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3.1 ¥#E

BERZBRPICBHETIIEFYET 4 (ZR) SEVF T —va UV RENPEL
B, ZOXYET—T a3 RN I HIBEFRBRICEND 2 & THRMIER - JEHE 5
L., B - SEORGE (Ky ARy b) L0 Xy TF—ya U aniEs st
A BEHEOZIAF—EF v ETF—va L KARELSEDDE, FyETF—Ta
VR WBRE - EfEET S A LD 201D S LB X LND, IBEN AR
BHLRILLIEABRED X Y ET 4 KT 5720, BERBRHICL5Xy T —V
CTEHFYET = a VREBOERBIZIVRENVLOEEILNS, XY ET—Va UR
ARLhdiE, BEEOZAALXF—ITEMRIAINTORWETREEREZ b D,
ZOHBE, FXET—a YRIBOBIMIBER O XX —OFBHFAICE)E 5, *
Y ETF—va VRIBEEMESE 7O AN L X v BT — g URUGRICTHHEE
EHRMNT 5L EEL, BT AHMAKANF Y T — 3 VR L RO & 23
ZOTHIE, FxET—va VRIGHRESND D LEXOND, EZTH2ET
ARE LT-EAE AWT, MBKERINC L2y v T —va VBEEREIT T2,

Xy ETF—a URISICBWT, ¥ v EF — o a R & BRI A TR A E Rk o
Bxx2+s5k6E, Fig3.l OX S REIENEZ RS,

Adiabatic compression Adiabatic expansion

Cavitational collapse

Cavitational collapse induces the generation
of reaction site where the temperature is up
to several thousand K for a short period

of several microseconds.

Reductional radicals is produced through
the cavitational collapse.

Fig. 3.1 Schematic drawing for cavitation collapse of microbubbles
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BN L7 H SIS I E R RIS L0 BiEMESR - IEREER A 5 Z & TRFMmICE
B-S&EORICHE L 2d, ZORISHIZE » THEBIKENHBCRE R il Tt o
HEEZOND AGRRICE > TERT DT UHIARKIERE CRISTH o & THy &
T—a RGBS ERISND,

FrYET—ra RSICBWTT UANVTEEL D, v BT — 3 a VIRTRIGIS
BWTIUVINMIROLIIERT S EELZ LR TV

Reduction (1) H,0 - OH-+H - (3.1
Reduction (2)RH+OH-(H:) > R-+H,O(H,) (3.2)
Reduction (3)RH - R -+H - (3.3)

RH additives

Xy ETF— g VRSBV T T A a— 0K v — REEERIOEINC L > TF
YET—Ta URISDMBEINS Z M6 TVW5[4,6], Eq.3.2X°Eq.33 LY., IR
IIESRRIE A RO TE D L B2 b D, AFRIZEB W T EIBAERIZ BV TR
IEMEAITH D KT OMEREE S B Y O LEROTN S, 20 K7 DUiig) U o L)
f’r’v BT = a URIBOHE L AR, ANTE OSSR TS AT U, T U VAR &

B ENEZILND,

MR EK T A ATX vy BT~ a VRUSICKRES BT R E 26N
%, OkitsuetallIBEHR X v E T — L a VEIGIC & H4T 2 BiA-O A8 3 Tl T
ADFEIC S DB USHEA~ORBELHE L0, BElX Yy ET—va ok
WTEHETARR Yy ET—a &Riasn ., &k BIEOISH Ll Hv, £ 2TCo
BFEREIIRORIZ L > TREL BN D,

T. =T.P._(y-1)/P (3.4)

T ... Maximum temperature in collapsing bubble
T, Temperture of solution
P

max

y  Theratio of specific heats

Maximum pressure in the liquid at the moment of transient collapse

P Sum of the vapor pressure of the solvent and the atmospheric gas pressure

AT HHMRIEN ¥ v EF7 — v a rRia s OB E 24 5 LT Eq. 3.4 258
MATE5bDEEZLND, £ITHEEBRLRDHAOYMEITEL L 725, LB
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3.2 ERER

