TNHDFERED I B, B-AlLOsiE Na2O 7213 MgO & AlOs, (-AlOs X
Li2O & ALOs DFEARTH D72, HiFee 71 F Tk,

Fig. 1.1 (27 /v X /KM OBSLEIC X DG TET L X T~ DO fhisE D 7 v —F
Y— b AR O, FEERET VR IR A e TV SRR E BT D Z LT ko TR
DAL, RIEERORG AR, NEMRFOJE ) DEFEWIT L > THE G B & IR 272 5 6 0
D, BAENITETo-T NI T Db, o7 VI FETAITFTORTRLLZETH
EFHIMPECTHEE S m 0, BARR T E £ 721L= 7 & 4 (Corundum) & PRI
LM E UTHEET D, MR BEAMITEATH LD, MEBOT VI =0 LFFRY



HLARE, FHUREICEESHWRDL ERVFLEL, V=V T7 7 A TR EOEH
mE LTRSS, a-7 /v T EBRWICHE B L2 X #REHT (XRD) 12X 0§32
&, HEAE W ET N Z — AR TR S, 6, k TH Y, TOMOFELE TIZT
0— KRB 2 —r bl d, 20D, TV T ORSEIITEIC 700 °C F2E TH
SNHIEIER (v, n, p, 1) & 900°C~1100°C THOLN D EER (5, 0, k) 204
ENb, ZOLx, FBRETAIFTOEELy-TAIFTN397gem® THY, KHE

ERa-T VT8 3.99gemB TH D W,

Particle <1 um . .
Gibbsite ALO;*3H,0 —25 = 5 - ALO, —2—+ k- AlO, — =<
200°C l
. 500 C 800 C
. 1000 °C
200°C Particle <1 um l \
. 250 C 850 C 1150 °C
i 300°C } 1
Nordstrandite Al,O5*3H,0
. C
Diaspore Al,0;H,0 =0
) 900 °C 1200°C
Tohdite 5Al,05-H,0 > k- AlLO,

Fig. 1.1 Crystallization of alumina hydrate. 1%

13 7AI=vALDT /— Figfk
131 7/ — RERbic X 5 RmlB OJE S

TV = MIAEAEBMEN S E° = - 1.676 V vs. SHE LK<, 25 CIERE DA
S L, JEEE om OB R T ' T 7 A ARBLEIEN LT 5, Z0HK
AL BTN O S BFEHZRE L T D, LovL, BIRICAR LBt BIIIEs
(CHENZ N DEMP TSR T 2 KEmORER L LTI TiERWy, 207k
W, —RENSIET VI = LAOREIZT / — FBREA LB, BEE7p & oK mlil
PITHOIL TN D,
BRALTFHFIECLD 7V =y A%k MEm RICEMFIRRREVWR— T AL R %



AR 57/ — RERfLlE, 1923 FIZEULZANIIEAT O, AR S 2 v BREMRIR
V2T, £REICA Y 20 Bengough & Stuart 57287 1 ARRERRR % H
WTAT 72 Z IR E D, R, BARTIEY 2 UM, A XV ATIEZ r AP TOT

J— FRLRBIC R L, TN ZENRRFEIG L TV D, R AARTIEY = U REAHR
PR LR —F AT VI FREZ T L~ A &S DL TREEREEL, Dk OM
JEILMRE, HHE SIS X o CHI &Mk, 1932 4, WHAE, B D IXEKIC X D EHL
JLBR A L LT, BHLABRAAT 5 & 7V T OKRFIISIZ & 0 IO FLNERIZ T L
FARFNFE L, R L COMmEMERm LT 5720, YRR EORSE
o7 VY e O, M2 OB Tl EA R~ OEMICE 21,
T — REBACEIE DAL A 1 = X LI BT DRI, PESEST B DR RITAE O & FERR Y
R HILARE 2R, /U2 7 o T,

TNI=ZULDT ) — FBEIC L VBN LT AN Y v —R R & AR —F
AR D 2 FEEEIC 0T H b W19 Fig. 1.2 127/ — REKIC L » TERT BTV
LT EIEORAH 2o~ d, 7 — FERERF O BRI AR T We—7R U M RA 1A R
DT =y LT ERPEERR A WD LN R (Fig. 1.2a) 234
L, BT VA ) EMRR A WD LA — T 2RI R (Fig. 1.2b) 234k %,
oL E, BAGEIENERT DBROESICFEONET /) — F, AV — R TERENLL
ToOXTEREND,

Anode 2Al+3HO > AlbOs+6H" +6¢e (1.2)

Cathode 2H " +2e - Hy (1.2)
T = RTIET VI =0 LBKICHRT DB A A EOS L TT VI =0 LFK
MOREIZT VI FTRERT D EEBITKIFAN A BB EHRET D, —T7, BV —
RCIIKHROKFA A MR TC S, BREEDOKFBTARRET D,



Barrier type

e _

N

Porous type

Anodizing
Jootrin,

(b) acid or alkali

v

Fig. 1.2 Two different types of anodic alumina film formed by using (a) neutral and (b)
acid or alkali electrolyte.

1.3.2 NU Y= O E s & i
U —RIE R EERER CREEEE T LA ST TERT 256 L, EEEE
TS 2580 25, AiEOLE bREBLETREFT 2 &, ERITREEL TERE
DOEE L REERIZ e D, RFEE S OAREEIZKT 5 3% 77 Anodizing ratio
TN Y —RIEEOHEA 1.3 nm Vi~15 nm VIRE TH D 819 U v —H 7 s
ARG LT nm BREOE S ETHRESELZENARETH LA, HEV
\ZE#ET D &7 ) — FEEHICHERRIEEE A U, B BRI D 72D Z Ll FIE < Rk
RBT&ERW, NP —RERIIT VI =7 LK RIS — TRE RERIETH 5729
FZT NI =0 LOEffa T o —OFEKRE LTS TWS
— RN YRR DR S1TT / — FERbRF O AR 258 < K1F 35725, Ono
5 WEE CEEICBNT S EMROWIRSLEIREEIZ L > THBEDE I AT/ A —
M A—=Z =TT DT L aWmE Lic, 2L, KIEOREE & WEE D EREELS
DT ) — FEBIERETHENMT LI EEZERL TS, IERDOE S Y72 OEFEE R
TESHEE [Vmt] 1%, EEV EREDESdZHWTKRAD L) IckREND,
E=V/d (1.3)

H

Giintherschulze & 291X 7 / — RERILFFOEFILEILIRE D exp (BT 5 2 & & BH
L7z, Mott & 23U v —R O R EME IOV CTEGRI 2B 21T, B i
CEGEE E OBRELULTO L 9 IZRD T,

7



i=nvgexp[-(W-gaE) /KT ] 1.4
T, nIIBENA A UBE, vIIBENA 4 OREEL, ql3BEIA AL OER, Wik
AT RBENCKIT HRT vy VEREDO R &, aldA A U BhEEIERED 1/2, kiTARLY
< VEE (k=1.38x102JK™) B LT IMxHRE CTh 5, AR A BEmAIC I &
L7 oRTT /) — FBEEBEDO R ISR T o @mELEm L L THHNA TN D
Flo, REORE, 724 BAEEES, FEFRIIVTILLEROMEICH LT
ERRAZHEINT 2 2 & % Ono &2 A LT\ 2 18, Thompson & 2|3 & fi#iFlIC
BIEDRE F~DT =4 DIRAFIGN R D Z L2 HE L T D, oY
YRR L CRED D TV =7 ARG IS T =4 IRARITAR TR T
$40%, VU UBRIETRITO%THY, X 7 AT UV BETIHIEE AV EIRA LR,

1.3.3 R— T AR O A RO R & ok S

TN =T LERIEETIT AN VEERET T ) — Rk 25 &, 7/ A—F
NF—E—D IR A HOR—F 2B N LR % (Fig. 1.2b) 172 Fig. 1.3127
V=Y L EFEEEBIOEERT / — R Lz & & OERRI L OEE-REHE iR
&K BBV TAERR L7 IO 2 7”77, Z ORI AR & 290372 7
N =T L HOWTHRAEROYEIERZBE LEREZME Lo bOITELL T
YERk U7z, EEEEM (Fig. 1.3a) 26Ilc L DL, 7/ — RERLREOBREIH (H51)
TN Y —BIEER AR T 5 2 & CTIRILAE L 20, BEEMETT 5 2, Eit
BEFE DA T O TR CIIBEIC B3 1 23 BB IR AR 12 L 0 FIIFL S 3842 LT
Bo D%, HS N TITPHALOKRE & o) Y —E@AEREE IS UEEXFE T
R T 5 2 & THBIA I L TERBELSB/NE 725, Ml N IZET D & RO

R AVRITAEREEIDS U UVBELZTER L, RA ICEREEN AT 5, il
BEN—EME R DM IV TET NV =0 AF M RIER SBT3 Y —E0
R E N Y —J8 BRI S T OEGIEE RN NT AR IRBN LR —T A
JERRET 5, A—T AR LRI BRI O S CTRET 57 B17.223) ) FHfig
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AN AR B U 7l 22 030 L7203 B3R TN Bl ER S, € DI T ICIZA AL ] L
ToRE S DALDEMERFR] & LIRS R T 2,

~—
&

(b)

¢ <

Current density, |
s
v <
\oltage, V

Anodizing time, t Anodizing time, t

I I 1]l v

--H

Fig. 1.3 Schematic diagram of the kinetics of porous anodic alumina growth in (a)
constant voltage and (b) constant current conditions: (a) Current (1) — time (t) curves for
anodizing (i.e., V = constant) at constant voltage and (b) voltage (V) — time (t) curve for
anodizing (i.e., | = constant) at constant current. 2%

Fig. 1.4 (27 / — FB{bAR—T7 A7V I F RIS T 2 5 B RS ORAX 2 7R
To =T AT NI FHEOHEEET VT H < M HFHE I TE 72D, 1953 4F, Keller
5 PNIEATE T HMET (SEM) OBIE2A FIZHD TRA S IEORX 2428 L
7=, Keller 233K LIz REOFERITANERR TH 7203, EOH%OBEIRME T4
e (TEM) Z W2 OB LERLFHFE THE S 2RI L 0 B CAA
b4t YRR L 72 RO FLIZE NI WEIR TH 5, TR~ 7ol A — T AT R g
XTIV =0 LFEM RO TER L TWDHT2, FLEHONY v—EFTET
5 EGINEER CIE T RS T2 N AR —F A@ L b,



o
"
s
2

7 )= RELAR—F 27 )V FOFAEANILT U HBRAITIE R, L LR D,
HARR 72 FLELS 2 F7> Keller 7 /0D X 5 72 B4 E RS 2 B2, OFrE D EM
S L 27 7 — Figfe (B CBANESRM) &, @F 7 A TRAINZRZEE A4 5 L
72 SiC & AL LY T TLIEAZBRL, 7/ — RBALOBICARK T2 L2758 L
T, ILOSEAARCHAES LG 2 e T A7) U NEOIR S D, OOH
CHLHIMEZREIT 1995 4212 Masuda & 73 & = U IREEAFIR (40 V) & W CTRFMEEE
T — R T 5 Z & CHONEMAIES L7 IR A ER L= sk > TR S
7= B 2ok, R—T AT FEEO B CHEAIE SR B ERE (25 V) 20
LU UPREMRK (195 V) %N 3 ARSIz, HEMANESMCERIL -
N—=F AT NI FEEZFICHAES LB R ) v~—DF /) U A v —) /1
v R ARDEERIST 57200 T T L— R E LTRHEN TN,

Hexagonal cell

Porous layer

Barrier layer

Fig. 1.4 Schematic of porous anodic alumina film. 29

Fig. 1.5 ICZTDH%ME SN R—F 270 2 FREO B ERANESME b & o TAR
BIE L E RO E RS 8308880 RO AE, B, N Y —BOEIIXT /
— FLFRF O AERELE CIRITHET D Z ERFREETH Y, ZNEFNDOH A X LAk

ORI R I VY 25nmVY, 1nmVITHA3, Gosele 5 3®)%, Masuda

10



OAVEE Lo, > = UBo 2 >0 H CHANESEZ H, U o FeEfRiR  CrER
LIeR—=F 270 I FRIEOFLES AN T 2 72O DR F- 2t L, T OREER,
Weox7 ) — R ERF DT VI =0 AR b S A7z & & ORI iR 7S BB AR R |2 B
DOLTH LA THLIEEINRETHL I EOX LD, ZOFRETER LI EEOA
R & VRIXIZITERERICH D Z L 2WmE L=, Ono HIERFHREME TH
L2 e, g, U URBOIENS, v g, AR, JT RS Wl e DR
NWRBZRNTS T ) — Mt kb4 25 2 & THOHANE L7 B O /F
BINFHRETHH Z L2l Lz 339, oo | AHANES GO FEITBUE b IRt
Kikuchi HIZ k> T LN TEY, BL U@Lz T Fa i 39% AvCH OB
Bl L7 AR —F 27 v FRIEOAERT 7 — FERLIZHIH T & 2 8l o Bk
WEBRE SN TN S 34,

300

Etidronic acid, ,

210, 225, 240 and 270 V, ,0'

525, 563, 600 and 675 nm _.*
e Citric acid, 240 V, 600 nm —_, ¢

g 4
S 200 } -
= I # Phosphoric acid,
£ _~* Tartaric acid,
e .’ 195V, 488 nm
o) /'
o | L
3 100 | _# Malonic acid, 120 V, 300 nm
_® Selenic acid, 46 V, 115 nm
& Oxalic acid, 40 V, 100 nm
L # Sulfuric acid, 25V, 63 nm
0’\\\\\\\\\\\\\\\\\\\\\\\\

0 50 100 150 200 250 300
Formation voltage / V

Fig. 1.5 Self-ordering condition of porous anodic alumina formed in various electrolytes.
These values wrote behind indicate formation voltage and pore diameter, 2830 33-36)
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F7o, 7/ — FBALEBEIZII AW ERE O O EBRET =4 BNREAL TS Z &
MAETSITE Y, Thompson & i3 A A IV v 7 ikEAWTHR— T AR IEOREHE
B L, BT 2 EMIBIEIC L > TRIBERNO T =F AR ABIG N R D 2 & i
L7z, BB T =4 DIRANEIGIL, £ D#%% < OBFEFIC L - TRt =472, Fig. 1.6
WCREWREEE UTHIEE, =2 vlg, U UmB IO v Afgd O TER L7 N
DT =F ARANEG T, IE~OEMRE T =4 DIRAEIGITEMRIEREIZ L > T
By, RABEOE I LTHERT =4 IXIEIE 100 %), v = U7 =4 1%
90 %*), U UET =AU NL TS NNRAT D, 7 m AR CIER U 72 BRI 7 =
FUBFEEALRAET O, ZEFMRTAIFE LTHFEL TN D 4,

Anion-incorporated layer

Pure alumina layer

(a) (b) (©) (d)

Sulfuric acid (100 %)  Oxalic acid (90 %) Phosphoric acid (75 %) Chromic acid (0 %)

Fig. 1.6 Distribution of incorporated-anion layer of porous anodic alumina formed in
(a) sulfuric acid, (b) oxalic acid, (c) phosphoric acid and (d) chromic acid. 42-6)

14 ATV 7 4)VH—
141 AT VL7 4)VE—OME L H¥E

Table 1.2 IC—f&ICA T L 7 42— LTHWONAME Z5RT 8, =ik
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(X5 1% T AR & I KB S D, FRICH @ FIEORERIZZ <, #
M K o THBUKMERBUK M2 EOME, IR EWE N 72 D, —RICHBE S
TR M < B B D IERITHHE T E DFLEAREON, IR S HIK & FF
D, =, BHEIIT NI FERELTDHET I vy ARRE (C), X7 VT A (Pd)
72 E Q&N B IVIHEWECTI SR M ED B WEM B Z N, TAITFTRELT A M
REFEINDET I v 7 AEIREDWAHIL CTHNEZ R & LIoIER Rt L 35
ZETRERIMRDBFFEONRT VY, BT Iy 7 74 A F—TFITE ) U AR LKA,
Fa—T B ER— IR ST DR, BERSERZ AW TIIT LTV b 7= A
BRI AR TR HIBR S 4L 5o RIS IRACA) THERL S 4172 B MR & MBSO 5 i 14
WZENTEBY, 7T/ MR O Z LD ZRUIRFARA X L 7p 0T A3 L LTI
SNTWD, £, RIVUNIKBA A Z2FZMIELEEE O, KFE5BE
e LTI ShTWg, —J, 7/ — FEIZ X 0 /R U 7l sl AL o ¥ — 70 i
EIRDILERD, HEE L CRIATRER 720, ILESHROPINED A T LT 4
NEZ—E L THIHATDHZENTED, LL, REELTTEALTZ 7T ATHDIZ &
5, 7/ — REBALEBIIECT VA U, @RS U TR AL 572,
FHBR S IR B LS HIBR 23 8 5

Table 1.2 Materials of organic film and inorganic film for membrane filter. “®

Category Materials

Cellulose acetate (CA)

Polyamide (PA)

Polytetrafluoroethylene (PTFE)
Organic films Polyolefin (Polyethylene: PE, Polypropylene: PP)
(Polymer) Polysulphone (PS)

Polyvinylidene fluoride (PVDF)

Polyimide (PI)

Sillicone rubber (SR)

Ceramics (Alumina, Silica, Alumina-Silica, Silicon carbide)
Inorganic films  Carbon
Palladium
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Table 1.3 |2 /0B OFRE & BEE 0 2 — L &R d 849 SR OFRIEIZ R & < iF T
AFERED Y, MALORZWIEICKE AiiE, RIS, F 7 Ak, BH2%EE L 7
%o AEEAMEIIR 7 0.2 um~1 um OMFECKL T2 FRETHZ ENTE, BILA
WETIEY 4 VA, BHE, 2vA Nhif, BERE (R 10nm~80nm), 7/ Aild
BTl 74 A, WRBWECITMME, B, 7 I BESMT 2N TE D,
F72, Y o — VL ITHEE DN B TR O % ALV O P ARRBURL O E 721 3SMA~ 53
B A G L TF a—T TR, ZHE DY — F DB E ZBIR N AL T L
B, hZE0 % e~ IEH Lo h 220 H 0, BIRTIEII R E AT 5T v R
RER LR L CREICEAT 70270 —FXRH 0, —BOICIEBENSL<
BHASHTWS, AT L7 4V Z—ORSEICE L B3, @KEH ISR I A Y
D ELIEM N ET D Z L THRA T T 4V AREL, HiltEfEDRIc SN D
ZEMRELE o TWD, ZDT®, fEICASAAF 7 VL& TE, RHIFEEEH
ARBZR AV T LU 7 4 W E— DB RD LD,

Table 1.3 Type, module and flow mode of membrane filter for water treatment. 849

Micro-filtration membrane: MF
Ultra-filtration membrane: UF
Nano-filtration membrane: NF
Reverse osmosis membrane: RO

