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Fig. 1-5 Effects of NaCl concentration on average porosity
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Fig.1-6 Distribution of solute concentration in filter cake
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Fig.1-7 Osmotic pressure as a function of BSA concentration
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Fig. 1-9 Evaluation of reciprocal filtration rate in ultrafiltration of BSA
solution based upon cake filtration model
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Fig. 2-6 Effect of absolute value of zeta potential on average porosity and
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Fig. 2-7 Effect of absolute value of surface charge density on average
porosity and average specific filtration resistance
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BHEECOWTEENICHHAIT D ENAEERE ., FMIEICIBNVT
T U RBEERMITIBCHVWEERNFER. x0Ty —2 &
BEBICEDSDBOTHLMN, BRI N IVEBRBROBIIE G
REOENICIHTEZ2r— V7 BBETIVOEREEIR. EROEED S
DINETVLSDONEHINTWVS &), RETR2RALRY >NV
BEBZEI DN, TORABEBREOHETIIH LTy —VEBBET
WEBERT2 ZL0ZUYE2HSARL AR ESFREIN TR
NWDT, FERXCBVNTKRD THRIILENH D, BIZEAETIXAH
HEEFKRCREEREZ2RB/NIEI2BARBBEZITOIOT. ¥—7 8
BERBEZHEA TS0, F— 27 &L TEREINEY ONVEH T
MEFHRICBBREIERPLEBEHTEZ L3RV ERZEHLRG
nNE RSV, TZT, BEDOTYRICREB2fTW. Togs
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THEABEAZMABRVWEBAKIEAMZRT. BUMELEZROMEE
HBERNTAIECIVERY—JOBHEORELZFML 2.
- BBERICEISE. BAERER EOSEEERBRIND
BBy — 7 OBRIEXRENDEEIONDIRED.2RSRY N D
BERBKOBABBCHI2EHREIMBBEMAT I EDICR,. &
DERBYyY—V OBEBEZHSMITHZIENERICIRD., TI T, 2
BRI NV EBRBEORABBRBRETKRS & BHE LT DR E
BEZAVTHY., BAGBEORE NS RLZ2AATLZILEITKDE
Br— V7 OFEHZERRBIVOEYEBALERZAEL L. 2ThE 0
EEEEO pHEERBIUVSAREREKERZHASHIIL. X —7F
BELEBY ONVEBMOBENHEEREORBZRIFL &,

3-2 EREBBIVHE

AETIR, PFERESEAVKRESRERY., YEAEFEHEREN L
BHESHOSNTVWDBSALIAYYF—LERET NI NIHAL
LTHALE. BSARMETAWEZDOER—THS. HEHLES >~
NZVBETHDINAVYF—LRBFHEELEIERNIOBALL.
IS DEERMMEEZE Table 3-1 X LD 5,

Table 3-1 Physical properties of proteins used

¥y % & BSA U F— A
ST E 67,000 14,300
5 FH 14 X [nm] 14X 4X 4 4.5X3X3
A b= ZA¥E [nm] 3.64 2.00
ZER 4.9 11.0