AR L 2F ¥ © 7 — ¥ a ViR ERICHA W /- EERIEE O BN 4 Fig. 3.2
IR, 82 EIZB W THHIKRIBAERER 21T o 1B U7 358 283 g &
HMAEbE, BER A NNLHTAEMBEL, BOFLILVEAEL BB IE S, BHFS
HEBEZEB LT AIAT VAR AVRICHMERE LT En S, chaFa—
TR T X > THEY H UK FEFRICER Y A Te, B A N 2SI 2 & DRI IR
NEICELNS, REFEIBEENABRESNTICEDIERSEL 0, A5 LAl
TaA /WRIZR > TV D, A WRESIIREVF 0 LEICEE S h, [EEAIZE -7
RAE L 72> TV D, BIRIFICIE D> TV B RISEORRNL SOmL TH Y | RENF2 58
FEPARH S5, BEEBH SN2 ERITEOBBKIBERBO AT L A ARIZ
EoN, BRI 5, MHEKREEZERTIZ L CHEREGELS DD, ATF U LAELE

i ;
ressure gauge Water containing bubbles
Pressure gauge ——D
» High pressure gas

e ma P

— Outlet gas
Pump [¢ A
»
Water bath
Transdu\cer t}rasonic /

) 7
7 mm %@@m
==X

Membrane filter 00 @

=

Pressure gauge

Ultrasonic transmitter

Fig. 3.2 Schematic drawing for experimental apparatus for cavitation with microbubbles.
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@74w& ZRELTHD, BEHRBHICLDBEN ERAPHSD, HRNICELS
REHIE S BFRBREBEETROZOERS 2GR T A ViRPICRE LT 5, Eigd
DY TN TIIRERT A VRPICERE LYY 7T R ENY Y
THEITI 7Y UV OBIIIERE B THEY 7Y U 7R T T 5,

33 HIEEE

ﬁ%ﬁ@%%ﬁ;é#&ﬁ?wvgV%ﬁ%%f@%/ﬁ%%&%%%¢%km:\
43966 EE (SHIMADZU UV-mini 1240) (= & AW O+ ﬁt@%/m @%
ZTIEEBETFIHEMSE (BAET JEM2010F) & L <IiE (B Z8U4ERT H9000) |
@%%ﬁotmﬁ%%ﬁuﬁm*wﬁwﬁﬁﬁ'ﬁﬁﬁﬁ@}U@%%%ﬁ(ﬁy&z
7 % — K Link-ISIS) % FHu /=,

3.4 EBRFIR
WHEIAEIMC LA vy ETF—2 a VBT ERBRIILL T OFNEICIES TITH 12,

(1) A7 L AR E D FLAEBEEZRE L. Oringk A v a2 L— | THH
L7,

(2) B % RSB OPIIASLIz feun L 9IS EBHEL A,

Q) FUEELE AT o VAR NERER L, AT b AR PR 2 VE O T,

@) ATV ARNLNOEEHD, Fa—T R 7 TR HEB AR SE. A
STCRIAREE NG PR T A ORDEECllil- S D FCie sz,

(5) [HARHKT 6 FrEDREIZERE Lz,

(6) FUCE AP E DOALIEIZERE U, {HIRM B ERE /D105 F TR~ T2,

(7) {HIRFE DB EIREE IS ook, TATUH AR AR AT L AN H B L
2o

(8) TNWAL HAR RO/ INVT ZB . FREDENARES T,

(9) BEWHBIEROER L ., BEHEH LG LT,

(10) FRERREIZY TV v T e T B0, Yo7V o T OBOLF 2—T K
TERIEDY T T BT T,

(AN Y 7Y o 7 U ERIE U s SRk 5 & CSHIRERL.,
SEREER THIE LT,

(12) MIEHOY T ILERETEME TOBBITER L,

(13) FREDFEE%., BEERBEHOBRZ% L L, EREELZ LT,

(14) SR ABRICIERIZ Y v e LTRE LT,
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(15) 53R, AT L AR, RISE, BR7 A VL bloii L, iEd,
3.5 KIS L DX ¥ £ 7 — ¥ 3 VBT EREM

MEREFIMIC LSy ET — v a VBT EREEAE L COERSRMESE Table
3 IRT, WHRICIE KT UOVEER Y A (BREE 32mM) | BHERER (IE 10 mM)
DK R A=, KA Ao ok vz, iEEismclsd vy e —va v
BRSO EZ BT 2010 @ OBITHICL I F vy BT —Y a VBT &
B2y EBRENOKBIRICR L TAT Y U 7 E2{Thholz, KT UVETRST Y oA
HRERADZ TS5 2 & CHBRIRARICHET 5750 TR Fy BT — g VBT
EBRIZBNTE T UAHNVAERRE UTORSE, $7o) 7 R4t (1B R 2 55 <ol
AlE L TOBREZE S TV D, MRS E BN L 72V S5 IR o0 2 00 28R I 3 N &7
AF 4T Oum b L ITEIMRAE 0 em®/L & 95, Fig. 3.2 O LRI TG
BHRED 50 mL T 5 O T FUISTEE K ~O B S BB IR T3/ < BSOS AR S0 mL
W= ) TOBEFH BRI Z AW, ROSEROY 7Y 7130, 10, 20, 40 531217
oo FUSTRIEPICHIRIANIEE L TV D R EREIZR B RIET N E L LN
b FIT, RIS EY 7Y 7tk X UTREET 5 45 LU EFRE S S ia s
BHERNG 72 I o TH B HNES (SHIMADZU UV-mini 1240) {2 & » CTHIE %17
ST BEIT ALY RVE— KT 300 -700 nm OFGIE T UV AD RV Z-fEai L 72,

Tabel 3.1 Experimental conditions of cavitation with microbubbles.