Types

Monolith
Tubular
Spiral
Hollow fiber

Membrane module

Dead end mode

Flow mode Cross-flow mode

142 77— RBALAR—F AT NVIFTREOA T LT 4V H—~DJiH
T )= RBGICEVERI L =7 VS TR T LT 7 ATHY, BT V0 VIR
W CESZEEM L, SRR TIEAKMT 2 72 DML FRMMENMEV, ZD78, Aif
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T A H— & LT R A LR T D DI BV X 0 LSRR IE R a-T L
LT ~OFERERD DN D, FEESLY 2 VIBEMIKE AN TER LR —F 27 L
2 FREIROBLELC X B RS SaEiEFLIE, Mardilovich & 592 Ozao & SV BV 4T<° XRD
ZHAWTHREET VI T OB EEBEREDOHB ZME LI LICK VLN E R
ST WFROREYS 900 °C LA LT y-7 /L 2 F~DfE il & BIRE T =4 > D43 iR
WAL, 1200 °C LLET a-7 VI FTICHEBT 5, RIENIIRAT 2EMET =4 13
BRI X > CHBERE N R 5720 o-7 /L 2 F~OFEREBIRE I L AT D,
LIALens, SFETIET /— RBBLAR—7 A7 VI T 8Ee b3 2 BRI 4 U 58
BOFERIZHZCHRONTELT, 77 v 7 Z5%E2CMil Lz -7 VI T AT L
> DIFRIIREETH - 7,

Fernandez-Romero & 133 = 7 FREEMRIL 2 IV C Rl A ESRL L, 1100 °C CTEVLER
ZATO 2L THIBRZMFF LR DTNV I T AT L ORfEMb A ER LTz, 2O
HCIEEVLER EE MR W 2 O ISR datE gL & L TRIERI D y-7 v I FTh o7z,
McQuaig Jr & 9%, v =2 VAW TER LT /LI F A7 L% 1200 °C T 1K
BBV 2 & -7 VI T~ 5 2 L adiE Lz,

AT L ELTOT VI T OREEGICET 2 #iE1E 2000 LA 250 S
TWAEN, ZOFRERDLZ T a-T VI FTA~ELETITHEHZZ 7 v 70—V ELL,
BERSIC X 0 FLIBBICE B2 A LT 5, 2012 4EITIE Chang & 59728, U U EREARE %
HAWTa-T VI FE2EMD 0-TAITFTEETET) & L2 6mmX75mm A XD
IR T L OVERL A Uiz, DDA 7 L OFERGIEIZ T LV 2 =7 A
DIRIERRE & RO R (AL —R—)L) OMBEHETH Y, 460 nm DT /L
ERORIEDOT =4 ARNEE 2 2 THREL THOLEET 5 2 & T, B0
EE2MHIL22N G a-7 /v I F~OfEE LN AR TH H & FR L TWDH, —JF, Ono H
BT EE T BEMEE (TEM) ZHWWC, BIEPORE~E 4 B L72fER, 7
=FUIBAE, TRDLLMTAITEIEIT =4 IRAB LD bR LTV &
A Lz, #E-> T, Chang b O#EIIR AL Lo Wil 7 v S oz e T
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=F v OBBE Y O AR LS DB DR BE LT TR kL E 25, Lo,
BIRE T =AU DRA LN 1 Al & I 7 =4 AR AEOFIE MR Y
BELISNTIET = A ARNEZ B TRET D & B ABENELS 20, S LmMEMET
THIDALT L ELTHRIHT L2 ENTERY, £, UV UVBRECBWTHE
NEEE XD 75 BIZhHT=5T =F RABEZL2THRE LSS, (LFER (K7 U4
R=2 ) %479 LRABENRE L, JREEDIRTIZ D723 2 72 D LA O HIEH 3 R 3 & 7
HTZENHETH T,

INFETICEZEOMBEETIIT VI ST AL T LU BB LIZBICRAET D7 T
v 7R = in E DI 2T 5 120 O R O REE R G 4D0RIBE T 1E S O L
TR ZIT> TE Tz, TORER, MR R—7 ABOBMWEFIROIL L K@D DK
FCTH—RAB LR OREP BTG ROMEE TH D Z LB 0hoTce LINLRRD,
ATV T ANE— LTR—=T AT NI T EFEHT 5 7-OIZITH@EICE L7z
BOFIEEESNT a-T VI F A LT L OBREERECF B M O G S L BT
ORI

1.5 AWFIED B

KHFFETIET /) — FEEAR—F 27V I FREIEIZDOWT, £ ORI S & Mo
i X 70 EOREDIRIAB LOKBEDO A T L7 g W —~DiiH & B & Lz,
2EBIOVEIWTIEITNI=ULET ) — Nk T 5 L CREMREMRIKRE LT
W, ~=avlig U BERY, 7/ A=A —F—DI e OoR—F AT LI T
NS DA G A A - D SRR 72 R 2 BRY & L7e, F & 2 EMHRIC R 72 23382 .
T IRG EMRIR 2 W CTRIEZ R L, EAAE IS L 2 it E oflg L i1 7
J = PGB LV AL, EARBIUONY Y—BEI ZFh Lz, £z, KEORH
SR L & HIZ, HEORE HWIZIRA ERIR & INNA 250, RIEOK R
FEROME SN 2 AR DB 2 Et Lo, S BIZ, BIROAL AT AN S
D EEBREL, Ey— A SEHBRIC K DMME (Yo 7)) L#g - T AN ) EIK
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(KRS D IR 7 & % BRI CRIAM L 72,

4 EBIOE 5 ETIET /) — FBbAR—F ATV F R E W EERD a-
TNIFTACT VO EZHRE LT, 2RI 2 ME3 25 72 D O RIS O vt
& ATV DFBERIN A ATV E R 2R R MR £ CTRGT L 7c, BIfEE TIZAR—F R
TN FREEEFNT, AT Lyl UCOISRIC AT 7= 08 7 Bl 5 1 o2
SO AR AT K D ALERED ) E 08, Fidkr R L D@ 7 A v E—E D
L SOSORBFIE S TN D, L, 58878 a- TV FICHEEE L2 EAM R K E X
HFRFOT NI T AT L OIFRERE OB, RN— T 2R B IO RGHIAE S 0 281k
ATV ENE, BERAUTRE, FEFE S bR S Tnevyy, £ 2T, 4
BECIEHAYT VU OBMERIZKIET R —T AT VI F RO MM O f 8% B &

2T D7, 1 EBEBE RO 2 BefEEARIZ X 2 Km0 LB O & RIBEEIC X 5 HEih
DAEREDENIZOWTHRE LTe, £0DT%, 5 5 CIXEVET 2 Il nl e/ B 51k &
HIBESRNTF I AN TR 2 OBEETT / — FEgb L, IREPIC AR Lz -7 VX T
AT VO ZHE LTz, 6 ETIX, EMIEEIEOT VI T AT L O
e CIRFE A2 TR D 7o, BULPRIZ X 2 BENICIRA L2 EME T =4 OiBER >
[FIE & a-T b 2~k LI-BRORE b O R & K& &% SEM & TEM 2 H T
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W2E 7T /) — FBLEROHAMEE IR 5 v o VIREMRIK
~DEIMIEFE DL

21 ¥ &

7= R K VR —T ATV I F R Z A 5%, BB LT VI =
U LNIFEENGRRT VIV vy, =T U — MRS TWD, T =T 4
27 ) — FEBLT 2BEORENREBME E UCIINEE, = v, VB 3HEE
FICHWLNTWD, 1 ETHRRZL L, N—TF AT N FEEOHMEED &L
TaArvary (g AevT 1, NIY—EEI) IXFEICT /— FBLREOERK
BEICLOHIETLZ BB THLS, LL, F—EETOEELET / — gk T
o THEMEN IR D & LBENICIVIAEND T =4 U fZ ORAEIS D3R
D, RSNV Y —BOEINENT S 2, F—EEFTT /— bl & X,
BLRENBVNEEANY Y —BORE I NS, ARITHEE, > = Uk U BREMRK
DIEICRKENZ ENRESNTEY, U BB T CIERL L 72 SO LA O
2 Ll ERE WY,

—J7, BIRITKR L C 2 UL O EMRE A I 2 TR G AR R U 7 BRI B
T HHEITD I, BB S IE 10 WOk —2 W% = U BRI A & I CE B I B AR
(4AM?) L& EOEFEEEM (135V) X, 2wt = VEEHEE (45.0V) L0
10 Wit By (12.0 V) ITIEVVMETH Y 22236, IRAEMIR P CER L 72 BEO#
JE (3.03gcm™®) N = UERHLE (2.78gcm™®) LHiEAHIR (2.66gcmS) TIER L=
BIEOBEE LY bEnC L2 WE L), H—07 7 — FBEERIFICENT, g
B CER U 72 SR OE S I3y = R HYR 2 - TERL L 72 B 2 0 ARV 23, KRR
HIImifE — > 2 U — 7 = VBORGRE A5 2 & Tl S M EFEM D M LT &
5L ERELTCND O IRAEME P CER L2 REOM S 23 m BT 58k L LT,
W HIFHIR CTOEERT / — RBLIZHASTEFREEN G, 5O & OB R

LTS LBLR LTS, Lrl, CEMEMRITIERRMEICE > TEHEEN R
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720, AR E RIS ISR U 7o BN AR T & 7\ T O BEARR ) L o0 Ll 23 IR
#HTH D, Fukuda & "OHE LV, IO S SOMEREM X B VBNV E W T
DI, BRI E D IEOME OB NZH ST T DIIT AR EZITE—E L
LI EBEBRIC L AN METH D, £2, 2o OWs CIRA BT E FV
TR U 72 D £ VAR AL e & O, B DA P fiftds K OV INis B i
WP, S SCMBEAENE 22 & OMBIME I L n > TV D L 00, IR BERE
FAWTER U 72 SO Rt s ) B3 2 BT 60 b lr o T2,
RETIE, RN—T 2TV I FBEOWHAEE O IR 1 2 MR 5 72, #iEH
HLRLTWARRNREMIK TH D ¥ 2 VEEEMIRIZ S LT EIT Y B2
LTCIREEMRR A MW TEBEBMIC LY IRZ/FR L, BB KO 2 AR
ETHMEE (SEM) IC X 2E#EEEHT /— Figkit (K77 4 U273k #0
% ERACERTE CREM L 72 3 2 ik

2.2 FEER L
2.2.1 K
AR CREA L7=3E % Table 2.1 12739, SRR 2 I T D BRI A A > R HoK %

Y

2.2.2 HiALER

AkEE UCHIEE 99.99 %D 7 /LI =T A (X 0.35 mm) Z MWy, o>/
E25ecmX2em OAFIZT ¥ — V) v T b=y N—FHNTHUOVH L, T =0 A
MERZ T ' b T 3 I IR UES L, Y — NIZT LI = U AkPR A O CEE
Hlg . =& ) —/=1:4 (10°C LL'F) DRAEHT, 1000 Am=2 T 3 5y L,
Bk I 2 Rl U7, SRR O BRI A E K THFEEIR 2 143 (LD BrE, #lk
L& ) —VOIRTHEE, 7/ — FBLICHAW, BFHEEZICER L2 0GE
X=% 7 —VHTHRIEL, 3 HEAWIZHEA L7z,
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Table 2.1 List of chemical reagents

Reagent name Chemical formula F. W. Purity / % Manufacturer
Acetone CHsCOCHs 58.08 > 995 Taisei chemical
Co., Ltd.
Ethanol CzHsOH 46.07  >995  Jenochemical
industries Ltd.
Perchloric acid HCIO, 100.46 go laisel chemical
Co., Ltd.
Sulfuric acid H,S04 98.08 > 95 Taisei chemical
Co., Ltd.
ic aci Taisei chemical
Phosphoric acid H3sPO4 98.00 >85 Co. Ltd.
Oxalic acid (COOH);+ 2H20 126.07 98.5-103.0 égnt?nihemmal
i ' Kanto chemical
Chromium oxide (V1) CrOs 99.99 >08
Co., Inc
Boric acid H3BOs 61.83 >99.5 Kanto chemical
Co., Inc
Ammonium hydroxide  NH,OH 1703 2528  loisel chemical
Co., Ltd.
Yoneyama
Sodium tetraborate Na2B4O7+10H20 381.37 99.5-101.0 yakuhin kogyo
Co., Ltd
Ammonium tetraborate  (NH.)B.0y-4H,0 26338 9851030 (oo CeMIeA
i i Taisei chemical
>
Sodium hydroxide NaOH 40.00 >95 Co. Ltd.
i i Taisei chemical
Potassium hydroxide KOH 56.11 >85 Co. Ltd.

223 7/ — Kk

ALER L= 7 L = ARE A T /) — N}

ZHRE L, Table 2.2 (R EBMSAECES

JE7 /) — Kb 21T -7, 7/ — RE{LRFIZ 48 500 mL O EMFE % 300 rpm CTHE#E

L, 7Y —RIZE7 /) — RICEE L7ZRE LD 5E~10 B REVWHEHBOT VI =U A

Wz Tz, Bl &V B ORI E AR D28 500 mL & 725 X 5 IZFFE LT,
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7= & %1%, 0.01 mol dm3 fifie D ¥R AN &1L 0.28 mL, 0.05 mol dm3 U U EE DRI &1L 1.70
mL & U7z, FEfERFEIL 0.3 mol dm3 T = g (20°C) 40V TA0 EM LI XD
MEREAEEL LTHEL, ERLIEERDORE S 2 —EICHi R T2, 7/ — Rty
DOFFRERGE IR S B & BEDOEILT ¥ Z L~ )L F A —%— (Keithley Instruments,

2700DMM) Thrtdk L7z,

Table 2.2 Composition of electrolytes and anodizing conditions.

Electrolyte Temperature Voltage

0.3 mol dm~2 oxalic acid

0.3 mol dm~2 oxalic acid Constant voltage
+0.01-0.05 mol dm 2 sulfuric acid 10-30°C at 40 V |

0.3 mol dm™3 oxalic acid
+ 0.05-0.4 mol dm~3 phosphoric acid

224 7 J— Kt (K771 U 7k Pore-filling method)

7/ — RER bk SRR L 72K — 7 AR 4 h B AR R © 7/ — RER(L
D2 LI K VEMRYIINISLS B o EE (Vy U 7EE, V) EAREET D Z
ETNY Y —BOEX & HBEDOZERE (RKav T 1, 0) ZEIIEFRINTRD HHIET
b2, TNVI=y LREIOREEE —ELT LI L2 HME LTHY / — FERboHl

RN DE ARG (N Y v —A ) A ERI9 5726, 0.01 mol dm™ & v i
TUE=U A (20°C) H, FEIREES5AmM2TAL00V £ CEEBIEMME, 400V T 10
Oy BIE R L, BB R 2 A L~ A% v 7 Uiz, iREH O 2 4LEE L 7=%, 0.5 mol
dm= 7 7 #£-0.05 mol dm=>UA U EeF U A (20°C) HT, EHiHEE LAm2 T 400
VETHT /) — kL7, Fig 2112, 7/ — FE{LRFORAR] & 8-k dhi

oY, T OBE-REHh R & BN (6 B~10 B) (T D EM & i ZRiE
TEELL, \Bon 1RO %2 Yy o 7EE (V) & Lz, [FEkIZ, 100 V A

24



F2E T ) — FERALEEOBGMEE T D o = U BR BRI~ D US N FE D 528

5400V £ TOFPAICI T DERFEHRO AN (m) ZH, 21 06 e T 1 2K
Wi,

a=(Ta®* X B)/[1—-(To> XP)] (2.1)

AL, B=m2/m (2.2)
ZIT, TATE THEENENT VI =T LA A4 (06) LEEA A (04) O
MR~ T, BIEIAR—T AT NI FRIEEZTE L2 B 2 BT/ — Rigfb L7z & &1
N—TABaRELTWNWHEE (FEE ) EEMTE LT VI =0 AFMIZH LT
RN A AFR L7z & & (FElk 1) OBE-RFREROZNZIOME A2 m, mp & LT 22
AL VRO, Fiz, N7 1T (dpore) & EAAE (deen) ZHNT 23D &
INTRINS,

o = 7 (dpore / 2)? / 1 (dlcent / 2)? (2.3)
LT, R=T ARG DO B NVEILT / — I I L0 B LIC B S 72 0 ok
W ERIE L CRO X 912k 7=, HilZ21E, 0.3moldm= > = vEEF 7213 0.3 mol dm™
> 2 U 1£-0.04 mol dm 3 IR AR (20 °C) 2V 40V TT J — REg{k L7, 2 wt%
70 NE-6 W% U ERIEATE (BHE) TPIC 10 5Ll ERIE L, LA E 2 THREL
THOT NI =7 LAFE MO SEM % Fig. 22 12779, DL X, SEM GO
LTWabe/mE2fETLEE LTHEL, R Lz SEM & (10 HfF) oamfE (K
0.9 umXx12 um) ZEB A TEID Z & TR LAY OEEERD -, TO%, &
TORLZEMERARLT, v 1 MomE»SEEZRD, oL ELE LT,
BT/ — R HRDT=FRa T 0 & SEM LR LA EHNWD Z & T,
23 G RIEDO LR ZRD T,
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\oltage / V

Anodizing time / t

Fig. 2.1 V-t curves (left) and schematic (right) during re-anodizing. The solid line and
broken line in V-t curves represent the re-anodizing of porous anodic alumina and
electropolished aluminum respectively. Schematics | and Il are corresponding to the
gradient of my and mz in V-t curves respectively.

Fig. 2.2 SEM images of Al substrate after removal of oxide film by chemical
dissolution in 2 wt% chromic acid and 6 wt% phosphoric acid. Anodizing was
conducted in (a) 0.3 mol dm= oxalic acid and (b) 0.3 mol dm= oxalic acid with the
addition of 0.04 mol dm~3 sulfuric acid at 40 V.