fR H %5 (= ps-l) [cm3/g] 0.733 0.726
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BSADEZEERIL3-3-2 TRRDZLEMDpHENSRDZ.RIET
RDOME (pI5.1) LRELEB>TVBER, ZHIAMETHEALE
BSA SOy FRRARBZENWS I EE, AETIRIEBE L T
BREAWEZIELICEZEETHDEEZIONDS., REUBKE2RAY
THEOE, FTHEBRERIBERZ2AYU TS, FEATIEEHER I
BERDOpHIZIKRUT2EEHD . D3 pHZ4A4NMS 5 OHIHICHE
TBH52HDD00lmol/l1 BFRRBEEW. D> — DX pHESNMNS 8 DHEH
WHEBTS/20000Ilmol1J VEEBEBR THS. 2R REARHBK
EANTACHED, ETEERARBRKEANT S, 55100
PHZHRABLTBWEBERICEN RIS O VEZEERMA, B2
B—RRBEXR XXXy b A5 —5—T 2 BREHERBLT
BRLE, ThHE2EAL. A4 —F—T300MEBLRIT B LI
D, EEHBRKZERLE, B NJVEHOESEAERIERIZIEL T
A ICELIEEN. AEBBRICBIBDIY O NIVE2EKOBERSE s
T NTOERICH LT 6X 1020 —FEIZ L. ERAMAIR. K
BARKEMAKBEEEE PURIC-model R (FI)H /#) I2@EL T— XA
BLEb0#R, IS5 ICE ERBM/AKER Milli-Q Jr. (S URTH)
WCHEHLTHEHLEZ, 2OMAKOLEESTEIR 18MQ-cm A L TH - 72,
DHEBITIZ, BSA. UV F—LZEBIHEIETEIENTEENMHK
SESFE1AORYZANKCBBAREE (PTGC, S URTHE)
EERLUE. FONRJERBOBBENRHEEERZAZ 2. B- 7
VWAV DRERBRMLSB/I N IJEOREBEREEZHAEL. EXR
KBECLI2BHEORENS CBMEZREL 2,
BEEBRBERIELANICHMELIRALCLTHD, EREBOHEESR X
CERALAZRBEOEEIL Figs. 2-1,2-2 THICRLEZEBDTH 3,
BBy — 7O ERBB IVEHRBALEHZRANET S0, K
A5 h=04dmm OEHIWXZARMPEARAETN Ny FREBER %
FRALEZ. ERAAZ2EASETREEEARENEDOTy R 2R
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EEBRARBRBREZIT., REBRORRELZAEL . BEEAH
RIRTOERIZH LU TI8kPa iZREL 2. EBRKTHR., DXNE
SATHRRBROBRNEEZRAEL., FONT7ENIETESICHIETATW
BLZEHRALLE. BEEMARMNERAERICH T HHBEERE
LT, ZARBEARETFNR TVAVWEEOBRARZA VAT YR T
PRFRBEABToO. BT, MBI -V 2BRT DI NIEH T
DTSV EBORZEEHSNAITEZED., BEORFTEIBODIK
LHMERTI2BEERZ2To A, BEONYFREBBHBE2EMAL
TFYyRIRBBEZE 3 KEfT-o A%, BBBANOEHZHKL &
RET 3 REBEL. TOXBURLCEAZMATEAER2EHNH
L.

3-3 EBERBLIUVER

3-3-1 RBEBBREOKILOREE

METHLHALLZLDK, BEEMEERMIANDIREN AL — 2
BEOBFETIE, BEEM»SCWENICEID I -V BEHET S
D, —EFXr— L THEEBLECHEINERTFRIBUOBRESEKIC
BROLMBWZ ENEIRERD, ZOZEEER. KOy —I7BBTIX
BAEINTWVWAN O, BLTFAREOIO0AC RBRZBODESIBAE
BWTR, 04 RRFOTSU CHBOBENLITLIIMEL 2
5, EB. AR THEATEBSABLIRY Y F—LARBETOREREK
PTHHEH TR ENASNTNVWS, ERERIBWT, ¥—2 %
BRITD2INIVESFORBERENVNERTERVWDBDO LT EHRS,
BEHINZ2EYZERBRIKREBRBEZIALED DD LR S, £Z T,
BEOTY RZYREBRBEZTV, BPT—RNICREEZKILEL 28
BUOEAZMWBITLIEREZIT- .
HNHEARICIVEBR — 70 —FVBABTLIENSHEEXDOE
MY, BRAEHOBMBICL2BEBREOKLEE. BUMELEZROD
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BEEEOREREILZENR ITHZEICEL->THINTZ S, BiBHRHE
ORIEMBPICBITI2EmMERBOEEL L TEXDS 2 DOEE
ZREL. B4ADBPEXDODVWTHEBHEFENLEDOELSTEAT ZOMN
Z Fig. -1 ICEAWIC R LA, B3 r— 7 BEBEBHICHE I < Ruth 7
Ow MWD FhabbEiBEEOYEde/dy) N BANBEEED -
DEEB vOETERAZ, MNQOWBIETHEBEBDIOMBE LB EH L
BRNWERELEZBET, KIEHMYPHEBEBORIZERLLABZNWD T,
BRAFHBROBRIKLEUMOEROER LIZTOy hand, Z
ODLE, BEBBHE#MM AL OMMAOMAVEN/NSIRBDIT. K
BICL2BTRAEL. HBEEMNBRITS2DTH 3 4", K(b)idH#H
BEO—HVHEBLEBEBREEAPAR> TS ERELEZHEET, K
EEMRCHEEEORARO L. BBERANASL S0, BH
BOBBEEIKRIEEFMOBBEELIDAKELI LS,