AL (um) - ”0.’025-9'{22
i L T e = T ) I R 15 S
) H A4 X (mm) 47
A= Jp— Millipore, GE Osmonics Labstore
Tt (kpa) 260-1600
WRFE R (mL/min) 300
[ RS o Ui i . ‘
kR KR e
WARBEEE (mM) 32 10
#ht (mL) 160
FUSHZERE (mL) 50
H 2 Ar
R E (C) 20:1% L < 1325+1
. F% (mm) 0.8-1.0
2073 Ea (am) 0830
HE SUS
JE % (kHz) 180
; Hr (W) 480
AT ;
" B TER (emd) 500
A ] — HAT V27 2
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3.6 BHISIEEFIMCE XYy BT —Y g VB TERGER

EBREREZESERNCUTIORL TV, EBRIT 2 ETV, BRMARERLE, 20
fo 1 @ESOFRETT,

52 ETIEHHMKIEOPEL M L /ey £ O/ RE AW TRE TORNT 5 MHE
BOPEEL T D, 23 ILBWTRIBEOHEEL T2, TOHEAAVCHm L=
MKEORmMEL2EH L7,

3.6.1 UV A7 FVIRIRIZ DUV T

F I RIFRERT D L KIRINDS WD T T KE g LR OEELC Lo T UV
AT MV EFEOR, KB THOTW SR R F AR T 5 LRI GIC S 6
L. 400 nm Bif&IZ7 00— K72 UV AT MRIRAHER S S, ZhizJ» TR/
BLF D OCEEPICAER L TWDZ ENHEREND, UV AT MRINO V27 % 5.
AOMBEBFBEFEIH L LD LEEZ LD, —RIICITRFROKRE L0, UV A
N7 MRIROE— 7 & 5 2 HALEIIREEFMIZS 7 M5, ¥ERZERIC LD
DWECEEIE, AT D8R/ RIFORECHHTI DL EL NS, 22T, BIGE
D UV AT M ORIIC S » TERF R F AR ORER 21T - 7=,

3.6.2 BMEFERIEFMIZL S UV AR MRINOZE{L

DRI 2 H L 2evs, D E W IBE OB ORI TR AT 12, JREi 4
Table 32 \ZRT, F+ BT — 3 a VUG E T > T2 3RO D UV AT R LI %
Fig. 3.3 {2759,

Table 3.2 Experimental condition of cavitation without microbubbles.

WA e (mL/min) 300

i " g

BARIRE (mM) 32 10
Witk (mL) 160
FOSEERE (mL) 50
H A Ar
EHGRE (°C) 2041
X oia 7 (mm) 1.0
FLly  EH (mm) 34
MHE Sus
JE ¥ (kHz) 180
3o b (W) 480
BEE ot @i (o) 500
Ay AT L2 2
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Fig. 3.3 Absorption spectra of the solution after ultrasonic irradiation without microbubbles
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Table 3.3 Experimental condition of cavitation with microbubbles (median bubble diameter 22.1 pm,

microbubbles volume 0.13 cm’/L).

WILEE (mm) 0.22
fits ME e L — %
A4 X (mm) 47
A= Fr— Millipore

BBE S (kPa) 260
WP (mL/min) 300

. K5 LRk g I

g F Ry AR R

HEAHEE  (mM) 32 10
iR (mL) 160
B ZAFE (mL) 50
H A Ar
IR (C) 2041
FE NEE (mm) 1.0
LI JE (fnm) 3.0
& SUS
JE % (kHz) 180
7 37 Hi51 (W) 480
i WRH i fE (cm®) 500
B R AT Ly I A

12

Frequency (%)

10

100

Bubble diameter (um)

Fig. 3.4 Size distribution of microbubbles introduced into cavitation system.
(median bubble diameter 22.1 um, mode bubble diameter 21.8 um)
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Fig. 3.5 Absorption spectra of the solution after ultrasonic irradiation with microbubbles (median

bubble diameter 22.1 um, microbubbles volume 0.13 cm?/L).

oMy A mhnd 4 2 LTl IR o L s Uy ALY K SIS e,
BREISIT 10 40 F Tl 04 & RKE S E D 5 Ap 0y U 20 7y LIRIEI £ 062 UV A

ROAVWRUL 23K L . B L A vy 5 — o a ikt o) i:aji:éiﬂﬂﬂjifé/)‘iiﬁﬁ"?‘%fﬁ i,
xanxm%<Wﬁmwuvxmahw%ﬂ S & s L ORI LR