2.25 JIEOBMREEBIZE

7 ) — NE bk OFEHIA A4 23y Z 45 E  (Hitachi High-Technologies, E-10101)
Z vy 15 mA T Pt-Pd & 20 #b 2 /S 7 Ui 2 BB U 7e, #UBt oS m & Al
i D SEM &I EERIE T-BEMSE JEOL, JSM-6701F) % A\, MEETE 5 KV, {EE)
B (W.D.) 8mm, 2KE T4 (SEI) ZAFEDORT L L THILZ LT, SEM 45253k
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DIEEZH O BRITEEONERELFMT D720, ERRRIVAFLUIT v 7 X
(R 474220.0069 nm) OFEHEEEL (HH7 EM, Cat. No. 109) % VT SEM RO 5%
DHERZAT > T BRIRRY AF L2 TT7 v 7 2% SEM THIER L72RER, FERIfE (14
FOEE)) 1247453 n0m TH Y, FEHERELE L TRILIN TV DRI L —E Lz, ARAF
ZECIIAEAEGR O FEPNE L RIRN—E L7 2 & AR ZED 1 L F CTh o727
TR AR 2 O BRITFERE Z 2 DO F £V,

2.3 fHR L BE
231 RBAEMEF TER LR —F 27 0 T RO Mg S
Fig. 2.3 12y = VEBEMK ~ilE £ 7213V VB2 RN LTIRGEMIR (20 °C) H,
40V TEBET / — Pt LB E - #2579, = U@k (20 °C) Hinod
BRFRTCT /) — RBL L7=3%6A, 40V CTEMT 2 & ERBIMEEIL8AM2 Th-o
7=, 0.05 mol dm= DRz i 2 5 & BN EBRBEMMET Lo b EH L TRK
BIREE (500AmM?) (T L CERMEMICEFDLY BENMET Lo, Efs
THIE L7z, —J7, UV UBIIHB CH—BECEERET / — RBL LG E, ke
Va VBRI ANEREE N R IRV, v a UERE OIRE EMIE CILERE K O
Tableb Llc, AR TITARETEZ 40 V & LTT /— Rk L7 & S ITERE
D EREZBZ72WNE 2T 2720, HEEOERIMNED EFRE% 0.05 mol dm3 & L7z,

( y

Fig. 2.4 1T, Fig. 2.3 T7 / — FE{b L 7= SRHI2 31T 2 EBARIR OIR L & IR 6 um &
5 ERETEM LT BEORKEREEOMRZRT, MERRINC & % B E oy
INEIA 1T 20 °C DS CTHINEA 0.01 mol dm=37>5 0.03 mol dm™ & TiZ#I30 A
m 2 FOEMRANTIEIN L7275, 0.04 mol dm= O A2 Wi % & B EIL 90 A m2
CLERINL 72,
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a) 600 b) 100
+0.05 mol dm3
(V] | o~
IE 500 é 80 |
<\E 400 +0.04 mol dm™® S
> > 60 0.3 mol dm~ (COOH),
E +0.03 mol dm "5’)
< 300 c
[<5) +0.02 mol dm™® <)
S S 40
S 200 + 0.01 mol dm* H,SO, S +0.05 mol dm® HyPO,
5 / oo = +0.1 mol dm®
8 100 (COOH) 8 20 + 0:2 mol dm=
+ 0.4 mol dm=
O 0 I !
0 10 20 30 40 50 0 10 20 30 40 50 60
Anodizing time / min Anodizing time / min

Fig. 2.3 Current—time curves during anodizing in 0.3 mol dm= oxalic acid with the
addition of (a) 0.01-0.05 mol dm~3 sulfuric acid, (b) 0.05-0.4 mol dm~3 phosphoric acid
at20°Cand 40 V.

a) 600 b) 200
S 500 o
e El
< < B[
— 400 -
2 2
2 300 2 100
[«B) [¢B)
© o
§ 200 §
= 5 0
O 100 O
0 : : 0
0 002 004 006 008 0.1 0 01 02 03 04 05
Concentration of H>SO4 / mol dm™3 Concentration of H3PO. / mol dm=

Fig. 2.4 Relationship between stable current value and electrolyte concentration during
anodizing in 0.3 mol dm= oxalic acid with the addition of (a) 0.01-0.05 mol dm3
sulfuric acid , (b) 0.05-0.4 mol dm~2 phosphoric acid at 40 V. Anodizing was conducted
at 0: 10 °C, m: 20 °C and <: 30 °C.
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Fig. 2.5 (2 = VA HLIR CIERL L 72 FZ D Wi 1Rl SEM 148 & v 97, 1RFEIC X B B
DELEBEL, REXEL T (144 KCm?) (2725 X ) EMAERR 42 R URE %
K16 um IZhix 7o, BEEONY Y —BOFHE S (n=5) IXEMEOIREN 10 °C,
20°C, 30°C D& =, ZNZ453nm, 50nm, 46 nm ThH o7z, ZDOZEAKIZL[E—E

IZR W TCEMIKOIRENEmVIE EEREEILE S, N VY —BICBIT 5 ESREN
I DITESPE T LEZZ L 2R LT D W, JLEERDO B IVEEDN B ITEHR D2
e (Fig. 2.5e &H)) PRIRIZEDL & FREmAMRICBIE SNz, ZOREITY = vk
BRI Z AW R O A R S, Al FEh/ FER TR — 7 AR R 5
BRICAERR L7 FE R A e T 2,

Fig. 2.6 {Z 0.01 mol dm™ Oz Z N L7z IRG P CrERL L 72 R i FLIEHES O SEM
BaR T, v a VIBHIR IR L FRRIC AN Y ¥ —EOE I % SEM& 6k 5 & 10 °C,
20°C, 30°C D& %, ZEN57nm, 49nm, 49nm Th-o7-, ez U L= EfE
WAEFWCTER LICEIRONY ¥ =8OR I 2T 5 &, RN BN EBIREE
EEm <A P —J@I3E< 220, NU Y —J@IZBIT 5EGMENE < 2 OERICH o T,
el 2 N U TR U 7o B O 2 el 9= % &, IIRIC B0 &9 R VEEm IZ AR L
PR OEEY OV A XL BB LT\ e, ZOFHRERITY = U BREIR O T
FBICR OGN LD, FERRIMC X 0 2EWNED LIzt E 265,
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Fig. 2.5 Cross-sectional SEM images of (a-c) overall and (d-f) bottom part of porous
alumina film formed in 0.3 mol dm= oxalic acid at (a, d) 10 °C, (b, e) 20 °C, (c, f)
30°Cat40 V.

Fig. 2.6 Cross-sectional SEM images of bottom part of porous alumina film formed in
0.3 mol dm= oxalic acid with the addition of 0.01 mol dm=3 sulfuric acid at (a) 10 °C,
(b) 20 °C, (c) 30 °C at 40 V.
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2.3.2 AL L OEARICHT 2 BARIRAE & R DR 2

Fig. 2.7 1210 °C 725 30 °C D ¥ = VLR TR U7 Bl & g £ 7213 ) 1
WM UTeY 2 UBBEA B CER LI Z2 /T /) — Nk L 72RO E -
[FIHE#R 2 7k 97, 100 V~400 V IZF5 1) 5 Afid & i35 &, 10°C~30 °C D> = Vi
(40 V) TERIL 72 I3RS @SV EARME T Lz, WO T IEAR e 7 o«
OHMZBR L TV D720, IWIRAE & LIRS T 2L 2B ORBENRE NS
%% (Fig.2.7a), BRIEOWIRNEL 725 2 L TN Y—OBLHRENEH 2D ¥
Y VT EEOMHIC K o THXTIZEHi S DY Y —Jg DR S (1< 72 o 7=,
W% 20°C —EE Lz b &, FBEZRM LY = v BT P C/ER L 72 BT
Va UBEIRICHATHET / — B OAEN A Lz, U U Ba RN L C/ER
U7 BT AEME T L7z, Fig. 2.8 I2H T/ — FBRLIED B3RO -V 2 TRHIRE
KO & ) VAR LTIy 2 Ve OIRGEREZHWTER LT /) — Rigfb L
BDORm T 1 2R, —IZ, HOHANESRMEZ D THLABRIBIZ AL L 72 B
DR T 41X 0LAIETHD EMESNTND 2128 KREMFIZBWTEH, vay
MBI O B CBAMESRE 2 VTV A 72 OIEEICE b b3 = B HIR TIERI L
TRIEOR T 7 4 1XFFE 0.1 Th oz, AL Fig. 2.10 THRT 2 K 5 [TEMIK
OFFIZ B b TR —BEICB N TRERE MR WE LTHRr T 0 ZRHT
L&, milgaRmULIZE HENNSL, VUBaiRnd 5 BB RE L RoT,
Vo UBEIR CER Lo RO R 2 o7 ¢ IXRIRAE VI EBIN L7, Btk & W
T2 EWBRIZ L DB NS roTe, ZORBIIMBOWNENZ VI EEETH
v, 0.03mol dm2#HIN¥ 2 LIWIRICEADL LT AR T 1138 0.09 Th-o7z, —J7, Y
VR IIN LT A IR EE S IR LI Em VI E AR e T o BN L T, U R
DOWNMEZ 04 mol M3 ETHEIMLIZEZ A, RuevT X 2HFE EICHEIL, iR
MDEWIE EHNBIS L& o Tz, 2078, WBBIZIRNENZ L 25 LRI L 5K
BT A DEITDRLS RN VBROGEITIRMENR L 125 EIRROZRITLY

K& poT,
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Fig. 2.7 Woltage—time curves during re-anodizing in mixture solution of 0.5 mol dm=
boric acid—0.05 mol dm= borax at 1 A m=2 Anodic film formed in (a) 0.3 mol dm3
oxalic acid at 10-30 °C, (b) 0.3 mol dm oxalic acid with the addition of 0.03 mol dm™3
sulfuric acid and 0.05 mol dm= phosphoric acid at 20 °C. Inserts indicate the initial
stage of re-anodizing.
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Fig. 2.8 Change in porosity of (a) overall and (b) enlarged part of porous alumina film
formed in 0.3 mol dm= oxalic acid with the addition of 0.01-0.05 mol dm= sulfuric
acid and 0.05-0.4 mol dm~ phosphoric acid at 40 V.
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W TR L2 BRO ) Y — R SITEMBEROREICED 5 v o 7 EEDK 38
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T 50, Fig. 2.3 OEMEHAR & Fig. 2.7 O AK LV & = U BEEMTR P~k 2 3n4
5T 7 — N UTZBROERBENEML, N Y —@gld#E ool WY
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DEZF/NE HIZ L > TRENTEANAY ¥ —RZESOR—F AL TOHE L RIERIC

BREEMEN & ZEIAR =T AEEONY =B HEL 725 Z LR E - 2141
DFEY, FBOWMENRZ L, WRORmWEEETIIEBREBE L 72D 2 &b KL
DN Y ¥ — BT D EGRIEN S RDTCDONY Y—J@ i< b &EZXH
N5, 7/ — NBLOBREEZ 1AM 2 L LTl LR, BHBENS5Am?
D& & LRBRICY ¥ o TEEITMEBEOWRMENZ <, RS EWIE SR T3 S mIc
Hot=, o UEREIS )6 0.01 mol dm S OFRER 2 sl U CYERL U 7= f2 okt 5 ¥
¥ U EEOR TIEARE <o Tz, Wil SEM B2bHIRT 28, AU v—)F
DE S IIRBENME L EfEICHIE TEX 20D, Yo VEEEIRES X OB 2 RN L7-&
R 2 W THER LB DO S S, Vv v TEBEN ORI RO 6D Y Y —)F
DEZE, iR E <, BRI L7 ZEIE EEL< 2ol mAar~ Lz, U UERETRN
L7234 1% 0.4 mol dm3 il L7z & & ZBR WV CTIRIROIRIFIEIZE LS, N Y —JF i3
FTHHEMEBOME ILITEL RoTe, U VBERING X D IRERANER L o7
& U CIEEIREEMRNZOWIRIC X BN NENnEEZX LD,
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Fig. 2.9 Change in voltage jump of porous alumina film formed in 0.3 mol dm= oxalic
acid with the addition of 0.01-0.05 mol dm= sulfuric acid and 0.05-0.4 mol dm3
phosphoric acid at 40 V. Re-anodizing was conducted in mixture solution of 0.5 mol
dm~3 boric acid—0.05 mol dm~ borax at (a) 5Am=2, (b) LAm™=.
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Fig. 2.10 Change in cell diameter of porous alumina film formed in 0.3 mol dm= oxalic
acid with the addition of 0.01-0.04 mol dm~2 sulfuric acid at 40 V. Re-anodizing was
conducted in mixture solution of 0.5 mol dm~3 boric acid—0.04 mol dm=3 borax at 5 A
m=2.
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Fig. 2.11 Change in pore diameter of (a) overall and (b) enlarged part of porous alumina
film formed in 0.3 mol dm= oxalic acid with the addition of 0.01-0.04 mol dm™3
sulfuric acid at 40 V. Re-anodizing was conducted in mixture solution of 0.5 mol dm3
boric acid—0.04 mol dm~ borax at 1 Am™.
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SEM (C L2 EHBIZE L BT/ — REMUIC L 2 BRULFHIRHI O RS, v a2y
fE~Hilfe &V UERA TN LT & & O RIEOMEE b 2R LA K% Fig. 2. 12 (2R
o o UMHE (20 °C) TIER L7zl (Fig. 2. 12a) O &/VZRITK 96 nm, L
I£31nm Thoto, v = VEHKEZ M 10 °C & 30 °C TERL L 7Z D LR & v
BOZNEND 20°C OFAE DT LE5mm, 1nm THY, WhEhot-, —F, ik
ZIINT 5 LB VBITTE A EEET, B/ NESL, NP —@nEny, K
a2y 7 0 BMETF Lz (Fig. 2.12b), FREEORIEENEWIZET / — RERLRFO B
BRI AR NS R ode, U UBBIRINCKR LT H BARICE TR, B
BENEWIE EREOARNBRENTDHRe 7 138, NU v —@idE< 2o
7= (Fig. 2.12¢),

b)

Fig. 2.12 Schematics showing the changes of nanoporous structures of porous alumina
film formed in (a) 0.3 mol dm= oxalic acid with the addition of (b) sulfuric acid and (c)
phosphoric acid at 40 V.
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FRCBIRBEL 2D LSO TRFELWAY, 22T, 2 OB L v iRE
RN D BIRA R E R R DTG 2 R AR 2 BN S, i S SOM L PE D3 A
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T ZTARETIE, 7/ — NERALKE O BEFUR HE AN i OBl B AR C D B oD A= iz
ROWEHED D WIThHE & ORGEMIK 2 O THIROEME LY bEN T LB X
OB MEE 2 Fr D BUEOE R A2 B & LT, RO BRI B0l S 2532 IRk
Gy DA R LIz, AT, REEMET CIER U7 RO PR & SRR 2
SN D720, BRI 2 WARRFIE & BT & oo o0 AnilE 2 PR L CRZIR
NA~DT = AR AN B 25l L7z,

32 EBRITIE
321 7/ — FEELIZIEOIEERY

T =7 LAOFMLER LT/ — FEg{blE 2.2 DEBRITIEITESNTTo72, &
FRFFEEIC X 0 EIBE L= 7 V2 =2 A% Table 3.1 [ O &M CTEELE - IXEER
T — R L, BREE A AERL U7, EFEIET 7 — REMEIC X0 /ERL L 72 Bl 1.5
mol dm 3 fii i HLVR B2 B E LI DR BB R e & S & U CREMNFI 23R L, EE/iT /
— FEREORFRENIBIER K 6 um LR D KO IR TORNET 24 0L Lic, 7/ — R
LR DR RIBABICLE O B L BIEOBACITT VAN~ F A —F —Z AN Tiisk L
72,

3.2.2 flRMERER

7 7 — RE{bE L7230k 2 10 fcoo/ v (L0 mmX5mm) (28] H L, 1.5 mol dm™ fi
fg & 7212 0.3 mol dm= v = VR & N L 7= At iR A (30 °C, 500 mL) ~&CiRiE
L, 1050 F721320 3 T &I LA DH D H L7z, BV L 72R0BHIHIK Theifiz,
FEREDIRMREE G & AMBLEE & SEM 12 X 2 i s @i 22ic L 0 G L 7=,
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Table 3.1 Anodizing conditions for fabrication of alumina films.

Electrolyte Temperature  Voltage / Current density

1.5 mol dm~2 sulfuric acid

1.5 mol dm~2 sulfuric acid

_3 H H
+ 0.3 mol dm"2 phosphoric acid Constant voltage

1.5 mol dm~2 sulfuric acid at 20 V
+ 0.3 mol dm2 oxalic acid 10-30 °C or
Constant current
-3 - -
1.5 mol dm~ sulfuric acid at 100 A m2

+ 0.3 mol dm™2 boric acid

1.5 mol dm~2 sulfuric acid
+ 0.3 mol dm~3 ammonium hydroxide

323 i IR

U HEE 7 N6 5 BB O A8 S JHE U INMTIA A 3B (ERIONIX, ent-1100a)
W=, i SRABRIEATE (FIN]) 50mN, AfEE 5 e LT, 13kHT > 51a]
1To7z, ZOLX, ANLOWEINNE UEEEITHENRICEDT, OWENIDR
WHHEREZFHx 4 L Lc, SEMIZ X VB L EEOAHROE S (d[mm]) O
fli (n=5) ZLLTFTO3LIRITHALTE y I—AHEX (HV) ZRdiz,

HV =0.1891 F / d? (3.1)

F7o, WE-ZNHFRORMMONELE X EE THME LI & Z2 O Xl DR SOE
MZFANT, Yo7 RERb,

324 FEIEANOTHEEGORE
PR D S TN kT 2 mR oAl 7 v —ER o kEs (GD-OES, HORIBA,
JY-5000RF) 2 X v #Eti L 7=, GD-OES i% Ar A% % £ 600 Pa, /1 35W D/ —~
VE— RTIE L7c, OB B SRR OB FE, Al DFREE X~ kL% FIV TR
i & FHAMAIS LOR MmN DTN ENOERE 51 &, (ERIC L > TREIZ ROz, Flix
DIRA BRI TR L 72 3EHI SR D L O R IEE S OIE 5> & 2 W4 L THET %
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728, WFREME T CERL L7 IO R s B m o Al 058 % 0.5, Sputtering
time % 1000 0 & L CENEBUEAL LTo, RIEREICAAET Dok B L OZE 0k
WHBITA— Y =B )t%% (AES, JEOL, JAMP-9500F) (Z &L W 3Fffi L7z, AES D
BHIBERTIAKEED Ar A 4> (1kV, 30s) ZiBHI MRS L TR OB Y &R
L, MR} 85°C 30 eV~2000 eV F THIE L7z, SRR HNEIAF(ET HouHk
IFTIXE T #~A 7 a7+ 7 4% — (EPMA, JEOL, JXA-8600) (Z X Y §Fli L7z,
EPMA JH D EHE SEMBLEL A & RIERIZ A A0 ANy 2|2 K0 K~ Pt-Pd Z 1+ 5:1%,
KILHR DT R —|ZH 9 4y Ak (LDE2: 150 eV-550 eV, TAP: 500 eV-2000 eV, PET:
1500 eV-6000 eV) % JHWTHHME X A HIE Lz, $£7z, KIEORE S Z kWi o SEM
BHLRELTT /) — Rt ORERETHI D Z LI X0 RO AR L2 KD
oo FFONTERILROE— 7 JREE TR F R~ HE LT,

325 BT

BT I L 2R B O BRI mg 7 HEmg TdH 5 720 1RO HIE B & % 10 mg
ELTLIHD AR SHIEE LT T3, 4 EHETE 5 X9 1RILLET / — REg
b, Bz 30 um~50 pm F2EE £ TR L L7z, B L L2 BHIT VI =0 A0
BRI (15 °C) &MV, 30 VEZHMLTTY / — Fg{bZ 1 3T\ 7 LI =7 A
FHINDHBEL 72 D (77— NEMREE . FIBE L 72 BT T, 77—
HNTL ALl R ST, Wt OREHI LR Z VT, BT 7 1

a0

e (e=5mm, h=2mm) (210 mg 1L/ 0 Bto 7z, BVoHridoR 28— E B HrisE

<t

(TG-DTA, RIGAKU, TG8120) # Hv>, F-EIEE 10 °C min T 1400 °C £ TR H T
SR LERZ L REAE LA RE Lz, 7V X FRERIEFRIIC 500 °C T 10 43LL B
ZEFEE ATV, BN DK Z2BRE LTc, ZREAEHIIL TG-DTA 2 EIfTE DFEHER
¥l (0-Al0s (T2X05Q), RIGAKU, Lot No. WKE2299) % Fu 7=, [RIAROHIE & Uk
AT, ZOF—2 &K MET—F DNy 7 7T 0y REIECEH Lz,
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33 FERLBE