BRAKLEERICBIT B/ v OEREZ, BBZ2KIELEZWE
EOTFTY RIREBBOEEELHE T Fig. 3-2 I RT. ABKD pHIZ
4.2 IZHEBL. BSA UV F—LIBZEETOREALE. BHEDOT v
RZIRFEBBIZBITIA270y NIEREFEZRL., KIEERIZDW
THRIEHBEICESZETONHERICBW T, BEORBERDO S
Oy hE—HKT2EREFRERLE. COERER S —JBEET
WEIEMND TR, BBEETNVAPRFINABETIN QLT
BHAT L ENAETH 5. KIEERITB W THRIE B 2 & 7= 18
BEBER. (Ao/AVVERIEEOBBICHERTAESLS RN, £0
BRARARZ B D THEEOEBO 7Oy FEICEBETELERL, ®
NMTHBRIBUORA—ERELEICH BB ERT LIRS R, 2O
FONEBEMRZO Oy FAABBKRIEUMOERDO ZEERIC—K
LizZEMNS, Fig. 3-1@)DRFICEHL . BEICHEKINHEREL =
SONIVESFORHBBRRIIBEETEDS ZENAAET . UL D
HWREMNS, FONVEBROBRABBRICENWTHEEZ RS NS H
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d8/dv

vV

(@) NON-DIFFUSIBLE CAKE

do/dv

\

(b) DIFFUSIBLE LAYER

Fig. 3-1 Two hypothetical cases for interrupted flow experiments
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[s/cm]

d8/dv

Fig. 3-2

x10%

6 | | |

BSA/LYSOZYME, pH 4.2

sp=3x1072, 5,23x1073

P=98 kPa

4| O FLOW INTERRUPTION
A CONVENTIONAL

Comparison between an interrupted flow experiment and a
conventional unstirred dead-end ultrafiltration experiment
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BMERREXREE S —VEMENTVNSE3DHBDOEEFHNIIFEL D EL
TROHS ZENTE, 232 TCHRUL Ay — I BBEFTNVIRAE T
M E2FBEICBITIERERICEFALTDHBELXABWI EAHAS
mMERo, BRARI O NIVBEBRZAVWEZRBKIEERTHEH
BROBRKRNERINGD, SSIZBARBBEPICRAENEZAT vV
TEAIBIEREREMNS D, Yy — IV RBBETINVEEATSHILED
ZUMENEFEINE ST,

3-3-2 BBAr—r 7o0BECRIET pHOREE

Fig. 3-31C. BSAL YUYV F—LDXAENEBEE co BL UL (EME
pHIZXMLT Oy +9%, MED BSADEERITA49 THBZ &
NbHn3, BSARTRZIDEERELD/NIWPHTIE. KEWPHT
BOEHEHRZRD. —H. VY F—LRBEERAN110TH271D,
MO pHEBAZCEBVWTRERCEOEDERZFED., BSADEFEEAX
DEEMO pHEBRTIZ. BSA. UV F—LAREVWKRFEOEME
WEHEDED, A2 THKIBENRREANMMERATL 0L TR
N5, £/, BSADEBEMNS YUY F—LOZEERITDK2 pH #
BT, 8 UNJEBREVWKERBOEYEHRZ2FEOLD., B
FEICEBI ANBSHbDETFHIN, TORE. ThHOREGHER
M TRERCHEELEZBSAEZNKBIEZDODYohi-AEHE/REDODUY
F—LEOHEKREZEZDLEND S,