Thol-OT T /R FOIEN UV 257 AL el L T b Lok B2 B
Do

WA TR DA 28 2 TR L 5% v © 7 — v a Uc I atr -7,
mmbtﬁﬂﬁ@@ﬁ@ffafyémomn“@%m%bbfowmmLﬁﬁég%
BR 4tk % Table 3.4 (. #h L 7= RI0 0 R85y Hi % Fig. 3.6 1o, BEEMBHEZO

UVZNﬁFWﬁW%F@l7lmT@
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Table 3.4 Expernimental condition of cavitation with microbubbles (median bubble diameter 26.0

pm, microbubbles volume 0.18 cm’/L)

FALEE (um) 0.025
i ME SRSt L o — X
e H A X (mm) 47
A Fp Millipore
FERIES (kPa) 1350
HARHEEE (mL/min) 300
itz NS AR
HARRE (mM) 32 10
R (mL) 160
S AER (mL) 50
i 3 Ar
IBIIRE (C) 2041
Xy AEE (mm) 1.0
FLlw A (mm) 3.0
M SUS
JE ¥4 (kHz) 180
B Hr (w) 480
WRHhF-fiiflf (cm?) 500
A g — AT Ly s A

10

Frequency (%)

10 100
Bubble diameter (um)

Fig. 3.6 Size distribution of microbubbles introduced into cavitation system.

(median bubble diameter 26.0 pum, mode bubble diameter 25.7 um)
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Fig. 3.7 Absorption spectra of the solution after ultrasonic irradiation with microbubbles (median

bubble diameter 26.0 um, microbubbles volume 0.18 cm3/L).

Fig. 3.6 75 DL CHINT DRI A T 4 7 PRI R I S
Fig. 3.7 76 ZOFRMIZHBWTX v T — Jxﬁimb{m ot L PRI AR T OO USRI
FhEM ol E AR R LT, BE IR 10 Sy ORF RV T L Agr UV A
7 MBI K E e s THE Y | MR ORI & 30 UV AT R AN B2
L VBRREIC /572, UV 240 MV O & — 2 4 5 2 B0 425 nm CH Y, BT
HREEREIC LT —E Tholo, B /B3 400 nm fifsio ' — 2 b5 2 b
ﬂ*ﬂ VLT EMBERT RSN LD EEZ B,

[CEINT AR O Gt K& B2 1288 O 217 - 7=, L 7 A
?‘@!iﬁ?’@)‘ T AT 283 um THY | RILHNNET 0.74 c,m3/L Thoto, Epga
Table 3.5 (. Wh0 L =i RVE O K E 746 4 Fig. 3.8 12 H WSO UV ALy

RV & Fig. 3.9 (27T,
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Table 3.5 Experimental condition of cavitation with microbubbles (median bubble diameter 28.3 pm,

microbubbles volume 0.74 cm’/L)

LS (um) 0.025
i B RS L 1 2
: P4 X (mm) 47
A= f Millipore
HWIE S (kPa) 1600
R (mL/min) 300
AR
e g r/‘y; TR
R (mM) 32 10
ik (mL) 160
FUSH RS (mL) 50
A Ar
ERIREE (°C) 2041
FE AEE (mm) 1.0
L% D (mm) 3.0
M SUS
R (kH2) 180
e o (w) 480
BB e B (emd) 500
Ay HAT Ly A
12
10 -
Sy
>
-
© O
S
o
L 4
Lo
2
O .
10 100
Bubble diameter (um)

Fig. 3.8 Size distribution of microbubbles introduced into cavitation system.

(median bubble diameter 28.3 um, mode bubble diameter 30.3 pum)
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Fig. 3.9 Absorption spectra of the solution after ultrasonic irradiation with microbubbles (median

bubble diameter 28.3 pm, microbubbles volume 0.74 cm’/L).

Fig. 39 75 L . ZOEGETHRRVETRISEMES N TS EEZ LD,
HEFRIORII E & HIZ UV A7 FARIE R E <HEX T D, 30 47 & 40 47 CRuiid
L E UV AL MV OIS L LCu D & 3 ST BUGCOHETTIZ - T
FORA A OREERT U, BUSHEE Y Licled LHE S 2,

BARICRIAAT 4 T 8 RO D W OMOGMETRB AT T2, £ OBED
RIAT 4T oREERBEE 70y FLIEbLO% Fig 310 (2, FEEREMF4 Table 3.6 (2
R, F O TEEERBY 40 555217 > 12358 DWW O UV A7 MV A Fig. 3.11
(R,
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Table 3.6 Experimental condition of cavitation with various microbubbles