331 RABEMIRIC LD EEIET / — NECEIEOMME

Fig. 3.1 IZHWiFEHIR S D WIIRRERIZ Y VR, v = UlE, AU, 7o E=7/K&EM
RIREEMKEMNT20V TV =y A& EEBET / — Nk LB B
iR 2~ 3, BEBEIS T7 / — REME L7z & S OEFERBEITH B3I AM?2TH
olc, TOLEOEFEIREEIIMEED A CHANESEME (0.3 moldm3,20°C) TT
— REgfb L7- & X OBIRBIE DK 100 A m2 i L 3Ll by, —75, U Uik,
Va v, RV, TUE=TIKEMRTIRGEMRIET CRIEAFR LT EOE
BIE X, MBHEEOBREEZ 100%E L& X, ZNZ1 67 %, 90 %, 96 %,
69 % ThH o7, a VRl VRIIF CELETT VI =0 LE2T / — Rigfb Lz & &,
Wil L 0 b EHEREEIMENTZD, IBRGIKE L2 2 & TI D OIS EIRE DK
TELIEL Lc, RUBBIZHANTINDOREZRNT 5 & ERELEMET T o8 m &
LT, MREBEES (pKa) DW= B2 HbND, T/ — RRMIZ L ) R—F 2 Al
BeliA AR T & DMK D pKa lZBB L ESLUFTH Y, HilE (pKe=1.99, 25 °C)
RV a2 (pKa=1.2525°C), U U (pKa=2.16,25°C) (ZHATHTEE (pKa=
9.27,20 °C) 1L pKa A K E W W, EBREROBRIEE N EWE T/ — REMLIZ L 0 AR L
TR T D M@ E D, BIREENEINT L LHETE 5, —FHT, Il
73RO TR UERIT pKa DN EWT2 D, BT 2R B R b/haneEFE 2 5
b, £, 7B =7 KITMEE EIREGT D E 03moldm= D7 E =7 /K& 0.15 mol
dm= OFilE) 3.2 XD L SIS LTI T v E=TU L&D,

2 NH4OH + H2S0s — (NH4)2S04 + 2 H,0 (3.2)

DN LD DS &L T VE=T IINEICK L TRED 10 %ThHhH 7042
TG LT & LTH pHIZEL LW, mEREN AR L2 2 & 0BT L0 &k
BRI N LEEX LD,

TR 72 B2 oo i 36 K O SEM 8 % Fig. 3.2 12~ d, AR L 72 SO oD R
Wrim BEE G OS5 286 um TH Y  (Fig. 3.2a), EKmOMHIFLIZAHANIAL
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LTz (Fig.3.2b), 2 & &, REREICBE SN D B/VIREEIZT LI =T 4
D& dh T & BAETER DA RLEE IR BB IN D B, KR THEHA LT VI =

DEIERR OfE b X BEH L 0 kA E T H 5 (L10)m D0 S FR1E <, B/VIREE TH
% (100) i 13 7e Bl 2812 L72Es, 2 5 < (110)if L TIERBRII#E 2 ih - T
FLFEAE LTI Y BRI D50 DT, BV IREE CH 5 (100) i F o sk
A BIEE LT, BERTEEIC LV B L Tc B ARSIV CTARRR L 7e B i D AL
10 nm R TH o7, 728, Fig. 3.2c IR L=y, RTINS, FE
FREHE T2 O ALUEEICET 2 B RGO ALRITRE LV OPKRE10nmBEETH

77,

400
15M H2504 + 03 M H3BO3
+0.3 M (COOH),
e 300
< + 0.3 M NH,OH
= /.
'@ 200 AN
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e
o
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Fig. 3.1 Current—time curves during anodizing in 1.5 mol dm=3 sulfuric acid with the
addition of phosphoric acid, oxalic acid, boric acid and ammonium hydroxide at 20 °C
and constant voltage of 20 V.
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Fig. 3.2 SEM images of alumina film formed in 1.5 mol dm~3 sulfuric acid at 20 °C and
20 V. (a) Overall, cross-sectional view of (b) top surface, (c) top layer and (d) bottom
layer. Inset indicates the high magnification images.

Fig. 3.3 12V VR, v = Ul KU, 7 2E=7/KEMAIZIREBMRIET CIER
LIeR—=F 2T NI FRIEOZEHE SEM 84 -7, FitfeBin CIER U 7z B issm o FL
BT HE, VUBMERMU TER L7 RIS 2 E TRy 2 VB~ U >
BRI & RRRICFLEE MR U T, BEREEMR A~ = VIR A IS 2 & FLRITOR0N S
<, RUBERLT U E=7 KREBI U CTYER U 7o B i o FLE I I ile s & [RIFREE ©
bHotz, T, REOIAIRSHRICEH L T E T AL VIFINC X 2 EWTRA L7
Mol
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Fig. 3.3 SEM images of alumina film formed in 1.5 mol dm= sulfuric acid with the
addition of 0.3 mol dm= (a) phosphoric acid, (b) oxalic acid, (c) boric acid and (d)
ammonium hydroxide at 20 °C and 20 V. Insets indicate the high magnification images.

i FR BB AR\ C AN Aoy 2 N A T 1R B BRI 2 AV, 20V T 6 737 / — RER{b L7 )%
JEDWriE SEM 8% Fig. 3.4 (T~ KIEA MmN GBI T 5 &, KIEOKEIXEMY)
O LI ED T DO AL LV /NS Do T, MREEEMIKIZ Y 2 i
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Fig. 3.4 SEM images of alumina film formed in 1.5 mol dm= sulfuric acid with the
addition of 0.3 mol dm™ (a) phosphoric acid, (b) oxalic acid, (c) boric acid and (d)
ammonium hydroxide at 20 °C and 20 V for 6 min. Insets indicate the high
magnification images.
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Fig. 3.5 Film thickness and formation efficiency of the film formed in 1.5 mol dm3
sulfuric acid with the addition of 0.3 mol dm~ phosphoric acid, oxalic acid, boric acid
and ammonium hydroxide at 20 °C and 20 V.
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Fig. 3.6 (a) Voltage—time curves during anodizing in 1.5 mol dm~3 sulfuric acid with the
addition of phosphoric acid, oxalic acid, boric acid and ammonium hydroxide at 20 °C
and constant current of 100 A m~. (b) Initial stage of anodizing.
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Fig. 3.7 (a) Cross-sectional and (b) top surface SEM images of alumina film formed in
1.5 mol dm~3 sulfuric acid at 20 °C and 100 A m~2. Insets indicate (a) the bottom part of
porous alumina film, (b) the high magnification image.

h h
Fig. 3.8 SEM images of alumina film formed in 1.5 mol dm= sulfuric acid with the

addition of 0.3 mol dm™ (a) phosphoric acid, (b) oxalic acid, (c) boric acid and (d)
ammonium hydroxide at 20 °C and 100 A m~. Insets indicate the high magnification

images.
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Fig. 3.9 Cross-sectional SEM images of alumina film formed in 1.5 mol dm= sulfuric
acid with the addition of 0.3 mol dm= (a) phosphoric acid, (b) oxalic acid, (c) boric
acid and (d) ammonium hydroxide at 20 °C and 100 A m=2.
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Fig. 3.10 Film thickness and formation efficiency of the film formed in 1.5 mol dm3
sulfuric acid with the addition of 0.3 mol dm~3 phosphoric acid, oxalic acid, boric acid
and ammonium hydroxide at 20 °C and 100 A m2.
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Fig. 3.11 Photograph of anodic alumina film after chemical dissolution in 1.5 mol dm™3
sulfuric acid at 30 °C. Anodic alumina was formed by anodizing at constant voltage in
1.5 mol dm sulfuric acid at 20 °C. These marks placed below the photograph indicate
the dissolving condition of films. e: unchanged, a: change to white, x: completely
dissolved (exposure of Al substrate).
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Fig. 3.12 Chemical resistance test of the film formed in 1.5 mol dm‘3 sulfuric acid with
the addition of 0.3 mol dm= phosphoric acid, oxalic acid, boric acid and ammonium
hydroxide at 20 °C. Anodizing was conducted at (a) constant voltage of 20 V and (b)
constant current of 100 A m=2. e: unchanged, a: change to white, x: completely
dissolved (exposure of Al substrate).
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Fig. 3.13 Vickers hardness of the film formed in 1.5 mol dm= sulfuric acid with the
addition of 0.3 mol dm= phosphoric acid, oxalic acid, boric acid and ammonium
hydroxide at 20 °C. Anodizing was conducted at (a) constant voltage of 20 V and (b)
constant current of 100 Am=2,
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Fig. 3.14 GD-OES depth profiles of constituent elements of the film formed in (a) 1.5
mol dm~3 sulfuric acid with the addition of 0.3 mol dm= (b) phosphoric acid, (c) oxalic
acid, (d) boric acid and (e) ammonium hydroxide at 20 °C. Anodizing was conducted at

constant voltage of 20 V.
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Fig. 3.15 Integral ratio of S / O of the film measured by GD-OES in Fig. 3.14.
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Fig. 3.16 AES spectrums of porous anodic alumina film formed in 1.5 mol dm~3 sulfuric
acid with the addition of 0.3 mol dm=3. (a) Wide scan, (b) narrow area between 50 eV—
400 eV. AES spectrum was measured at titted of 85° after Ar* irradiation at 1 kV for 30

s as a removal of contamination on top surface of the film.
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Fig. 3.17 (a) Intensity and (b) S/ O ratio of the film measured by EPMA.

58



B3 T — FRRALEEOWHMIEE & R o3 2 Bk R AR~ 0 TR INIHAE O 5278

T — FBAIC K O AER L7 IR B E R RO T =4 2 AT Z LA D
NTEY D, T=F R ARIIEMEORE, AREE, BIREE, RESFEWVITE
%< 725 23, RIEWNIZFIET DREGKOIEE T =4 > D E R D 7o DB &
HEA L BB L EWE LT, Fig. 3.18a It BinF CEBEEMIC L /ER L=
PO R AR -E R, Fig. 3.18b [ZHitEE & IR & MK 2 FV N CTIERL U 72 oD 7R 72
B ond, BVEREMR (TG) 1%600 °C £ COEERD 2 W5k & iEa/KICH kK
T WK, L EOIRETOWMD L EME T =4 OfifiRE s L, SERIBN S
X y-7 NI T & a-T I T OREREBIEE AL RD, ENENDOEE Table 3.2 I2F &
iz, BB E IR X 0 RS T R U IR O K & & il T = A O iR
FNENL14%L 138%E7eoT, ZOMEAEEAELTD L, RABMILE W CIER
L7z B BENIZ & 5 K DOEIA 1 0.3 %~0.6 %N L 7=, BVLHLIC X 2 IS O i
K EMiET =4 Oz T 5 &, W& 42 LabEziEd &IXEfRIZED
STNRIER Uo7, Wil T =4 O &Ik U TEIENIZE £ 5 KOEIENIRE
BIRR DA TN Lz, —J7, REBGITIC X 27V < T Of s I B
T5HE, BERE L THEINTWD X D12 980 °C LT y-T /v I F~fEdbd 5 B
DI — 7 PR S, ZOERITHIET =4 2 ORI ) REE— 7 3 S
Nice TENT 7 ANG y-7 0 2 F~fid s 2 BRORE T EMR OB DL 53
#1980°C TIRIF —~ETHo72, LL, -7 /LI T~ HEEOEEITY VA2
M4z &LT20°CLLEEA L, 77— FEBMLIC K D AERL U 72 2134k 975 4 =
® Fig. 4.8 \ZRT X O ICHI TIERL L7254, o- 7V I T~ OB E I3, =
Uig, U UBONEICE L o TWD, 7T E=T KEEM LIZIRA BT T/ERLIL
To BB B CIER L 72 i L 0 S IERBIRE K 15 °CIR T L7, 7 E=7K
WM UTZ & E13 ) o KO IR RO e b S, Wik L 7-migr
=4 ORGLHBBEIS TIER U L ZIER U CTh D720, R R O i
DR TIZ KDL b 2 B8 EKIZH 522 ThRw,

E

59



B3 T — FRRALEEOWHMIEE & R o3 2 Bk R AR~ 0 TR INIHAE O 5278

3 100 e 3 b)
i + NH,OH
95 | )
i 1 o + H3BO;3
[ & >
(=) [ ©
! > = + (COOH),
-~ 3
= i T B
S 8 | 1z 2
‘D - (=) :': + H3PO4
= w0 | T 3 H,S0,
i -3 _<IJ__J
75 | /K\/
707\\\\\\\\\\\\\ _5 P S S SRR N RS S S R RS SR S SR
0 200 400 600 800 1000 1200 1400 800 900 1000 1100 1200 1300 1400
Temperature / °C Temperature / °C

Fig. 3.18 (a) TG-DTA curves of the film formed in 1.5 mol dm~ sulfuric acid at 20 °C
and constant voltage of 20 V. The Stage | and Il indicate the temperature of exothermic
peak of y-alumina and a-alumina by crystallization, respectively. (b) The expand area
of DTA between 800 °C and 1400 °C.

Table 3.2 Weight loss and transition temperature to crystalline alumina (I, I1) of porous
alumina film obtained by constant voltage of 40 V as shown in Fig. 3.18.

Electrolytes H2SO4 +H3POs  +(COOH),  + H3BOs + NH4OH
TG Weight / %

R. T—600 °C 1.42 1.98 191 1.90 1.70
600 °C -1400 °C 13.82 13.30 13.44 13.89 13.68
DTA Transition temperature / °C

I y-Al203 981 980 977 980 978

Il oa-Al203 1202 1225 1206 1197 1187

Fig. 3.19a |ZHiRHIR T CEBIMEMIC L 0 /ERL L 72 o R 8- E B R, Fig.
3.19b |ZHiElE & IR A MR 2 O CTUERL U 7 BRI R =8l #R 2ok 9, Fig. 3.18 & [l
FRICENE S i ARIZ =R S 600 °C & 600 °C~1500 °C £ TOEER/D % Z ik
LR T =4 v OB R, TRAEBEERN DX y-T L2 T L a-T L 2 S OSSR
ZRD, TNENOMEE Table 3.312F & 7=, Fig. 3.19a L Y WiE2HR H CIERL L 7=
BN D DK ERERT =F T NN OMEERIL 4.3 %, 123 %L ro7, EHEIRE
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Fig. 3.19 (a) TG-DTA curves of the film formed in 1.5 mol dm~ sulfuric acid at 20 °C
and constant current of 100 A m2. The Stage | and Il indicate the temperature of
exothermic peak of y-alumina and a-alumina by crystallization, respectively. (b) The
expand area of DTA between 800 °C and 1400 °C.

Table 3.3 Weight loss and transition temperature to crystalline alumina (1, I1) of porous
alumina film obtained by constant current of 100 A m~2 as shown in Fig. 3.19.

Electrolytes H2SO4 +H3POs  +(COOH),  + H3BOs + NH4OH

TG Weight / %

R. T—600 °C 4.27 3.09 2.56 3.85 3.07

600 °C —-1400 °C 12.28 11.86 12.34 12.62 12.23

DTA Transition temperature / °C

I y-Al203 969 981 969 972 968

Il oa-Al203 1188 1231 1198 1203 1196
34 H i

ARFETIL2ETY 2 VBB T ~ ORI OENT X0 S O AV E T
L2 ENRHIBMNT o7 T AR, RIEOKREME E LR SRR
Ko xR E LT, MBEEMRIR T A~RT IV Y 722 EOWRMBS 2 A T2 IRAE
fiIR R C R A R L Cl S & iR 36 &L OV S & MERR ORI 21T - 72, AR
FRIRIZ Y 2 U ROR VAN L, 20V CEEBET / — R T 5 Z LI XD /ERL
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BEL7= (Fig.4.19), —J7, 7/ — NEMIEICE WL, BREBIKR (15°C) #, 50V
ZEIIM LT VI =0 LRI O B FIEE L7 (Fig. 4.1F), FIEE L7224 5 wt% U
e (30 °C) FUTIREL, NV v —J@owft (BumfLOLs) 6 X OFLAEIERLE 2
1T~7= (Fig.4.1h),

) 2 SUTTUTRATTITY

VN s |

b) d)

Figure 4.1 Schematic model of fabrication process of anodic porous alumina
membrane. (a) Al substrate, (b) first anodizing, (c) removal of alumina film, (d) second

anodizing, (e) current recovery, (f) anodic polarization, (g) cathodic polarization, (h)
through-hole treatment.
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FUH612DA) 1, KAFEPHE T TRIED Time/h

Fig. 4.2 Schematic of program of heat

OATEDMEE (700 °C~1250 °C) £ TH  treatment at 1250 °C.
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Figure 4.3 Current-time curves during anodizing of aluminum in 0.3 mol dm oxalic
acid at 40 V. The inset indicates the initial stage of one-step and two-step anodizing.
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Figure 4.4 Current and voltage—time curves during (a) current recovery and (b)
cathodic polarization in 0.2 mol dm- phosphoric acid at 15 °C.
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L, RIESERT VI =7 AFEMN L —ICHEE L, BRBELKSHETHI L
TR =R REOHKBENFRETH Y, EEEEM~ET DIHETHBENE T L7z E
RS 15y & Lz, Fig. 4.5 \C R IEHMBERF O 7 7 — NEMEO BT I OV LR dh
BERT, ABRRONY Y —EEET 512137/ — FNEMREOEEIL 40 V Uk
DML TH ST, HIINEENSWIEEANY P—gOfkEIMEE ST\, #
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Figure 4.5 Current and voltage-time curves during anodic polarization in a mixture
solution of perchloric acid and ethanol at a ratio of 1:4. Anodic polarization was
conducted at 50 V for 1 min at 15 °C.

432 TV =0 LB FEEL 2R — T ATV 2 F RO
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R CEH 5 B 50 um, KO FLRITZNE ) 45 nm, 56 nm Th -7z, 1Bk
P EEAE CILEMEVINZ O 2 FL (FIHIFL) ASAHRANZ R 4E L7 (Fig. 4.6b) 23, Masuda
5O ko TR SN 2 B EM O FIEIC L0, LEFIOKAIMED &L, 20—
IR FFORE (Fig. 4.6c) 723ERTE 72, Fig. 4.6d, e (2 Y — NEMHEEERS K
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Figure 4.6 SEM images of cross-sectional view of porous alumina film formed by
anodizing in oxalic acid at 40 V for 3 h. Insets indicate top (b, ¢) and bottom (d, €)
surfaces. (a) Overall image. Porous films were prepared by (b) one-step and (c) two-step
anodizing. Bottom part was detached by (d) cathodic and (e) anodic polarization.
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880 °C (i Ty-T /LT & 0-T L F~DOFERIEE N AE U528, 20 & & DTA #hifg
TIHHBET =40V a2 U7 =4 O X ) REME T =4 > ORI KNT % EH
B IIH SR 0T, FTe, MOBEME TR L 7- B & 572 ) 1040 °C THAR
RV UBET VI =T AOFAE— I B S 20 h, 1340 °C T a-T /b I F D
mfbICER T 2 BB — 7 Bt Sz, BE#RTIE 33, 880 °C & 1040 °C [ZHiH &
NTERAE— 71 3FNFh -T2 F, &-TAIF L 0-T LI Fofimb s LTEL
WEINTWD, Lo L, AR TIE 6 FITRT U U Eed CERL L 72 o XRD (Fig.
6.3) £V 800°C Ty-7 /& 0-7/L3IF, 1200°C TU VT /LI =T ADE—7
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Figure 4.8 (a) TG-DTA curves of anodic porous alumina formed in sulfuric acid at 25
V, oxalic acid at 40 V, phosphoric acid at 185 V. (b) Enlarged part of DTA curves from
700 °C to 1500 °C. TG-DTA was carried out in air from room temperature to 1500 °C at

heating rate of 10 °C min2.
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LT 7y ARKDOT O — R —7 ORNPBE I, —J, 900°C THEL=T /12
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Figure 4.9 X-ray diffraction patterns of anodic porous alumina formed in oxalic acid at
40 V after heat treatment at 700 °C-1250 °C for 4 h.
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Table 4.1 Identification of the o-alumina membrane formed in oxalic acid by XRD
patterns shown in Fig. 4.9.