ML (um) 0.025-0.22
i M e Lo — 2 B — e b
o H A X (mm) 47
A e fy Millipore, GE Osmonics Labstore
FBRIES (kPa) 260-1600
AP RE (mL/min) 300
s, 2 gy
it RS LR
HHHBE (mM) 32 10
itk (mL) 160
FOSHERE (mL) 50
HZ Ar
ERRE (°C) 2041
Lyia R (mm) 0.8-1.0
Fuln Ea (mm) 0.8-3.0
M SUS
JE 4% (kHz) 180
) ok Hr (w) 480
BB W mi (omd) 500
ATy — AAT Lo
~ 1.0
= ® NC0.22-260
"’E v NC0.025-1350
O 0.8 - B NCO0.025-1600
g B & PCO0.1-1400
£
> 06
g
0 &
o 04 -
o
E
Q2 02 - v
o ®
0
= 00 , :
20 25 30 35 40

Median bubble diameter (um)

Fig. 3.10 Relationship between the median bubble diameter and microbubbles volume
NC0.22-260; Transmembrane pressure 260 kPa, SUS mesh plate thickness 0.8 mm, hole diameter
1.0 mm, median bubble diameter 22.1 pym, 0.13 cm’/L. NC0.025-1350; Transmembrane pressure
1350 kPa, SUS mesh plate thickness 0.8 mm, hole diameter 1.0 mm, median bubble diameter 26.0
pum, 0.18 cm’/L., NC0.025-1600; Transmembrane pressure 1600 kPa, SUS mesh plate thickness 0.8
mm, hole diameter 1.0 mm, median bubble diameter 28.3 um, 0.74 cm’/L. PCO0.1-1400;
Transmembrane pressure 1400 kPa, SUS mesh plate thickness 3.0 mm, hole diameter 0.8 mm,

median bubble diameter 33.4 pm, 0.46 cm®/L.
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Fig. 3.11 Absorption spectra of the solution after 40 min ultrasonic irradiation with various

microbubbles.
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varRiatEHNOBEEZ L WA EEZOND, IRMLIEMIARESA Yy ET —2a
CEIAEEEOMEX AT H LS D EIEEINT AR ORIEA T 4 T LTI
BATILEHH LT, v ETF—2a VBRI A I TE L aREMESRIE Sz,

3.6.4 ISR IABOEIIZL D UV AT M ARIROZEAL

MHREETEMT AL TX Y ET— 2 a VEBRBUSHIE SN D Z L AVRIES N
2o L L., BT MK IADORIAAT A T UV RORERRENOD, BINEDOEE
MARZ DO HOWTIEB SIS TV, £ 2T, BT 5RO AT
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Table 3.7 Experimental condition of cavitation with microbubbles (NC0.025-1350; median bubble
diameter 26.0 pum, microbubbles volume 0.18 cm’/L, NC0.025-1600; median bubble diameter 28.3

pm, microbubbles volume 0.74 cm’/L)

LR (um) 0.025
Hg *ig ﬁ%ﬁ%"ﬁ)bﬂ“f&
H A X (mm) 47
A== Millipore
FHiRE S (kPa) 1350-1600
© R EE (mL/min) 300
-y A% il o ot B
i g r?'A H R g
WARPEEE (mM) 32 10
itk (mL) 160
BUSERERE (mL) 50
H A Ar
BEHIRE (°C) 2041
FISS AfE (mm) 1.0
7;_:; JE A (mm) 3.0
M SUS
Bt (kHz) 180
; M (W) 480
R /
TR EA (em?) 500
A =T AAET Ly 7 2
——e—— NCO0.025-1350
12 - — g — NC0.025-1600
S 10 ﬁ‘x
> 81 \
= *%
5 © \
o
w 4
2 _

Bubble diameter (um)

Fig. 3.12 Size distribution of microbubbles introduced into cavitation system.
NC0.025-1350; median bubble diameter 26.0 pum, mode bubble diameter 25.7 pm
NC0.025-1600; median bubble diameter 28.3 pum, mode bubble diameter 30.3 pm
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Fig. 3.13 Absorption spectra of the solution after 40 min ultrasonic irradiation with microbubbles.
median bubble diameter 26.0 pwm, microbubbles volume 0.18 cm®/L (NC0.025-1350)
median bubble diameter 28.3 pm, microbubbles volume 0.74 cm’/L (NC0.025-1600)
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Fig. 3.14 Absorption spectra of the solution after 10 min ultrasonic irradiation with microbubbles.
median bubble diameter 26.0 pm, microbubbles volume 0.18 cm’/L (NC0.025-1350)
median bubble diameter 28.3 um, microbubbles volume 0.74 cm’/L (NC0.025-1600)
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Table 3.8 Experimental condition of cavitation with various temperature

HFLEE (um) 0.025
s M i v o — 2
' HA4 X (mm) 47
A==y — Millipore
FEi S (kPa) 1350
WA (mL/min) 300
e A e
WHRE (mM) 32 10
ikt (mL) 160
FUSBZ AT (mL) 50
H A Ar
HEHHRIE (C) 20618 L < 142541
Xyin 7 (mm) 1
ol EA (mm) 0.8
ME SUS
JE w44 (kHz) 180
HEE 07 00 (o) 500
A= HAT Ly A
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Fig. 3.15 Absorption spectra of the solution after 40 min ultrasonic irradiation with microbubbles.

median bubble diameter 26.0 pm, microbubbles volume 0.18 cm’/L (NC0.025-1350)
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3.6.8 Fricke dosimetry
3.6.8.1 Fricke dosimetry (2D T
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OH-+Fe™ +H-— H,0 +Fe™ (3.5)
OH 7 /AT & » TEEEEKHE H0, bAER SN LD T, Th b RISICHET D,
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FEER LA Table 3.9 12T,

Table 3.9 Experimental conditions of Fricke dosimetry

AIFLEE (um) 0.025
fis & etz L 1 — A
# A4 X (mm) 47
A=y Millipore
FHiBIE S (kPa) 1350
WA R (mL/min) 300
s Fe(NHy),. . A2
i (SO,6H,0 H2S04 NaCl Sy
HEFEERE  (mM) 1 400 1 0-32
WE (mL) 160
BOSH AR (mL) 50
H 2 Ar
WiERE (°C) 20+1
P 7R (mm) 1.0
7N SuUS
JE % (kHz) 180
r ot (W) 480
BEH e mrma (omd) 500
A= — BAT Vo7 A




3.683 EBER
TR LB E I AR & ORRE Fig 3.16 {2, Fe O L B85 BN & ol
%% Fig. 3.17 \ZR T,

14 ® Fricke
v  Fricke + SDS 32 mM
™ 1.2 @ Fricke + SDS 32 mM + microbubbles
0
< 1.0 |
)
g 0.8 1 °
©
L 06 | *
9 °
o 04 v
< ] ¥ . “
0.2 v
00 ® , ' - ,
0 10 20 30 40

Irradiation time (min)

Fig. 3.16 Relationship between irradiation time and absorbance
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Fig. 3.17 Relationship between irradiation time and concentration of Fe**
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ZURKEE L Fe OBEAEML TV 5, BEREHICL>TOH 7 Y HABNER LT
DT EBHERIEND, FFIVREET MY A GRE 32 mM) 28 L7881,
WA & Fe" OREE BT I BEEER 20 HLURIC IRV E 22TV S, Shit K5
VEREET U U ADOFEIMIZ L 5T OH 7 P IABHIR I TV A =92 Fe3+Dfk{l
(CRIR SN TemREMERE XL BN D, 720 FFUAREET FY AN OH I 20
NETIRT DL TR MO T AP EL T H LD EEZ NS, BT LD ¥
¥ ET = a VBT TIET AV a— VRN Y RETTEMER O BN J o T e pE
MEET S ENRMEIN TSSO, BTHENE L LTS LS bk, Bk
TFUANBERLTWD LD EEZ NS, BT PHVOBRNRELTIUE, OH 5 Y
B L DAL RPITHH SN EEZ NS, ZhTEhAEMT L0 L E 2L
N5,

ﬁMm@%ﬁMLt%A W BRSNS 40 SIS ITROGEE & Fe’ oM g LT

Do ZHUIBMSIBORIEREIZ RFREEF Y D ARESF LCEBY . S8R
%ﬁ@?yw»ﬁéﬁénfwé%@&%i%héo

3.684 £ ®

Fricke V& # & FIVVIZ EBRIZ LD | SEIAFMIC L 5 X v EF — 2 a URUSIEEMN L
RVEE LB L TR 0BT U BN S TS BRI X T M R I
RS0 i, B L FRBR R OB e KIS LT 513 & OB = & 23]
BTl ol

3.6.9 TEM = & B AR F OB 2

AR EYEEIIC £ 2B ERICES T OBREFEMIC L0 A Lzt S h s
T RFDOBEEITo T2, BERERALUTIORL TV, BBV CIMER%E 20 5
{:st"r J_— L/f‘“a

3.6.9.1 HMSIRBEIIC L D4R T/ KF~DHE

PARSIRIRINC £ T UV A3 ML) & 3BTCRS A IME ST 5 2 & AR
eEilc, £ T, TEM BIBIC L > TR Al / BF~H 852 RIFL T 5
atEEt Uiz, B EBRSEMH% Table 3.10 12777,