Observed (26 / degree) JCPDS card
Heating temperature / °C v-Al,O3  6-Al,Os  6-Al,O;  a-AlO3
800 900 1000 1100 1200 1300  gooer 46-1215 231009 461212
21.85 21.85 21.85 21.924
23.70 23.7005
25.00 25.0840
25.50 25.578
26.15 26.2570
27.05 27.05 27.1700
27.80 27.7915
32.00 32.1154
32.70 32.7924  32.8047
34.45 34.5498
35.10 35.05 35.1520
36.45 36.5715
37.70 37.70 37.776
38.95 38.90 39.0250 38.9022
39.45 39.45 39.40 39.40 39.5240 39.5240
41.60 41.6750
41.65 41.65 41.70 41.7791
43.30 43.25 43.3551
45.9008
4565 4575 4565 4560 45.60 45,6665
46.05 46.1750
46.45 46.40 46.45 46.5483 46.4625
50.75 50.7468 50.7227
52.50 52.45 52.5490
53.95 53.80 53.8989
57.15 57.0233
57.45 57.40 57.4958
59.65 59.65 59.7389
59.95 59.9914 59.9657
61.25 61.20 61.2982
61.45 61.45 61.4885
63.50 63.5966
66.45 66.45 66.5187
66.55 66.5535
67.10 67.00 67.10 67.15 67.15 67.0934 67.252
68.15 68.15 68.2121
70.30 70.4182
74.20 74.2968
76.80 76.80 76.8691
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Figure 4.10 X-ray diffraction patterns of anodic porous alumina formed in oxalic acid
at 40 V after heat treatment at 1000 °C—1200 °C for 30 h.
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Table 4.2 Identification of the o-alumina membrane formed in oxalic acid by XRD
patterns shown in Fig. 4.10.

Observed (26 / degree) JCPDS card
Heating temperature / °C v-AlL,O;  3-Al,O;  6-Al,0;  0-AlOs3
10-425
1000 1100 1200 50-741 46-1215 23-1009 46-1212
21.75 21.8 21.924
23.55 23.60 23.7005
25.00 24.95 25.0840
25.45 25.50 25.578
26.15 26.1 26.2570
27.05 27.05 27.1700
27.70 27.7915
3195 3195 31.9623
32.70  32.65 32.7924  32.8047
34.45 34.5498
35.00 35.05 35.1520
36.45  36.45 36.5715
37.70 37.776
38.90 39.0250 38.9022
39.40 3940 39.5240 39.5240
41.60 41.6750
4165  41.70 41.7791
4325  43.25 43.3551
45,9008
4560 4555 45,6665
46.30  46.40 46.1750
50.70  50.65 50.7468 50.7227
5245 5245 52.5490
53.70 53.8989
56.85 56.7701 56.7701
57.10 57.0233
57.45  57.40 57.4958
59.65 59.7389
60.00  59.90 59.9914 59.9657
61.20 61.2982
61.55 61.40 61.4885
63.50 63.40 63.5966
66.50 66.45 66.5187
67.05 67.10 67.0934 67.2572
68.15 68.15 68.2121
70.30 70.4182
74.20 74.2968
76.80 76.80 76.8691
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THIE « PR L RWIGE, 2 TOMEBHIRERA~OKY B3R E L, —F, fMELN
25 L AT VO ITRANINE S AVCER TR A MR L7203, AL AEfiin & <
TVBENEVEEHIFIN A E U, 2 BRREEM TIER U 7o BRI m o FLEE S 1 BepE
BREOLHE LD 10nmFERE <, 10 556 30 53 DL FEEMBOMIZ 14 nm LR L, fL
BIXT0nm L E L7257, MEZIMA TNEYLE L2561, BEABEDOHENA T
AR L THENZIE T DR R S T, FHIBEHEDE L Tod 2 il D ALEDOHILR
TIFFELWZ LD, REPH—RARERD, FLESIDSBLAIR 722 IR IC
BN EFZZBND, DF D, BULBERED A 7 L U OB 5 Rt O K 11X,
TABEDEZ I T <, REDOILFFESLKEDOALOXIFRE, I L OB O RIINE
T D, FHACFERIT ENEVEEDNES o 72 2 &R, 1 BPEEARIC LV ARk
T 5 K m OYHFLLABAN R LB Z RO A 7 L IR E OB IVEEE S D AR —
PEIER U TR VEERE S BV ICIR < IR N0 5 2 LT K 0 BVER LElh <
TWnEEX LD,
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Figure 4.11 Photographs of porous alumina membranes (=25 mm) after heat treatment
with and without load. Detachment of films formed by one-step and two-step anodizing
was conducted by cathodic polarization. Top and rear pore diameters were measured
before heat treatment.

Fig. 4.12 |2 2 EXPEEEMR L= el 7/ — REMCHBE L, (LM X 2 BimfLaL
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B0y DML ZAVEFR OHETTIC X 0 FLEIT 2T 149 20 nm K U 7=, far B2 0D SV fiE 4
REETTMELIZA 7 L b OUEINTA OGNNSO, FLEOREZWEHEH
PINRIE 72> CTEB L, LSRN RVIE EREIOB#NEE Ch o7z, AT
L ATEEANE SRR S N DR E 2 R <, IS U TN L K& B
WRETH D728, MNET X0 IHEIS ) 230 5 7o BRI D M DR WNE /3 T XL Y
RERWMEETZ PR Y, REGFIEHT BN, 77, A7 LIS
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Figure 4.12 Photographs of heat-treated porous alumina membranes (¢=25 mm) with
and without load. Porous alumina films formed by two-step anodizing were detached by
anodic polarization at 50 V in ethanol and perchloric acid mixture.
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FURFR U T RO R & i O SEM 8 & R, 1 BR P EAE CIERL U 7= e B # 1 (Fig.
4.132) 1IRBITAFET DML Z 5 O, RN — 72 LR FF B ALBINIAHAITH > 72,

SO MR (Fig. 4.13e) HAITHIFLIZFIEL, FLERIE 45 nm 5> 5 53 nm ~i&
KUTo, 2 BePEaEfg CrER U7 feliidem (Fig. 4.13b) (3XLEAIOBRAIME RS @\ T2,
EFERIRZ X D ALERIE RS AU RITMER STl Y (Fig. 4.13f), 1 BMEEMIT A~
RKEDOIIGIRD ) —THEDM BRI TH o7, —J7, Ehldh Y — NEFHEE
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D&, W LAY Y—@oikh &k L2 fLA3F/E L7z (Fig. 4.13c), Figure
411128\ T 1 BB £ 7213 2 BePE B2 V> 10 o bl U 7o B oo S AL
IEENEIN 30 nm, 25 nm TH 5, ARITARBFELUETHHN, ZITENHLH
HE, Y — REMHBERL T S T2 v — 8 OB SIS B 72 AV
FTLOOBETH D, 15 e LcEim (Fig. 4.13g) (26 EEHE LI ThHuL
Lo ABIRIZR LA FFOR— T AL T D £ 912, (LF R OEEICB WX
FLEEIZ £5 nm B ORRAE TR by, BEEOB@AIZIZIE A2 EL, Lok
FEAZ DT R LI 3 R AF LTz,

T/ — NEMRFHEE L7 KOS S 3B HE D4 ¥ —Jg DO FLEICH Y 9 5
R sz (Fig. 4.13d), BIRDOEI@EFLAKIL 5 7 TERTE, I Y — NEMHHE
EIZH AR AR — 7 A OWWIT IR Y N2 W T DIERBLN R 5, Toh - 7= (Fig.
4.13h),

Top surface Rear surface

Cathodic
polarization

One-step anodizing  Two-step anodizing Anodic polarization

As-anodized

After chemical

Figure 4.13 SEM images of top and rear surfaces of porous alumina membranes.
Chemical dissolution was performed in 5 wt% phosphoric acid at 30 °C for 15 min.
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Fig. 41412t 7 X v 7 AT K D AFESAF T T 1250 °C T 4 FFEMNEAL o-7 LV < F
HB—fHE LR —F AT AIF AT L rOERBLOER SEM G479, 1 B
M CRE A E AL, B Y — NEMRREE L RS2 NGBS 5 &, KTk /LR
N O BERE OB K 0 ALEESEEE L, FUERENE LS 2L LT (Fig. 4.14a),
—J7, 2 BePEEMRIC X 0 ERL U 7Z R A Y — REBARIC X0 HIEE L 72 s A BB
L7z, LR LomEifsid 1 RS EAR O & [FIBRICRE A L2y, HIBIREMER LT
LB M LT (Fig. 4.14b), 1 Y — REMFIEE L 7= Em I MERTOEEE & b
95 &, EREHEAFE OB AR U7l 72 AR — 7 AT IEBERT IC K 0 BVEE) B IH
KL, REOFLIZREITHELL L7 & 72 572 (Fig. 4.14d,e) . VBB ISR bRV EIET
o5 2 BPEEM LIRS LT/ — FEMFEEC X 0 ER L2 R RmIE, b
DV EIREE] T o 7o T D ALOERE 3 fl STk v (Fig. 4.14c), FEEOALLE B IR
RKOBEHI Sz (Fig. 4.14F), ZD X 9T EBEZE L RS = & TRE O SME I 05

OIS IE ZHERF LT a7 VI T AT LU ElT 5 2 R TE T,

AT VUV DRESITEWIIC LD o-7 VS F~OfEib% K 50 pm TIFIELAL
TRONRNSTeR, AT LrOREES, 7205 100 nm A THER S LTV S
BN 720 OB VERITH 4 %IHE LT, FLERIE, BlZIXA v 7 U AER O B 54 ¢
B HACFEIRMR S 5y DFATT, 59 nm 75 62 nm (ZHEK L7z B B VBE LG S b A2
FEHTH 18 %/ L T D, FLEBROIEKRIZT V2 F ORGSR I > BEE b & 2
BENIZIRA LTo Y 2 DERT =4 2 O 43RBT X 0 2 VBENIUE S 2 2 L ISR T
Do o U BREMIE T CARFEBRIZITV 100 AMZOSMTIER LT 'L T 7 ADR
BEOEEIX31gemB EHEINTEY 3, a-7 VI FTOBEENK 40gem2 THDH =
&G, REDOE(LIER T E TR LI > BABEDOTIE L L TOZEEIEITH
25% L AL bD, ZOKEIZSEIO A LT Lo Ok ERTE TO'VEED i
DEALL D RRKEVNFE LA —F —Th-oTz,
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Top surface

Rear surface

Figure 4.14 SEM images of top and rear surfaces of porous alumina membranes after
heat treatment at 1250 °C for 4 h. Chemical dissolution was performed in 5 wt%
phosphoric acid at 30 °C for 15 min.

Fig. 4.15 (T 2 BtRSEMAR & 7/ — NEMERIEEZ F TR U 72 B L Bl AL kAL
Mz 500 L, BVLELIC LRSS b L TERIL 72 a- 7 v 2T A 7 L o ORI SEM
BEmrRT, Boniz A7 LU BB OEE RO T /) R — T AEE IR 50 um
DREFR O P £ TREICHER ST e, RilCBIEE S fLIR L o
(Fig. 4.10c) IR BENEICITBIER SUd, MRS I3 iR m o0& /VBEAN 8 < FlsI A KA
REFNCOBRE LT, £z, a7 VI F AT Lo ORVEEIRE L & BEREIZEWD,
HikiEE 2 FF>7 L1 (Fig. 15c fiAK) & LTSI TV,
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'-«;MM Gl
' 200 nm

Figure 4.15 SEM images of porous a-alumina membrane formed by anodizing at 40 V
and subsequent heat treatment at 1250 °C for 4 h. This film was detached by anodic
polarization at 50 V and chemical dissolution was performed in 5 wt% phosphoric acid
at 30 °C for 5 min. (a) Top, (b) middle and (c) bottom parts. The insert indicates high
magnification image of cell walls.
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EHE LHBBHICIBREEE LR —FATAIF AT L
DYERL & #E AL

51 ¥ &

TN =0 D a R E X7 A U EMRET T ) — Rk 5L, 7/ A—F
VA — =TI LI EE RO EFFOR—F AT VI F RN AR T2 2 Ll
<MBEBNTND M, Fiz, BREMFELEELT D2 IRV E—2A»nE O
HIBCESN LI AR —F AT VI FEIRAERT 5 Z LR RETH D 10, ZD7zw,
T EE R A ER S 57200 T v L— & L COIEAFZEN RO ISR LT,
T )= FBRALAR—F AT I FRITEER T — B2 /K- Z &b, S0
DINA LT L7 4 Z =1L U COEAEAER Sh, B30 A5 HfEkE 14-18)
RFALRE 19, N TEHTEE 20, Hifuss% o FH 2DE Ly, RIAVIERA~ORFFEM
TON TV, LLAERD, ZTNHDIFEAEIETELT 7 ADT VI AT
VERBA LR TH Y, BULERIC L 0 @SBRI 2 EE D a- T LS T AT L
OIERITIED N S X, FEEFE B Co ) / EERO DD T T L — &
LTINS 7 4 H—E LTOERICED E T, IKWDBHTOEMAN RSN,

R—=T ATV FTREET VI =0 AR O HBEST 5 i hik e LT, Bk
KSR 22, SEAVSR-IERRIR AR B30T UHR-A K ) — VREIR W~ DIREIERSCEE
Mer (FEVREIE) B AFRIH Lo v — @O 323, MERmEs S A=Y ) —
JRHTOT 7 — REMIZ L DHBET 1L B0 s Tnd, BIIEET, A—
TATNIFT ATV BERT 27200 RBEOHBEFRIZIEEAERT VI =Y
LFAMMOUEIRERE TH D0, ZOTEITHIBE LI ZIEO Y Y —ERRE IR0V
b, FRCAERBENEL D & X DH%O AL —R— VAP 2 24 A RN B D,

T — R LI K O ER L - BT T EL 7 7 A TH Y, BTV H VIEKT TR
G L, miRK TR 5 72 DAL R E MR, 20720, A7 v Z
— & LT ABRE A LR T 5 72 DT BVLELIC X 0 LRI LER a-T V2T ~D
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fpn bR O BN D, ¥ a VRSP TIER LA — 7 270 X FRAR O BULERIZ
X BfEdEIEFLIE Mardilovich 5 2)X° 0zao & BT X BRIEIHT 2 BV T il

TV F OFEE & EEBIREOHEBIZ OV CREMICEE LTV D28, WO KD
900 °C LI ETy-7 /v 2 FIThEd{b L, 1200 °C LLE T o-7 /L 2 T+ 5, T D,

v VR, Wbk, U B0 3T OEMIR T TIER L7TeAR—F 270 X F BB O &
{LiEFRIE TG-MS, EPMA, IR Z HWTRED & OREER /70 OMECEI S, EME
T =2 OEFERES R E RN GEMICHR R D 53, BAERMEIC L 5T/ — FEBbi
IO LR OENAH LI o7, L LR b, 5 TIET VI TRtk
2D BB RIET R FIEH TR DN TR LT, s 7 v 7 5220 il
LIz a-T AT AT L OERIINEETH - 7,

Fernandez-Romero & 30|33 = 7 ML & AV TR 2 /ERL L, 1100 °C CEULER
BATO ZE THIREMEELAEN DT VI T AT L O b ZZER L T D, Z
DO TIHEBVLEIE L MR 2 Ol R i & Iy A2 £ 72703 F AT LT
bole, A7 L LTOT VI T OfEEAGIZEIT 2 813 2000 4 LA 500k
HEINTWDEN, ZOEDODZIT a-T VI FT~ELETITHRENZ Y 7 v 70— L
AT, BERSIC LW ILBRBICETE N U T 5 ¥, 0%, McQuaigJr & 393y = v
e FHHWCER LT VI A7 L% 1200 °C T 1REREEVLEE T2 & a- 7 V2 )
~NEEET 5 2 S LT, 2012 45121E Chang & 403 U U EREMRIR & VT a-7 L
RFEERSE L6 mmX7.5mm Y XA T L OERIZSOWTHRE LTz,
WHDA LT L OAERFIES TV = U LEMOURIRE & IR PR (AL
—R—/L) OFBEHETH Y, 460 nm OB AR EZFORED T =4 B NEE Y &
ETHRELTOLEET S Z LT, a7 /L 2 T ~OhEi b & B O BT O3 %
AfREL L7 ERL TS, ZOFEIL Ono b VREFBEOEENORLEZLD
Z, M b LT W = U IRREANE, TROBMT VI FEORE NS Z L TT
=F L OMBEC L DBEEMEDENDEELZZ T TR EEL LD, L,
7 0 AR E RO T B CERL L7 Tl 7 =4 IR A OEIE (75 %~100 %)
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BN B T = ARAEERTRET 2 2 &1 VEEERELSN Tl VEER
KRV FECRAETHY, ATV rOBESICH~AFTABERERD, 72, U
VB TCH T = A URBAEEETRELIESGS, A7 VA R=2 712 X 5 HLEDH]
TN T & 7200,

IHNETIZEELIL, MEBEOT NI F AT L OEREMHIT 572012 T V2
= U LFHOBIILOEE D2 G LR, o7 VI T AT LU OREIBILE S
NDFERIO KR E SIXPHINE (FfER) OFIERB X OB EHEIC L2 7L =7 A
FHORRIZIRSAKITT 22 &, TAITORERAN AL T Lo DY T w7 OFAE
EARIZRVRT NI EEHALNI LT, £2T, EELIXZ 7y 7 0oMiiliikEeE LT
BN X0 RO R & & L RERBLmPEZHIE L7270 2 =0 LKA Wz A v
TVUUOERERRE Lz, 72, TAIF AT LU EBVLE L7 BRICRAET 2EIN
LB 2T 272D DT /) — FERALSRAFL B IO RIBETIEICE L THRE 217> T
X7, ZOREE, LK 50nm, E X 50 um, B 25 mm OOTHOMEN g-T /L
FAUT VU ERERTTE DGR T ) — RIbSEth L, AT VI =7 AR MM D
DRIBELE, ANV—R—V &M, BRIORERMEFiEZ R Lz, LOLRRG, A
YTV TANE =L LTAR—F AT NI FTE2EHT 5O @I L2 L2
DFE & -7 VT A T b ORBVRF L EZ IR R E DR LETH D, £ 2T
AWFIETIE, 7 — NEMHEEE VT A L—R— VIR L, BRIECERETE e &
OT ) — RELEREZ 2 bS5 Z L2 K 0 ALEED 40 nm~350 nm D JA i T
25, 77y 7 —TCEAEOENT VI F AT L OEREITST2, AT,
FRET DBRICEE L 2 5505, TR LBNIC L Vb LTz a7 VI A Y
7L O S EME MY, d L OVEMEBIE & I T B AR & RN L 72,

5.2 SRk
521 R—F AT NI F AT L OfEHR

7 )= FBLAR—=F AT F A7 L OERLEFE I 4 2O Fig. 4.1 (2530 T
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ESL L 7=, REHTITHE 99.99 %D T V2 =7 A E AV, UA Y —lE N T
(FANUC, ROBOCUT@-OC) (XL VY 7/ =T At (t=0.35mm) ZHOf 72T
(p=25mm, S=9.8cm?) (ZUIkrL 7=,

T =y AREIORMLELE LT, T hHT 3 MBS RIS, =¥ ) —L
(99.5%) —imifFEEE (60 %) REGWR (RFEE4:1, 10°CLLT) MV, 1500 Am™

2 Sy MRS U= (Fig. 4.1a), ATALER L 7=308HT Table 4.2 (-3 S fif 44 < 1 FEH
EBIET / — Rt (LIKEM) %17-7- (Fig. 4.1b), FEEEFE i O FLEHI O HLHIE %
EH DT, 1 BB EMS ORENE 2 W% 7 v AE—6 Wit U L FRIRA VAT T T 10 4
UL T LD B s L (Fig. 4.1c), 2 BePEEM & L T 1 BeREEM & RS/ T
7/ — RiEgfk L7z (Fig. 4.1d),

TRTCOEBEDOES L 2 Vg (30°C), 40V OFM4%#LIchEREAHK—L, §
50 um & L7z, U VBB Z W= T ) — RERL D BB D% 55 < 7= D BRI D
FE5°CITHRE, ZD%% 50 4370 F T 15°C £ CTEMMICIREET LA ¥, v =
UlECEED 60V O5E, PO LB ORI A SGET 5720, 1 BMEM 4 55V
~FFTT /— Rk L7,

AT, VESLU 72 B~ 2 £ 53 5 728 49, K&H T 500 °C, 2 B O PN
BEiTo7c, =D, 02moldm3Y g (15°C) ZH\, Table 5.1 (27~ L 7= R IsfE
BIFFOEREE T LHEELET /— RERML L, 7V =0 LM/ B I v
DENRIMBAD B2 £ 5- Uiz, ZERRFEED 100 V UL EOSAT#IkO T/ — NEF

HIFES T TE o lziod, N Y —JE@ 2wl < 5 72 DI BNEA Rl L RS ARE
TH0V ECEMIICE YV TOBERT (BithlE) LB E21T-72 (Fig. 4.1e), H#His
INBR—T ATV F R HIEES D ERITER O 0E O GREREB: =% ) —L =1
4 DIREWT, 10 °C LLF, AEKREEIZ 10 V 21N 232 L CEERZ AW T 1

D7 ) — REMHFREZIT o1 (Fig. 4.1F) . FIEE L 722X 5wit% U % (30 °C) HiZ
RIEL, N Y —BOEMR (A/L—R— V0B B I OFLERIERAE 217> 72 (Fig.

4.1h),
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Table 5.1 Anodizing conditions for fabrication of alumina membranes with different
pore diameter.

Temperature Formation voltage (V) - Anodizing time

Electrolytes o .
4 ) ot 2nd (min)
0.3 mol dm~2 oxalic acid 30 40 40 180
0.3 mol dm~2 oxalic acid 20 55 60 120
0.3 mol dm~3 oxalic acid -
0.2 mol dm~3 phosphoric acid 25 100 100 120
0.2 mol dm~3 phosphoric acid 5-15 185 185 300

522 BWHIZLAEZT NI F AT L ORI

ERIL7ER—FATAIF AT L ATE T I v AR (2—V 254 F - 554
k, 35Q) (Z#kA, ERL (ADVANTECH, FUH612DA) 1, K&AFEFAS F C=RENH
FTEDIREE (700 °C~1400 °C) £ THEA L7z, £ DOBROFHIEHE L 25 °C h1~200 °C
ht OFIPH CREFERICINZA L, 3%E FIRIREC 4 RefRFF L7, 20k, AT L v
(ZJFPN T 50 °C ht M AR TR £ T L7z,

523 o-7 VI F AT L ORHERE

=T AT NI F AT L ORI I E N O A E B MeE (JEOL,
ISM-6701F) ZHWTHEIZ LT, A7 L OFRmOALITE G Y 7 b (National
Institutes of Health, Image J) T, L 40 {HOE¥IfE & L CHLOmENHRD =, AL
2B LTI, 5D A XDe LAY, VEHHEEZ RO, £z, HEELR
— T ATV TSR T O TR, RV - E BT (RIGAKU, TG8120)
IC RV BEZ b e EEA A NE L, ME%OREHT X #EHT (Bruker AXS,
MXP-18AHF22) CRIEDO#EMEZFHE L7, 07z a-7 VI F A U7 L U Emi g
s PERER & L C 18 mol dm=3 ffifig & 14.6 mol dm=3 U > 2, 10 mol dm= D /kEE{LF K U
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7N EKERES U T ASENEIE R T 2500 FE (93 - H) RIEL, MkMEORE
flfi& L C 300 °C OIEARAEZF (8.6 MPa) 12 720 FEfE] (%91 » H) B L=, £7-,
FKEFEE ST AT 5702 F A7 Lo O SIEICIEBUNTA L35 (ERIONIX,
ent-1100a) % FV 7=, B SFABR I3 50 gf~300 gf (0.49 N~2.94 N), ATHEHL] 15
B 1#EHe & 5 [EILLEFTVY, SEM ICX W I L7 REIE (n=5) by h—
AREE (HV) ZRdiz, Fiz, WE-EMNBENO Y 7RERD, GonizA v
7L X Fig 5.1 ISR E A W T RGBT 217 o 7o, BRBRIF O Ui A XG5
P27k (Mixed Liquor Suspended Solids: MLSS, 8000 mg L) 1, 20 °C T HEARFE (3 m
si~8ms?) Z—FlcL T/ rAr7a— X THIE L,

/Alumina membrane

Filtrate water

Raw water

«—

Air injector I

Gas cylinder

MLSS solution tank
(8000 mg L)

Figure 5.1 Schematic of flux filtration test using alumina membrane.

53 fER LB
531 LEAHEIELIZR—F 2TV I FREO/E

Fig. 5.2(240V~185V O EE T 2R T / — NER-{L L 7=BR D FE i i HhfR 2 7= 37,
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BAREIETT / — Rt T 2BROEBAERHEIL, > = U2 40 V OFEME THIE 2 50 um
W2 bk ERE (L3KkC) ELA—IZZ25ETEL, BEEZKS0 um IZHELZ, v =
UEEH, 40V TT / — Rt L7z & X OEMAEIIEREE K 120Am2 TH Y, 3
RERIH O EF BIRBEIRIE L A E B L otz, —T7, o UEBMRIET T 60 V
B Ul ) U EORRE AV 100V CIXEMRNICERS EJ L, BiEb
1°C~2°C kEH L7, #:lZ, 100 V T7 / — NEgfb L 72 BRIXEMAIE A 400 A m2
VI D@ EREEZ R L), (HFEEROEN GO, U mgd, 185V TF
J— FEAL$ D BR3BET 2092 72, SEHEII O 10 53T 10AM2~20Am2 D%
DL A e RE R, BeMEICIRIR G ER S ¥ 5 2 & T 5 RO EMIC X 0 IR LA E Rk
Sy W

500
~ 400
§ 100 V
2 300
2
©
= 200 | 60 V
)
5 [ 40V
© 100 |
/ 185V
O I | I I I | I

0 60 120 180 240 300
Anodizing time / min

Figure 5.2 Current—time curves during second anodizing in 0.3 mol dm~3 oxalic acid at
40 V and 60 V, in mixture solution of 0.3 mol dm= oxalic acid and 0.2 mol dm™
phosphoric acid at 100 V, and in 0.2 mol dm~ phosphoric acid at 185 V.

98



5 AP ERIE LR —F AT VI T AT L OERE L

Fig. 5.3 (27 /L2 =7 LAF M HFEE L 72 = UERE L OV BRI Wrin SEM 4
Y, BIESCEMKEICED ST, BEOIRITERMOEMIC LV BRIKRO(LF
Wi a3, JEDILR Uiz, v =2 Ugd, 40V TER U 72 BRI b7 s X 5 5L
BOYERZZIT TWD E DD, FLITES DD 72 D EE RIS 2 HEFF L Tz, —
5, U e 185V TIERL L 72 B 7 v R = 7 AFEHIZE N TV 5 &E 7 Cu (60
ppm) OO FLEL 4TS 2 1 1) B U BED IR RE )N ERE L CARRR LTV (Fig. 5.3b, d, ),
FUEERIZBIE SN Ay UG, 185V TO T/ — REBERFZAR L7723 D ¥ —
J& Z BIREE BRI L 0 LS LEEBRICAER LR TH 5,

Figure 5.3 Cross-sectional SEM images of as-detached amorphous alumina membranes
formed in (a-c) oxalic acid at 40 V and (d-f) phosphoric acid at 185 V. (a, d) Top, (b, €)
middle and (c, f) bottom part.
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Fig. 5.4 ITRMEHIEE, A —AR— VALE, BULE L - 22D T VI AT
DOFMEE B O SEM B4 HWT Image ) ORI LR E2RT, TV = LFHE
95 KB, A —R— L DI DIFEIRIC LV IR EZIER LT A 7 L Bl
Y5 L, fEmibic X0 7V FOBENREINT 5 0BTV T oSBT
HILRK LT, BULEIC LD 7L T 7 A5 a- 7 )V 2 F~ftib LB o AR O
AERRBIENEWIZERE o7z, 0.3moldm= > = U400V T3 RHEELET / — R
Welbi%, 7/ — NHEMRIBE L 72 1% 0 BRSO LI TR IFH OB & 2 0% DL FER
iz K0 58 nm IZHE KR L7z, 55 V TR L7 RIRAZEM%, 2 REM % 60 V TIER
L7 IROREAARIT 54 0m &7 >7-,60V TERL L 7= 7 /L 2 =7 AFEMID 5 HEEH
DRIED LD 40V THER U7 DAL L W & /h &< e o T2 RUAIE, 40 V OEMR

KLY BEMFHAE S, WRMEWTZ D BARIRIZ X DR O BV I

(Y

SR T D, 7, 100V EBEION18 YV TR LI EZEOT ) — REMFIEE L 7-1%
OFEIZITFN N 1120nm & 174nm TH - 7=,

400
- [ As-detached
| [ : After through hole
-l a-alumina
€ 300 |
= N
£ 200 | %
< \
e | Nl
S [ N N
S 100 \ \
- ~ \ \
0

40 60 100 185
Formation voltage / V

Figure 5.4 Change in the pore diameter of top surface of alumina membrane with
through-hole treatment and subsequent heat treatment. The chemical dissolution of
alumina membrane formed at 40, 60, 100 and 185 V was carried out in 5 wt%
phosphoric acid at 30 °C for 5, 30, 60 and 120 min respectively.
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Fig. 5.5 & Fig. 5.6 (27 /L X = U AFEH O HIEER, AN—FR— A LT VI
B DFih & B O SEM % 7797, 100 V UL E OB REE TIER L 72 B IR I LB B8
WFRZ LY 50 V E CTEEZBEFEIIIE T SEANY v —E a2l Lo, KD 2L
— AR VRS HEERNI AN Y YOS WICE b ETHEL, ThTh 5 4,
30 43, 6047, 120 43zl L7z, RIEOREMILT 7 — FELRHAL R iR 2 20 57
DI IR THRENB K E <, AV—R— VAERZ I Z €4 62 nm, 74 nm, 147 nm,
270nm TH o To, —F, A/—7— VA% O Em L85 (FBEAEE57) 1319 nm, 58 nm,
91nm, 352nm T o7z, 40V TR L7 IR DT 1 D FLAE DS /N S W B 1378 A7 L 72
WYY —BNRERICREIN T RWNWED TH S, 185V TE- L7 ZEDO N v —
JE X EIREIE LB O FE TR 2 8 s & U TREDIRICE 7 0 Lo 72 AR — 2
A JE RN AR D729 (Fig. 5.3F), FEiE O FLEITFLETBIZ M 2> THHER L D LK
LTw% (Fig.5.6d),

Figure 5.5 SEM images of top surfaces of amorphous alumina membranes formed by
anodizing in oxalic acid at (a) 40 V, (b) 60 V, (c) mixture solution of oxalic acid and
phosphoric acid at 100 V, (d) phosphoric acid at 185 V after chemical dissolution in 5
wit% phosphoric acid at 30 °C. Inset indicates a high magnification image.
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Figure 5.6 SEM images of rear surfaces of amorphous alumina membranes formed by
anodizing in oxalic acid at (a) 40 V, (b) 60 V, (c) mixture solution of oxalic acid and
phosphoric acid at 100 V, (d) phosphoric acid at 185 V after chemical dissolution in 5
wit% phosphoric acid at 30 °C. Inset indicates a high magnification image.

532 -7/ F AT L OfSHIREE

Fig. 5.7 & Fig. 5.8 [Z A /L— R — /VILERFL, MNEUZ KV a-7 v I Fffidfb S 7 2
Y7 L OFEEEmMO SEM B a2oRd, Kim & EEITW TS BRI E A TRERS
(Z & D HEZR MM ANE 2, SR o7, RS, BEITIMBETNICEEZ SN v —
J& DV TEE D BBEREIC L O AR —T RE~EAE N, Kifi & ARG & e o
oo BAERBETER LA T LU OAROENIZERT S L, Fig. 5.4 (TR LT-
IO T LU b EEBICEEVER L TWD 2 ER G0 D, = VR,
40 V THERL L 7= AL — R — VALER G D A V7 L U 3 BVILER IS K 0 LS 61 nm 5
63 nm ~fEAR L, ®/LEIT 105 nm A5 102 nm ~IAE L 72,

Fig.5.9 (2 U »EaH, 185V TIERL L 72 24 A v —7A — VALEEf%, 1400 °C D EVIL
BIZL > THALNEZ =TV IF AL T Lo O A7, U VBRI BWL T bk
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GBI LD ERR DR ABEL Fp ooy, Vo BRI L b P EERDOT ) F—T 2
B I TN, BT AREEREIC L0 S A EE O, T 2 S R 7 L RE
1L Fig. 415 IR L2y 2 UMD a-T VI F AT L LRI UL, BB LR AES &

L CHEEL TV,

Figure 5.7 SEM images of top surfaces of a-alumina membrane formed at (a) 40 V, (b) 60
V, (c) 100 V and (d) 185 V. Heat treatment was conducted at (a, b) 1250 °C, (c, d) 1400 °C

for4 h.
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Figure 5.8 SEM images of rear surfaces of a-alumina membrane formed at (a) 40 V, (b) 60
V, (c) 100 V and (d) 185 V. Heat treatment was conducted at (a, b) 1250 °C, (c, d) 1400 °C
for 4 h.

Figure 5.9 Cross-sectional SEM images of a-alumina membrane formed in phosphoric
acid at 185 V. (a) Top layer, (b) middle layer, (c) bottom layer.

533 TIIIF AT L rORERAITEE S RREIHE R
Table 5.2 (2> = TR (40V,60V) BLOY UEREMIK (185V) ZHWTERL 7=
ATV OHARERR VT 4 BT, REOLRIZEGIENT Y 7 b 6ELNTE
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AV, BEARIE SEM b lIE LIZEEZ VTR e T 0 2RI L, ok, A
YT DR T XA (den) & FLEE (dpore) ZFHWT 23 ADBRDHND,
o UEEEMRIT, F40V TIERI LT ) — RERMEAR—F 27 L 2 F OBEITR 3.1
gem3 L HRESN TS IR, -7 LI FTOEEIIFNA40gem3THDH, W-T, 7
WIF ATV ENMAT D ET VI FTOT BT 7 A5 ORI EE S BEZE
I & 0 RFE (REOZ LMY T & 5356 XM ) T 225 BT 5, v = vEE
figig (40 V) &V Ui (185 V) ZHWTERL 72 A 7 U v BHIRDOEAR LR
p IR FERIME TR 3 %/ L TR0, ZAUFEUE O mAEAS 5 %INAE T 5 2 L ICH
M9 5, —F, YaUlk (40V,60V) BLOY UEEMIK (185V) ZHWTIER L
I AT L DB/ RNEDMNRE SEMBNGRD L L, TNLTIL3 %, 3%, 6%
Tholz, VUBEIEDOSE ORME/NROR—BORRITHA LN TRVD, AL
PEBRAEDNSLSBRNWZ EICOERT 27249, £, TEALT 7 A& 0-T /LI T A
YTV DOREEZRE LIZE A, TNENA 54 um, 52 um ThHho7o, LL, &
RIS D TS RN TIRE O I B E 72 E D7, K 3WREOHIEAH Y, ZIUIRE
ICHAR T 2L 282 um DRSNS T 5, 207, Z 2 TIEHEI F A ONHEL7R
WHDE LTz, AU 7 L2 ORBEINAERIZ 5.1 X bRD 72,
1—[n{ (Deei / 2)> — (Dpore / 2)*> } I m { (deenn / 2)> — (dpore / 2)* } ] (5.1)

Z 2T, Deell & Dpore lZ 0-T VI F AT Lo DAL FLE, den & doore 127 E/L 7
FADALT LU DRMEEARTH D,

Vo VEBREMIKAZAWTA0V L 60V TIER L2 X 7 L o OREd I O RFEIX
MRITZNZN 119% L 135%TH Y, BEZLOIENDHEE LIEL D /S H
ST WHERMEWHBOO LS & LT, o VEBREMRKZ W TER L7 a-7 v
T AT LU OB VEETHETRIREE TH 5 72— EM R T < OIUUT K D ZER AT
TLIENBEADND, —J7, VU BREMRIEZ V185V TR L7 A 7 L ofk
FRNHERIZ 321 % Th o7z, U UBEBMR T THERL7ZZT VI F A 7 L OIRFEIL
MR L OMEN HHEE L1z 225% X 0 bR EWEBIE, BEREIC X 2 21—k
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—JVALERE CIER S 78X (Fig. 5.3d-f) ~D 7 VI FOFHE, a-7 /v F~DfE b
(ZPED U VBT VR =0 LD EBRETH D LR END, £, T2 THL
T ENT 7 ADEEOBEEIZILY o VEETEMIE, 40 V OZIEOEE 0¥l V%

WTWATZ8, T 2EELELLITHA D,

Table 5.2 Change in the porosity of alumina membrane with the crystallization to
a-alumina. The averages of pore diameter were calculated by Image J.

Formation voltage Crystal phase Pore diameter Cell diameter Porosity

\Y%) (nm) (nm)

40 Amorphous 61 105 0.34
a-alumina 63 102 0.38

50 Amorphous 74 153 0.23
a-alumina 80 148 0.29

185 Amorphous 270 464 0.34
a-alumina 307 437 0.49

Table 5.3 (23 = V40V 38 L OV % 185V THARK L 7= BB i Wi o> SEM 7>
SRR L7z -7V T ~OfEEERTZ O A 7 L o oifg & NgEo LR % R~7, Wi
m ORI S W7 ik E LT, W SEM B b ALoEZHE (n=5) L T
BRI, £, Re T 40 ZRODHEOVAZRIL Table 5.2 DEAERE iz, R
DFLILT /) — R L OBRIAL PR A% T 5120 REP R BIER L, FLEFIZE /NS
Motz 72170, AT Lk 20—k — VAL 5 1= DI124T » T AL IR R TlIEm
DO JEEHE TH TN I D, a-7 VI T flifib 3% & BEZ IV =
VBRI TR LA T Lo FE R X OHLIER ORISR I £
22.8 %3 LU 14.5 %72 - 7, FLESER O ARRIIGHE R IT R EFLEED D OREM & 121FE— 2K
L7272y, HEOMEIEN R0 RE o7z, Mmoo SEM B2 b A2 R T 2561
REOIELY GIEEMEICH VRENRKRELS RDAREELRH D, —F, U VBB TIER
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Lic A7 L roffgis K OFLE OFERRIGERIZZ N ZH 43.4 %I LT 405 % T,
KD DRPE LY RLRRENSTZ,

Table 5.3 Pore diameter and porosity evaluated by SEM cross sections of middle and
bottom parts of amorphous and a-alumina membranes formed in oxalic acid at 40 V,
phosphoric acid at 185 V.