60



Table 3.10 Nanoparticles formation conditions with various microbubbles

R RIB A 7 1 7 ~1% (pm) - 22.1 334
FOmBN&a R (em’/L) - 0.13 0.46
-~ RFRRET R Y A (32
mM)
ARG (ml/min) 300
i (mL) 160
FOSEHAER (mL) 50
FATE P R R (min/50 mL) 40
H & Ar
WIRIE (C) 201
JE . (kH2) 180
- HA (W) 480
o RITER (cm?) 500
A — AT Ly o &

WRRIBZEM LWV, DFVBEROATX Y ETF —L a VBTERE T -
TND UV A7 F VIR % Fig. 3.18 12, TEM #1225 # Fig. 3.19, Fig. 3.20 IR,
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Fig. 3.18 Absorption spectrum of the solution after 40 min ultrasonic irradiation without

microbubbles.
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Fig. 3.19 Photograph of nanoparticles Fig. 3.20 Photograph of nanoparticles
Without microbubbles Without microbubbles

irradiation time 40 min irradiation time 40 min

Fig. 3.18 12 51X UV A7 AL O E'— 27 | XFERR & /e hr» 1= 43, Fig. 3.19, Fig, 3.20
X VIEF MRS SN A DS ) R AR TR S h -,
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FRAHBFRA 40 2212351 % UV A2 MR % Fig. 3.21 12, TEM 825K # Fig. 3.22.

Fig. 3.23 |IZ7" ¥,
Fig. 3.21 K9 425 nm B IZ UV A7 bVIRILSHERR S TV 5 2%, Fig. 3.22. Fig.

32 EY S IRTFOERDHER S NI, AR LTT ) BT IZBEBOM & T 5 &
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FT/RFRECER LTS Z LR ENT,
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Fig. 3.21 Absorption spectrum of the solution after 40 min ultrasonic irradiation with microbubbles

(median bubble diameter 22.1 um, microbubbles volume 0.14 cm’/L)

| o |
Fig. 3.22 Photograph of nanoparticles Fig. 3.23 Photograph of nanoparticles
With microbubbles (22.1 pum, 0.13 cm’/L) With microbubbles (22.1 um, 0.13 cm’/L)
irradiation time 40 min irradiation time 40 min
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Fig. 3.24 Absorption spectrum of the solution after 40 min ultrasonic irradiation with microbubbles
(median bubble diameter 33.4 pm, microbubbles volume 0.46 cm/L)

|_som |
Fig. 3.25 Photograph of nanoparticles Fig. 3.26 Photograph of nanoparticles
With microbubbles (33.4 um, 0.46 cm’/L) With microbubbles (33.4 um, 0.46 cm’/L)
irradiation time 40 min irradiation time 40 min
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Fig. 3.27 Absorption spectra of the solution after 40 min ultrasonic irradiation with microbubbles

(median bubble diameter 26.0 pm, microbubbles volume 0.18 c¢m’/L and median bubble diameter

28.3 pum, microbubbles volume 0.74 cm’/L)
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Fig. 3.28 Photograph of nanoparticles Fig. 3.29 Photograph of nanoparticles
With microbubbles (26.0 um, 0.18 em*/L) With microbubbles (26.0 pm, 0.18 cm®/L)
irradiation time 40 min irradiation time 40 min

Fig. 3.30 Photograph of nanoparticles Fig. 3.31 Photograph of nanoparticles
With microbubbles ( 28.3 um, 0.74 cm’/L) With microbubbles ( 28.3 um, 0.74 cm®/L)
irradiation time 40 min irradiation time 40 min
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Fig. 3.32 Spectrum of nanoparticles by EDX
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Generation of microbubbles with polymeric porous membranes and its
application to reduction of metal ions by cavitation
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a)Kazukiyo Kumagai, a)Yukio Yanagisawa
a)Institute of Environmental Studies, Graduate School of Frontier Sciences, The University of
Tokyo
b)National Institute of Advanced Industrial Science and Technology

Abstract

A new method of continuous microbubbles generation with polymeric porous membranes
based on the bubble point method was developed. In this method, gas phase and water phase are
in contact with the different sides of a porous membrane, and the gas phase pressure was
increased while that of the water phase was constant at atmospheric pressure. When the gas
phase pressure exceeded the bubble-point pressure, the gas phase penetrated through the
membrane into the water phase in the form of bubbles. It was found that microbubbles of which
the diameter (represented by the median value) was 16.3 pm were formed when a commercially
available cellulose nitrate membrane with the diameter of 0.025 pm was used. Microbubbles
with larger diameter were generated when the membranes with larger pore diameter were used:
the bubble diameter was 43.5 pm when formed with a membrane of the diameter of 0.2 pm. The
bubble diameter was decreased when the pressure in the gas phase was increased. The
microbubbles formed with the present method were introduced to the silver nitrate solution, and
ultrasonic was irradiated. As a result, the reduction rate of the silver ion was accelerated by the
existence of the microbubbles compared with the case without microbubbles.
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Fig. 1 Bubble formation at the interface of liquid-gas
in the pore of membrane
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Figure 3 Size distributions of microbubbles Fig.4 Relationship between the mean pore
generated with various membranes diameter and the median bubble diameter