Formation Pore diameter (nm) Porosity
voltage Crystal phase
(V) Middle Bottom Middle  Bottom
10 Amorphous 47 38 0.20 0.13
a-alumina 60 47 0.35 0.21
185 Amorphous 295 276 0.40 0.35
a-alumina 344 329 0.62 0.57

534 a7/ AT LU ORI
5341 BUNMPLIAHRBRIC I DS & v 73

Fig. 5.10 IZ¥ = U REEMIR T, 40V TER L7277 VI F AT L B R HET
BULIR L7y ) — A S & -l 2R3, B O X 13 1200 °C O FLHL
M E THV 28400 LLETH 7243, 1250 °C DELER TR a-7 /L 2 F~H5f L
AT VAIT N T 7 A5 1200°C ECEMLEL LT VI F AT L isxt L
T 15 %~20 %K T L7z, TS O FIdfdmbic X2 BELICEI R T+
DM TH Y, fEeACIC RN VEERHGRS (R 7) TS T 2 & bR
LTWDAREMEDR ® D, TE-ZENHRICB N THHE—0 a-T VI F AT L O
LIARGE S IO ST TR 2 51238 L 7=, Table 5.4 (Z/R L7=Y > 73T,
V-7 b 2 F DL DBE DEAIZ D I DI LT o-T /b 2 FE—H~DOE(T
RKELIKTF LI, 37206, HIERIIA T LoD a-7 VI FTE—F{ETRE KT
L7z &2 s,
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400 1000 |
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T = 800 |
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é 3 600 |
T 200 S 1250 °C
T 400 |

100 200 |

0 0 L L L L L L

Amorphous 1100 1200 1250 0 1 2 3 4 5 6 7
Heating temperature / °C Displacement / um

Figure 5.10 (a) Vickers hardness and (b) load—displacement curves of amorphous and
crystalline alumina membrane. Nanoindentation was performed with a 980 mN (100 gf)
load and a dwell time of 15 s.

Table 5.4 Vickers hardness and Young’s modulus of alumina membrane heated at (a)
1100 °C, (b) 1200 °C, (c, d) 1250 °C.

Heating temperature / °C Amorphous 1100 1200 1250
Hardness, HV 44416 405+12 430£18 348*18
Young’s modulus (GPa) 48.4 51.6 52.1 16.7

Fig. 5.11 |2 B2 980 mN TRUBIR N xF LISV I LA 3R U 7 B oD fif B2 (57 il 7
BT, YaUlg, A0VEBLIOY UEE 185V CIERILETELT 7y ADRA LT L
X7 ENT 7 ANDHE—D a-7 VI T fEE T 5 2 & TREEIEENRZ L2 D,
MUARRI DN LTz, £z, ME-ZEAHEROBRM RIS T 2 AR 5RO 7Y
> 7% (Table 5.5) HiERLIZE Y 30%~60 WK T L7z, ¥ 7 RIIMMERD—~>T
WEDEHRLT I EEEALLIZEMETHY, B NINEEELLT,

Table 5.5 [ZBVLEFIHOT VI F AT LorORa YT 4, By h—AMIB LW

Yo RERT, ATV OFEILBELE BAENLRD AT 113185V T
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ERIL72 U VRS e b R&E o Te, HRIS, U IREBI M O BARIE I L~ AL D
BIELNKE K 2, LR MFR b EWEOILR e T 4 NEhote, AT Ly d
BEEIX40 V TR L2523 185 V LW ik 2 olz, DFEY, AT L UOS
IR T 4 BN SVIE EEmWEA 2RO, BIEOM SITAEREENmLS RDI1TEE
WEENIE LS 80 Z L THIINT 2 & —RIZEA DN TWND, Re T 11265 < KAF
THLIEDRENT, - TNV T (2T F L) OBy I — A S % 20 GPa~25 GPa
(HV 2040~2550) TH BB BN, Hon AL T L UIR—F AEECTH LT
VELEHAD LI RIBIERWEHEE SIS,

a) 1200 b) 1200
1000 } 1000 |

= 800 | Amorphous = 800 f Amorphous

S I I

= £

ki 600 | S 600 |

o I !

— Q .
400 | o-alumina = 400 | a-alumina
200 | 200 |

0 L L L L L L L O L L L L L L
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
Displacement / um Displacement / um

Figure 5.11 Load-displacement curves of amorphous and a-alumina membranes
formed in (a) oxalic acid at 40 V, (b) phosphoric acid at 185 V. Nanoindentation was
performed in 980 mN (100 gf) load at dwell time of 15 .
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Table 5.5 Relation between porosity, hardness and Young’s modulus of alumina
membrane formed by anodizing at different voltages. Anodizing was conducted under
the same conditions as those in Table 5.2.

Formation voltage 40V 185V

Crystal phase Amorphous  a-alumina ~ Amorphous  a-alumina
Porosity 0.42 0.47 0.45 0.68
Hardness, HV 444+ 6 349+18 262+10 17513

Young’s modulus (GPa) 47.1+t14 16.3+0.7 29.0+0.5 19.7%+0.9

5342 a-7 /LI F AT L O ER

Fig. 5.9 (2 0.3 mol dm 3> = EEH, 40V TOT J — FE(bL#, MMEVLELC X v /EHR
L7z o-T IV F AT Lok, WIEORERE, 10 mol dm3/KE2{t7 kU & A~ 2500
RERIIRIE LRI D A v 7 Lo oW SEM B4R, RIERID o-7 VI F AT L
Y OWEE DT ) R—T A (Fig. 4.11) 1&, 7ENL T 7 AD A7 L (Fig. 5.3a,
c, &) LEIERICREH D T £ TRIRIZHER STz, BVLBRIZ I 5 L DR
KIFA TV ORITH -7, KIFHNZ & RNEARRFE DL PR OB A % 1
ORI RE Y, a-T /LI F AT Lo OB VBTN OfE SIS EEY Y, Bk
WA R LT, miREOREE (Fig. 5.9b) <°/KER{bT kU 7 Ak (Fig. 5.9e) ITIRIETR
DFREHIBIR DT N TOFEBUZ BV TS ETRIT S Ao T, LESCEER &
RTRIERT OGS 2 HERF L T e, mIREED U U8 (Fig. 5.9¢) oKERMED U &
2 (Fig. 5.9d) &#&HIZ 2500 B[] (KO3 20H) RIELTEHA S A7 LU DIRIRSCH
(2T R o T, £z, 125 °C ONMEARZRRTIC LIsRHIRE LT Ha, 7ELT 7
AD ATV ATFLNER & R AR ER L, RIRFICA 7 L s —b
L7e, -7V F AT b OGRS KA e & OS2 T2 < RS
niein-ot= (Fig. 5.9, 512, MHAMERERE LT 300 °C OIIFEKAELKHIC a-7 /L
ST ATV UR Ly AE L THRBIOZERITR oo,
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Figure 5.12 Cross-sectional SEM images of alumina membrane formed in 0.3 mol dm™3
oxalic acid at 40 V. After immersion in (a) concentrated H.SOa4, (b) concentrated H3POs,
(c) 10 mol dm= KOH, (d) 10 mol dm= NaOH at room temperature for 2500 h and (e)
pressurized water vapor at 300 °C for 720 h.

5.3.4.3 TEMIGIEH TOFEBEFRE

Fig.5.10 {2V V2 185V TERIL 7= 7 VI F A 7 LTkt L, IEMEIR % & Tk
ok crr A7 u— R EHWTHEHAR LR E ", X7 U 772 Lo
TCIHMADTENT 7 AT I/VIF (FLEL270nm) & a-7 /LI (L 307 nm) T
TRz Rl L7z & 2 A, [Al—RERFE FCIiEEICE Rt 5 JLER oK (Fig. 5.69,
h) ICEKLT, a7 /I F AT L OFislER 65 WMLz, ZOEIE7vIF
AT U OILEBEOHMNEIS (38.3%) L0 H KXW, FROHEIMIFLEDYE
ROENZTENT 7 AL 0-T VI T OREDEDRREBRL TNDLEEZDND, &5
2, NT VT EFTH EA T UV UREOHEREI D SR LTz, — &8
IEAENTWEET I v I AT 4NV —DRREARRBROLMEICY TID D LB
BLZImdI~35mdt ol TH L0, RFEMAETHER L a-T VI F AT L
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O B5mdi~5md?) XFAFEL ETHY, FEHE+HDMiRERF > LIRS
iz, BUE, MIRSNTNDIET Iy 7 AT 4 M F—DIRITE /U AL ZERRR
PRI TH DM, AR THER LA 7 Lok 5 ICHEERICT % 2 & THES
A O /NUE N EIFFCE D, FT2, 0-T VI F AT L L 5.3.4.2 Ot SR L PERERIZ
BOTIEAELTR L ORBEORERSLT VI VISk L CEV BT Z2 R~ Lz 2
EM D ABIRIZE ENDEEDMEMIZ K0 ERT 534 47 4 )V D OWRRERZE
MAEETH Y, RHHIMMEY &K LEHTE 258 E R,

10
8 .//// ' /// P
" e g
RS 8
S 6 3 .7
-7 -
E .70 /9,
R -8
L 7
e o: a-alumina with bubbling
2 | o: a-alumina without bubbling
©: Amorphous without bubbling
0

0 1 2 3 4 5 6 7 8 9 10
Cross-flow velocity / m s*

Figure 5.13 Relation between flux and cross-flow velocity of alumina membrane
formed by anodizing in 0.2 mol dm= phosphoric acid at 185 V. Permeation test was
conducted under mixed liquor suspended solids of 8000 mg L in cross-flow mode.

5.4 f G

TNI=ULDT ) — NS4 g t L TR S K 50 um DO RZEAZ ERk L, 7/
— NEMRHEEE O FERIZ IO AN Y=g ZfRrET 52 LT, 40 nm~350 nm D
FHCHEEEEH LR —F AT VI F AT LRGN, ¥ 2 7R EMIR TR
U722 lRiE 1250 °C, U VEREEAFR DOY541% 1400 °C T, a7 VI FH—FHE 25T,

I Iy IRICERATINEA L THRLNIZ -7 VI T AT L AL, Wihy, 77y
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~30 %IXHE L7223, BUS ) 24l LTRSS Y 7 v 7 2T Tz a-7 L S FHARICRREI L
7o

TNNITAUTLVUVDBSIIARR YT A MREWVIZERTL, a-7 VI F~OfG
BIZBWTIR T L7z, —77, WIFNDOAEREEICBWTHETELT 7 ADA T L
L a-T VT ~ORERC L VEMET L, Yo 7RIV ThOREICB N THIK
T UEMERNE L o T,

BONTZ 0-T VI T AT LV ATRREDOIRST VA V% LT 2500 FFfEJiRIE L
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THKMB L OAERS, ILOEBITR O R)-oT,

FEFLEDKI 350 nm D a-T VI F AT Lok, HIRENTWDEET I v 7 AR
RS LD R A RS, REARFER OB R BEM L7z, R—F 2T L3
FRBITEEROLEZRFD, MWILEELZRFOZ LN IR A T LT
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6.2 FEEBRITIE
6.21 R—FATNLIF AT L DOIER

7 ) — RBLAR—F AT F A7 Lo OERIT 4 3O Fig. 4.1 (255 TERL
Lize RETHWEZT VI =0 AMROMECZ Table 6.1 (2759, 71X =7 Akid Cu
OEFENFEVEE (No. 1) ZiE#EE U CHBMRICHEL, U UEaEMiIR 2 AV CER
T HEIE Cu DEHEMEWVEE (No.2) Z20FH LT,

TN =T LDT ) — R Table 6.2 1278 L= TiT o 7=, BIEAFEEIC X v
MEL7 v I=raiiCxt L, 1 BEMEAE S LT 1RMT 2 — REgfk L7z, 1 Btf
R4 D B2 EZ i XM 72 I AL 2 B e 72 O LR A SR <, FLEEFI O HLHIPE DS & <
RNz, 1 BB OFEHT 2 wi% 7 v AR —6 wt% U »ERIR VAR T C 10 43

O3 U R D I 2 i L, 2 B & L C 1 BB MR & RIS CT /7 —
Rigfb L7z, X TOREORE ST = VE (30°C), 40V OFMZ S LICHRERE
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Table 6.1 Chemical composition of aluminum sheets. (unit: ppm)

Elements Si Fe Cu Al
No. 1 20 12 60 Bal.
No. 2 20 12 25 Bal.
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Table 6.2 Anodizing conditions for fabrication of alumina membranes with different
pore diameter.

Formation voltage

Electrolytes Tem;ierature (V) Anod|Z|_ng time
(°C) (min)
1st 2nd
0.3 mol dm3 sulphuric acid 30 25 25 180
0.3 mol dm~3 oxalic acid 30 40 40 180
0.2 mol dm™ phosphoric acid 5-15 185 185 300

6.22 BMBIZL DT NI T AT L ORI

ERLLT2AR—F AT NI F AT LU, 7 2 v 7 A (Cordierite mullite, 35 g)
THeA, 709 OffE (7 v 7 AWK, 28) Nz, EXFH, RAREFEK T CE
BN DETEOIRE (700 °C~1400 °C) £ THEA L7z, & DOEEOH B IL Fig. 4.2 12
IRUTERIRT T 7T A&EFKIZLT, 25°Ch1~200 °C h! OB CERERIZMB L, &%
R IRIEEE T 4 FE £ 7212 30 AR LTz, T, A7 L 3FNT50 °C ht
DO HEE CEIR £ Thitn Lz,

6.2.3 o-7 /LT A LT L2 ORPERE

Table 6.2 DT LR —F 2TV FREIZT / — REMFRREEC LY 70
=0 LFEM O REA B, TV — AN TS S, R OREHT, ek
ZAWTH#EL, 325 IZESWOREM-E&/SHT (TG-DTA) IZXVBER{LLEH
B2 ZWE LT, SRR ORI 5 H AT ORE X, F-EEE T 2 554 (TDS,
ULVAC, TDS-200-L Standum) & ZAE#H &—E &34 (TG-MS, Netzsch, TG209F1-OMS403D)
MW TREI L7z, TDS ARBRITRUEH A 2 26 NIC AL mEZE (10° Pa LLF) £ T
HZEG| & 24TV, RBRIREE 800 °C £ TIT 72, TG-MS X TG-DTA D7 /v F 5%
(=5 mm, h=2 mm) %\, FZEFZEITHE L 725082 20 mg 13220 BtV He FRHHA

i, FIEEEEE 10 °C mint T 1000 °C £ CTHIE L, SBtOEEZ(L ERE LI AHD
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BEH (miz) Z8ELTRE L,

BARE CEVLER L 7-50EHT 4.25 OFLHEICHES & OSSR IEZFHME L=, X o
PR E LTI 45 kV, 100 mA £ 7213 300 mA TH &7z Cu-Ka #rZ& H VY, Bk X
FREHEIC L D E Lz, ERILTZA T L AR T VXD A T2 L 0 ik ke & ik
L, JEFEEMEE (OM, OLYMPUS, BX5IM) % F\\Fim & HEim 2 852 Lz,

w-T IV T ATV DRSS TR ORESRLO 5340 &S hECAPE 2 R D 72w, IR
A A=A EOEAEREFBMEE (FIB-SEM, Hitachi, SMI3050SE) 1T kL ¥ 33k
J@OWiE A B L, FiRAE T BEMESE (TEM, JEOL, JEM-2100F) 12 X Y Wik % #8152
L7c, fEdbRIZ L2 N T A M EFFORINCITE BT (ED) ZHWA >
7L O b B M A B L7z,

6.3 iR L BE

6.3.1 BULHIZ L DR —F A7 F D BipERk 5y O TDS 36 & O TG-MS #Ai
BEIZ 4 D 4.3.3 Tib_72 L 9512, TG-DTA I K 2B Hr CIR D E &) & %%
BB L OWESUSIZ X D LB MRE T =4 > O REHEE T 5 2 LN TE 508,
BRI BT D WiBER oy OREIIWEETH 5, 22T, TDS & TG-MS V5 Z &
TR & LBES 5 Ry DRIE 21T > 7=, Fig. 6.1 12 TDS (2 X 57K (H20, m/z=18)
DOPBERE R 2~ T, MBSy = VEREMIR A AW TER L 72 BRI IR~ 600 °C
1 E TR DIMRE L7z, FRICHEE & > = U BEEBEARIR H CIERE U 72 BB D 7K 55 O B
I, FIRATE2 O OAELA 250 °C T TR NIT /R > TV D, ZAUEMAKIEFEIC
BT, AKIR TR D B i O WG /K & EiR CHLEES 2 BN OfE & K S EAET
LD ThHDEBZOND, KIEND DK ORBEHRE X TG-DTA THIE L& Z D
BEENK 600 °C HTETHAD L TWHZ & E—E L, —F, U UBEMKZHN
THERL U 7= BelsEid 800 °C &£ TOFIFIBFRICEB W TUT & A E/KITMRIE S e no T,
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m/z = 18 (H20)

lon current / x10% A g
w

50 200 350 500 650 800
Temperature / °C

Figure 6.1 TDS curves of anodic porous alumina film formed in sulfuric acid at 25 V,
oxalic acid at 40 V, phosphoric acid at 185 V.

Fig. 6.2a (Zhiile, = VW, U EREMIKZ FVC/ER L 72 2% He 7 7C 1000 °C
FTCRH L2 L&D TG iz ~d, Wile, > = Uk, U U EREMiE TR L7k
EDO=ZIEMNS 600 °C £ TOEEEL (Fig. 6.28) 1%, TNZEN21%, 1.1%, 03%T
Hotz, —J5, REKHFTEOH L7z TG-DTA @ TG #ift (Fig. 4.8a) 7S5 7H
feds KOV = UBREMR T CIER L 72 RO B 1T E AL 1.7 %L 1.6 %Th
D, HERFOFHRIC L > TEEBDORIENERLKR LT, FIT, Va2 Uk
BRI W THER L7 RIS E END T 2 VBT =4 O R T TOBBER 16 1R
JE1X 890 °C Th o7, NEMEHT A TH D He HTIET =4 OBEE TIREN LV
IR E 720, K5 %DT =AU BiBEA KT L7ZIREEIL 1000 °C Th o7z, 2F VD, &
IEHEH A TILT =4 v D3 S 2 RO ARSI 72 - Tz, Zhud, K
KFICBENFET D Z LI L BBEREDMEE SR EEZ DN DN, TOH
HHE S 22Ty,

Figs. 6.2b-d [ZHiiEE, > = UEE, U U EREMIKZ W TERI L 72 254 1000 °C £ T
BULH L7 & D TG-MS Hiff 2 ~d, WFREMIK 2 =86, ki 138 °C &
673 °C Ic ' — 7 i &n7= (Fig. 6.2b), MS O — 7 X TDS IZ L » TR EN-IK
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Hi (R.T.~250 °C ffL £ T) LFELITHAD L T2 &iRaEk (250 °C~600 °C)
IZHYS L, ZhEZNREOWAEKEFENOREGKPBBEL TS EE X D, fi
WA BRI A T CHERY U 7 BB OD 43 R RS 1 Kiirchner & 32355 L TR0, RIEMIC
BENDHIA AL BRI T VI =T AL UTIHET 254, BllEL 7z & & ORIER
ZUTOX IR L,

2 Al2(SO4)z — 6S0O2+3 02 +2Al03 (6.1)

I

MS #i#IZF VT, 973 °C I ZFR{bhiis (SOz miz=64) &R (02, m/z=32) O
B — 7 B S ivio, EREAREE O BIBEIE 600 °C fHI S THM L TE Y, 700 °C
TN E— 27 2 C—HJED L, 800 °C 2> LRk 2 [ZHAEEHINN LA 972 °C TR
Elrols, Fio, WBEMKP CIER L2 RZMEIX 900 °C LA BT e bhisg & iR A
B ST, KOA A ERBET Uiz, ¥ 2 URREMRER T CER L7 Iz Ry

b, KOBLBEREE I XRTES B AR & [FERIC TDS Bi#RO ST HEATC MY L TR Y, Fig.
6.1a ® TG HhfR L v iK% 161 °C & 628 °C ic & — 7 3k &h7= (Fig. 6.2¢), ¥

WA FE AR AP YRR U 72 D 43R RS Han & 92385 L TR Y, = Oiifh@ie %
LLFORIEH TR LT,

Alx(C204)s — 3 CO +3 CO; + Al,03 (6.2)

MS HI#RIZF WV TIE, 932 °C iz —EkikFE (CO, m/iz=28) & “E{kiks#E (COz miz=
44) OE—7 PR ENT, £z, BEOGFET HRKR P TORMRICHS, RNIEHED
ATHD He B FTIXYy = VBRT =4 OIS TG ko H &R/ 2
870 °C 72 1000 °C % T & IEAREIRA K E <, CO & CO DMt TG B & [
UL T a— Rt —7 Lixol, BOHiREOFIREL TN TN 10 °CmintiZHiE— L
TW5 729, TG-DTA (Fig. 48) & TG-MS (Fig. 6.2) D7 =74 > 3 R FE DE N XM
EREOFHRICERNT S EE2 BN, Y a VBT =4 VI3 T =4 VI~ TH
BT DIRERNIENZ D, RRFOBEN Y = UiET =4 > OIS (CO
ECO L LT) ZIRESELOTITEHEL,
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U UM R U2 BRI, EEA bR ST A bl s AR Eh
T, VU7 =A L onfmBEEND U v (P, mliz=31) kY > (P20s, PsO1o,
miz=142, 284) It SN2 7= (Fig. 6.2d), Zii, TG-DTA T 1500 °C F T#A
B L CHEBEZED RN L E—FHLTWD,

a) b)
100 | HsPO, el N
I COOH); L 16 v
s | H2S04 95 [ 5
S s Z
=% £ | SO &
L 2 —
%’ % %0 L H,0 §
85
02 | \ [ SO; O
: ——— |
90 ||||||||||||||||||||| 80 |||||||||||||||||||||
0 200 400 600 800 1000 0 200 400 600 800 1000
Temperature / °C Temperature / °C
c) d)
100 f~——*7 100 =
[ TG ¥ [ TG v
95 | 5 o5 | =
S [ S8 [HO Z
= i Co: e = Y I
= i v C i e S (D)
S o | E 209 | — |5
(5] - (5} i
= [ s> | =
i v - [ 0, P20 -
85 | 0, CO 85 \2\ 2\<
\\\ N\ /\ [ N
80 ..................... 80 .....................
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Temperature / °C Temperature / °C

Figure 6.2 (a) TG curves and (b-d) TG-MS curves of anodic porous alumina formed in
(b) sulfuric acid at 25 V, (c) oxalic acid at 40 V, (d) phosphoric acid at 185 V. TG-MS
was carried out in He gas from room temperature to 1000 °C at heating rate of 10 °C
min™,
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6.3.2 BLHIZ X DR —T A7)V FEEORE SRR O

BRRRIEIC L DT ) — R LR —F A7 0 2 FREIEOE LR 2l D 72, A
N—R— VAL L7 A 7 L i Fig. 4.2 (ORI BEBERNZRFAB 0 7Z 21280,
700 °C 75 1400 °C T 4 FFREIREF L 72, Fig. 6.3 & Table 6.3 |2V > EARK T CTARK L
FoR—=F AT N F AT V& B BIRE T 4 BRI BV, MFRITHE L 725
HO X BEH AN — o LRERR LT, BRSNS CBRO%E, 800 °C TiXy-7
NI FELBIZSTAITFTEOTAITOE—I NERGE L, 2 3 20k
PET7 VI FOE =713 1200 °C ETHAT 2 Z & <IF LTV, £z, 1200 °C
UbETEWET L) T VI =75 (AIPOs) OE—7 BN Sh7=2%, 1400 °C
TIEY TNV =T BNRT VI T &R Y > (PaOw) IZERS N TIHAL,
-7V FEAFIC R o L HEREN D, 2L, TG-DTA #hifR (Fig. 4.8) 2B 5
BEEZBLOBREENE L TV RWD, BXIFNTA 7 L U285 &
ERUE T ARFMOREF L TV D720, REFRIRFFT2 2 L12X Y 1400°C TY U7
NI =T ARSI E ST EZ DD,

BB CTIER L7277 /) — N LR BEORS M LRI T T EL T 7 A D y-
TNIF, FTNAIT, 0T AITERC a-TAI T~ L, 7/ — Rfbic &
DVERL U 7= e BT BMRE T =4 v & &, Fig. 1.1 \Z/R L7277V FKf % 3y

BHL L=~ bR S -T2 T ~DEBIREN R > THDH D
D, BBILZOWBIREIT L T\,
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© Q O a-Al203
o < 0-Al03
A 3-Al203
[0 y-Al203
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Figure 6.3 X-ray diffraction patterns of anodic porous alumina formed in phosphoric
acid at 185 V after heat treatment at 700 °C-1400 °C for 4 h.
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Table 6.3 Identification of the a-alumina membrane formed in phosphoric acid by XRD
patterns shown in Fig. 6.4.

Observed (26 / degree) JCPDS card
Heating temperature / °C v-Alb,O;  3-Al,03  6-Al,O;  a-Alb,Os  AIPO,
800 900 1000 1100 1200 1300 1400 égé’ﬁ 46-1215 23-1009 46-1212 11-500
21.45 21.45 21.3413
25,00 25.05 25.05 25.10 25.10 25.0840
25.50 25.5780
3155 3155 3150 3150 3155 31.5346
32,70 3280 3280 3275 32.75 32.75 32.7924 32.8047
3495 3480 3490 34.85 34.80 34.9667
35.10 35.10 35.1520
36.60 36.70 36.70 36.70 36.65 36.65 36.7730
37.70 37.75 37.7760
39.80 39.95 39.85 39.90 39.90 39.90 39.9623 39.9438
41.60 41.60 41.6750
43.30 43.30 43.3551
44,70 4480 4485 4480 4475 44.70 44,8933 44.8933
45,9008
4560 4555 4545 45,6665 45.5840
46.10 46.10 46.1750
4745 4755 4760 47.60 4760 47.65 47.6880 47.6243
50.60 50.70 50.70 50.60 50.65 50.65 50.7468 50.7227
51.40 5150 5155 5155 51.4361
5250 52.50 52.5490
52.65 52.70 5270 52.65 52.6750
56.70 56.85 56.75 56.70 56.7701
57.45 57.45 57.4958
59.75 59.70 59.7389
58.70 58.70 58.7535
59.85 59.95 59.85 59.85 59.9657
61.25 61.25 61.2982
61.35 61.35 61.20 61.3083
62.40 6240 6240 6240 62.35 62.30 62.3928
63.95 64.05 64.00 6395 6390 63.85 63.1060
66.45 66.45 66.5187
66.55 66.70 66.55 66.6001 66.5535
67.10 67.0934
67.2572
67.30 67.25 67.35 67.3120
67.45 67.50 67.4605
68.15 68.15 68.2121
70.35 70.35 70.4182
7425 74.25 74.2968
76.85 76.85 76.8691

126



Fowm BUBICEL AT /) — FBLAR—T AT NI F AT LoDk biEie

6.3.3 a7 /L I S~ DOfEERITHE D UG & R SRR 2L
Fig. 6.4 12V 2 VR E 213 ) VEREMIKZ HWCTENEN 40V 55 L1V 185 V TIER
L7/ — REMRFRE L ALHRREZ A TH LN T BT 7 A RIER L ONEGE &
WEDOT NI T ATV ONBIGEELZRT, TENT 7 AD Y 2 7R IERITE M
DEVEEEATH 72Dy, o-7 VI T RITFEER R A~ B U, fRFfRfH 2
30 FREJICHEC3~ 2 & T /0 X 1% 1200 °C THEARR a-7 /L I T ~fEf b L, 30BHE
At Uiz, U BRI FLOE Sy o auoRi e & ARH et o e VBB R E W
, BLEIRT B EEA O A TH 12, MenbRiZ L 0 REWRam s o
Tzo E72, VUVBEEORE LT, 7/ — FBRILBEOTENL T 7 ZAOFEHI T L
U LAEMICEETNOIMMOENVRVEEBH CTH o2, UL, SOEFENE N
TV = AFREHE &R VBRI AL L3 < 100, Bl BEIc R B A B 2 D
EEAND D, £z, AN—iR—/VALBRERH & BB L & itk 5 2 & T, 40V
~185V TIER L72/E & 50 um OWTHOREL L EVEIRIC L 57 T v 70k —/Vid7s
<, SEHARMIZIRDBHER STV,
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Electrolyte Heating temperature / °C
Oxalic acid Amorphous 1000 1100 1200 1250
Holding time
4h
Holding time
30h
Phosphoric acid ~ Amorphous 1100 1200 1300 1400

=0
- INNNO

Figure 6.4 Photographs of amorphous and a-alumina membrane formed in oxalic acid
at 40 V, phosphoric acid at 185 V. Alumina membranes were placed on a black
background printed with the word “Al203” in white, and the photographs were taken

with a digital camera.

Holdlng time

(Cu: 25 ppm)

Fig. 6.5 (v = UER £ 7213V VB Z W TENZEN 40V B LN 185 V TIERL
L, 7/ — NEMRHEE L2 THONETELVT 7 AL - TAI T AT
Lo DIEEEEEE (OM) B a2 rd, 7TENLT 7 ADREITERK, EREEICED
O YHRIIRTH o 7o, BIEENICL > TIT A I =0 AFZHOFEIERICH KT 5
(L10) TN iR » TR OREE N BIER STz, —T7, v a VRERERZHNTA T L
VEERLL, B0 o-T VTR L S EE, 10 pm 5 100 um FREE O #E b
RSBl STz, U UBREMRKRT CER LSS, Babtko7 VI F AT L ro
TEERRLT IS TR ST, v a VRIS THEFITNE -T2,
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Figure 6.5 Optical microscopic images of (a, b) amorphous and (c, d) a-alumina
membrane formed in (a, ¢) oxalic acid at 40 V and (b, d) phosphoric acid at 185 V. The
left side and right side images represent top and rear surfaces respectively.

Fig. 6.6 [(CRQRZIRECTELE L7277 VI F A7 L ® SEM #% 753, 1100 °C
IR CEMBE L 7= A v 7 LTI, it 2 REOZ T Cen>72 (Fig.
6.6a), —J7, 1200 °C CTEVLHEET 5 &, AT LU OREICELROE N2 R T A K
NI S 7z (Fig. 6.6b), 1250 °C OEVILEE CH-—® o-7 /L I F~fEdmilb 75 &, A
7 Voo (Fig. 6.6¢c) & Hm (Fig. 6.6d) (22430 um & 90 um FEEE Ok
KIS N, ZOFEMSRIIL Fig. 6.5 1R Lo FHEMBBRICA O RES LT
E—E LTz, By 2 VB CERL L7 A > 7 L o OfERNE, EEIZHCTEEmT
INEL, SEM B TITR L Z L TRy P A RRRER->TWe, a2 P T A MOR

72 % BEORES (Fig. 6.6e) 1%, 77 v 7 b FHMETH -T2,
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Figure 6.6 SEM images of (a-c) top and (d-f) rear surfaces of alumina membrane
heated at (a) 1100 °C, (b) 1200 °C, (c-e) 1250 °C.

Fig. 6.7 & Fig. 6.8 ICEfERTEHE LTI T AL T LD SEM B 52771, £l
DOREIEIL 1250 °C THEA L 72BE G FLIBIRSOBNAEREIC T BN T 7 A A T LU b D
FELWERIZR B2 7223, FLo =—H R OBRESIC & 2 22k o' 03 BEfG 12 &
DS Ep o T2, WRIZ, T/ — REMRIEEE AN —R— I X DRI I b 7R TT
LTCWAEmONY Y—@BIZHEBR T &, MBVEEN ST ERERIC L0 EGF L
U —@neVBEICHY A E L, BRI a-T b 2 s L7z 1250 °C THERR N Y
Y—BIZERT 2 MROEBELD RSN, ZRODOFRRNL, AT LU a-
T T ANEBT LR TRAIC~A 7 8 A — bV A—Z —DOREERIRE - iR L,
FRICHE M IR IC K 0 BRAF Lo Y@ VEEA~IU D JAE NP/ 5 2 &R
BHonkest,

1000 °C UL ECEMLE 21T\, y-T V), -T2, 0-T I FBRIET D AV
TV rORa YT 4 OIREELE Table 6.4 IZR"d, Y= VERZHAWTA40V TERL
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ATV ACBITA/ERL Y, 1000 °C TEYLEE LA T LrORue v T 113tk
NEDIGE R ER TEX L LTIUITEL T 7 AT WML T7-, ZDORE T
# OYEANIL Fig 4.8 & Fig. 6.2¢ (2R L72EHT & Fig 4.9 O XRD OFERNH 537175 K
912, 1000 °C fHiTIZIBIT 2 y-T /v 2 F~DfEEAITEE o R ISR L T 5,
AT L OEGVERIR I X B REEIER O 2 b % 5.3.2 Tk~ 72 5.1 & H VTR D
% &, 1000 °C, 1100 °C, 1200 °C TEMLEL L 7= & X ORFEIUHERIZENZE I 8.7 %,
45%, 13.6 % Th o7z, ¥ = VEEEMIKEZ MWK 40V TER LT /7 — Rk —
TATNIFTE T VI TOREIZZENZNN31gem3 L 40gem3ThH H 720,
TN T AT Lz BT 5 LRI O B R ZRIZ L0 (R (IR D2 b
RTE 25 EITmA) T 225 %ET 5, > T, XRDIZEWT a-7 /b T3
SHTW5D 1200 °C OB TORRRIHER ITF LA LI LD HEEME L 59
10 Wik o7z, Y2 UEEHWTER LA V7 Ly OAROIHMER MKW ER BRI,
5 BTl 7- X ) ICHE s iz L0 BV BEREIREIE & 2, —ERR T ONICL D
ZERNGIET DT ORMMITHEXTHNLOARDIRKRENWZ EICER LTS EE 2D
%, —77, 1000 °C F7-21% 1100 °C TELHE L7= A 7 L v ORFEIAEFED 8.7 %,
A5% LIS T=HHIZy-T A F, 8T 3T, 0TI THNRELTEY, a7 /b
ST EEBENELL RO EZ LMD,
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Figure 6.7 SEM images of top surface of alumina membrane heated at (a) 1000 °C, (b)
1100 °C, (c) 1200 °C, (d) 1250 °C.

M b
| 200 nm
h h

Figure 6.8 SEM images of rear surface of alumina membrane heated at (a) 1000 °C, (b)
1100 °C, (c) 1200 °C, (d) 1250 °C. Inset indicates the high magnification images.
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Table 6.4 Effect of heating temperature on the porosity of alumina membrane formed in
oxalic acid at 40 V.

Heating temperature Pore diameter Cell diameter Porosity
°C) (nm) (nm)
1000 66 105 040
1100 62 104 0.36
1200 64 102 0.39

B0 o-T VI F~HfB LIZ A 7 L ZiE, Fig. 6.6¢-FIC R L7k dic~A 7
A= ML —F —OFERI NI S22, FEERLOTR S TSR 5 04 =2 > k
T A NDENOFRNZHA LT 5720, FIB ZHWTAY T LroWmzER L,
STEM & TEM B L OVE FRIFTICE Vi L7=, Fig. 69122 K7 A kD72 5 &7
® SIM, STEM, TEM B X E gz ~7, Fig.6.9allidbnba T A D
BRI DBy % FIB THINL L, Wi 2815233 2 LIRS s LT hfanhiid~ A
JaA— MA—Z—THRE LT\, FiZ, BrmokifSsoickidsar 7 A0
R72 585y (Fig. 6.9¢) T, ZNENEFEITEIT S &I | ITEFEI A LT,
FEIE 1 C Table 6.5 (273 K 91Z[01 017D a-7 /v I F DR 2G Hiviz, Z Db
REo, SonAr7rroar b7 A NOEVIIRE O S8 G DEN T
372 <, =0 a-7 /L I FIZBT Db s RO s T ALOEVMTKAF L, Hro[El T
XD DGR oT,
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| f NH: (M‘

Figure 6.9 (a) Surface SIM image of sampled a-alumina membrane by FIB. (b)
Cross-sectional STEM and (c) TEM images of a-alumina membrane. (d, e) Spot
electron diffraction pattern images of a-alumna membrane. (d) and (e) were indicate
from I and Il area in (c).

Table 6.5 Identification of the a-alumina membrane by spot electron diffraction
patterns shown in Fig. 6.9e.

d-values (A) 0-Al,03 (JCPDS: 46-1212)
No. Observed Calculated h k i |
1 3.490 3.480 1 0 -1 -2
2 3.429 3.480 -1 0 1 2
3 2.567 2.551 -1 0 1 -4
4 2.569 2.551 1 0 -1 4
5 2.160 2.166 0 0 0 -6
6 2.167 2.166 0 0 0 6
7 1.994 1.964 -2 0 2 -2
8 1.982 1.964 2 0 -2 2
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2N

6.4 & W

AKETIL, 7/ — FE{LORENREMRIK TH L0, =2 UlE, U omaeHnT
B A AR L, BRI X D AT Ay & A aa e TARET 2 BE0A T Lo
PRI IS |2 d6 KT BVUBIRE OB A RIM L7z, £z, a-7 b I TR T DB
DI EET K DAL ABROED D ERFEIGEICBE L TEE Lz, 7/ — Rt
(Z R0 R U7 R EARE T =4 v OBBEE PR e 23 DL ASETT LT, E DR,
7/ — RERALIZ K OB U 72 Rl -7 L 2 F~E D F TOREMLIBEIL, 2 TDE
RSB T y-T VT, §-T V2, 0-7 VT ERRR Lz, Z OfRREKIL, Fig. 1.1

p=({{13

IR L2 T VKT (RN—~A ) Oftfafbife & FE\ElL e, 7/ — NERF
FIEE & AN —R— VB RITIRAFE LT Y —BITHE—D o-7T VI FIZEBET DB
DOEEFEIC LV BB~V IAEN, AT L rOoEmTFE L, £77, AT L
Y OFRM & BB SN REBRIORE X 10 um 225 100 um FRETH V, ES
HHNZBFEEEDO R E IN B 5 Z LR nho Tz, fEdERIRIIOThOSREIZBWTY
FE LV ERAUNSKREL, VB, B, o VBROIBICKE hotz, FFZ, vav
FRFEMRWL R CIERL L7z A > 7 L v ORGSR 2 T 30 um, S CHY 90 um FEJE %
TR Lz, R & i CRiaehLO R E SV D RN S v TR0, 7/
— FEgfkke o B CHANBIZ L D RA A A ZOYPER, IEMLERIZ X0 &b DB
OFEAERBR L CTND Z EAVRBEND, v a VP CIER L2 IO FE SEM
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