Figure 4 IIAERRIAD AT 4 7 B EZEOMILBICKT L TTay M LIzbDOTH B,
RIAAT 4 7 RITEOMILR & I KT 525, MIFLEE 0.06 pm OBE & HIFLER 0.2
um OPFETIIKRERL, T ABEDOEHE D (BEOMTFLE & £ REKIBRIC— RO BIR)
CIRRDEmNRR LN,

3.1.2 A&RaICHd 5 EBIEH O E
WICHBRENEZOEBIZOWTHRHM Lz, T0FROBIZ -5V T, 1800-2000 kPa
(NC0.025) . 1200-1300 kPa (PC0.05). 450-550 kPa (PCO0.2) OOt TR & fEra

DEHEL LTSI, . WA EICKREE S Uk, E7-, ik 300 mL/min
TEEL:, REVENECHTHAT 4T UROBGRE LT Fig SR LT, [H—0

BECThiuE, EAREIEY, KIAAT 4 7T UoEMNNEL e nBin i iehi-, Zhik

FEHENRREVIEEH ZAOFBRBEENKREL LB TCHHEEZLLND,

[w]

500 1000 1500 2000
transmembrane pressure (kPa)
Fig. 5 Relationship between the transmembrane pressure and

the median diameter of the bubbles

~ 50

i ® NC0.025
= v PC0.05
s 40 1 8 PCo2
@ v

£ 30 1 v

S a ¢

S ®

o 20

g [
3 10 4

e

c

o

ES]

@

£



3.1.3 ARFUICHT A lIEOE R
BAELZKRITRAOTRNIZ L > TR HEh 5729, iHEOMESHE KR OKIE
BIIEETIILENEEZILOND, TOYH, MY FERERLMILED/HEV 0.025 pm
OEEE L o0 —RREICEE L, KIaE S /IS T 2 iEE ORI OV TRMNEZ1T-
foo HAFEELHEHEOESZEIT 1900 kPa & L, #EHHFEEIT 100-480 mL/min O§iFH TE{L
SH7-, Fig. 6 IL/OHN-KaOKT AR LM (AL, Fig. 7ICAT 4 T BE27T,
KRS ITERAEICIZITRELRVER L oo e,

B
40 50
= —— 100 mi/min %
s —~— 150 m¥min 8 40
c 30 1 ——e—— 200 m/min [}
o === 300 mi/min g
-06 ............. 400 mimin E 30 1
T (S 480 ml/min P * ., "
E g 20 ° @
10 1 o
g [\ = 10
c 9
0 ® o : : . ;
10 100 E o0 100 200 300 400 500
bubble diameter (um) flow rate of water phase (ml/min)
Fig.6 Bubble diameter distribution Fig.7 Median Bubble diameter
(NC0.025, 1900 kPa) (NC0.025, 1900 kPa)

32 MMTIEFMICLA2F Yy ET—2a U ER
UEOWMTAREEROERNG, M FEILBEL AV Z & THA B OMME
BERESHEDIILENTELZ LEBRENE, RICBAMMT AL RBTIC LS T
JRIFAERICERTA Z L a4, ERICIIRSFBE LTPCO.OSAERL, A
1IN, GEBIESI880 kPa) %V iz, Z DORMTARR L 7-MAB&Ia 4 & ol (- 3 ik
(/8 %170 kHz, 71600 W) #4245y (RS S0 ml2i/=v) B L=%ouv
AT MBI UBR%OBEOTEE #Fig.8i2, Ml&Ia%Z Mz Va8 Ot L 3t
(R LT, SRaE2 M WRISER CIRIBEEBRE L BRI EAFEHCHY, U
VIR & B8 SR D> DTt LU, S 50a % 39 L 7= BUG TSI 38 5 i BTz L v
BENOEEAIZE(L, UVTE22 nmil B — 7 MR TE /-, BFOEITRTRIGIZ
LB T /HRFOERICE DD EEZ L, FMKIATRMIC X 28 50:EBE O h#EZ
BoOAREMENTRE N,

¥ -‘_‘-————‘-‘_“‘-‘“—‘hﬁ-__—‘ .

400 500 600 00
Wave length (nm) \;g\?e Iemms?r?m) o

Fig.8 Absorption spectrum of solution without bubbles and an image of the solution after
ultrasonic irradiation.  (Left: without microbubbles, Right: with microbubbles.)
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