Hxo pH NS HMBY — 7 OFHERES & CT 588 15
HERETB2D. BSA LUV F—LE2EFTNTHOHEENSRM 3X
103 2D EIOCERBIOEAGL THAEMEAMR /NE OB EE A
BEITOR. TOEBRERO—HELT. pH42B LUK pHGE69ITH
JHRBEE DY (e/dv) N BAKEES D OBKE v £ Fig.
3-4IRLE, ELHBEDED. BATHEEZABENLEAVWEEDOT v
RI>REARBROBREBDRAKICIITOy FLAE. BEHORBATHE.
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G, [C/m?]
¢ [mV]

Fig. 3-3 Surface charge density and zeta-potential of BSA and lysozyme
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x10°

1.5 | | [
BSA/LYSOZYME
Sp=3x1073
s, =3xI073
P=98kPa
h=0.4mm A

_ 0= o) b
2 |

2

(72]

3

S

© 0.5

0 0.5 1.0 1.5 20

Fig. 3-4 Relation between reciprocal filtration rate and filtrate volume per
unit membrane area at different pH values: (a) Filtration area is
suddenly reduced during filtration, (b) Filtration area is constant
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T UVRBBETNKENVKBERBERNRFTINZOICHNL. BH
HEAMENEBEEAETE, BAOHBEE TRIEEORBAL—&KL &
EREFRZRITN, BBy —J70XRENIW/NAEICELEZBRE. 7
Oy NIERLSHFEMAFL., o/AVERNRBICTEBRLIECH S, 20
BATAATOvOEZE vi LT Eq. 2-3)&D5—U DEEEREK ¢,
ERODDLIENTES,

_ p;h(1—s) = psv,
~ p,h(1—-s)+ psh

a (2-3)
CZTR.2HRARY O NIVEBBBREZWMOFL O -TVWBEOT, FEEE
sBIUY U NIVEOHEBKBEE p. 1X. ThhENRDODELDIITEZ N
60

s=5, +5, (3-1)

S S S
_b+_l_

—= (3-2)
ps ps,b ps,l

2, BREDL, IEENETNBSA, UVF—LEEBEHKRT S, £k,
EavDEZAWVWT Eq. Q-2)DERDSNI2BEEERELE m CEBOH
DEHRLAE(2/K)HN S, Eq.(3-3) (Eq. (1-9)% aav iCDWTEEL /&
HD) RKOTFr— V7 D0FEHRBUEN aanZRDDZENTE S,

_ 2 p(1-ms)
K, ups

(3-3)

2BEOPHOEBEZHE®ET S L, pH42DFBITHXRT pHE6.9 DH
EOLAVBBIAMICBIIERABIIRESR>EZ, TAhbDLEIM
MBI 2REFEENNSIL<RBoE. T, BEFACBIT2HEK
EviOfEIIpH42 XD pH 6 IDHFMNNRBRODKELS R, ZTHIZ
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PH62 XD pHA2DEN Ty —V OREFENIIEINICAZT N &
ZERT L. 20X pHOBRWVWI L TERABRDCBFAOME
MRESRRBRZZENS, BBy — 27O EHEREDEHEBHIE
PIRIRE<S<RBARBZEEZONS,

2D NIEDSRBRDIZT— 7 DR ZERR e, & . pHITH L
TFig.3-5i 70y PLAE.ERLETXTOpHIZH U T eavld 0.8
EBATBD, BT ERORERFr—V72EBRLTNVEZEND
Nd. QICREINDEIK, ean DOy bMIpHICE D TKRERS
ftZzRrL7Z, ZHIT Fig.3-3ICRTLIIC. pHIZE>TEY >N Y
BEOWMEBEREBNAKELEATZZELICERNT S, £7°. BSADEE
A (pI4.9) KVEHMO pHEBRTIZ. BSA, UV F—AlREDIZ
EOBRZHEDED., TS50 2R RBEWP TIE BSAHDTR. V
VF—LGFHE., BD50VIEI BSA UV F—AHFHOTRTICHSE
RRENPMERT 2, £/, pHRELDBEEMICRZIIEIEEDTFOE
WMNRELRBRDED., ZORBRNOPREIID—BEEZICR D, =
DEBEZT T -V BERERTEDNCAD, eaid =D pH &
BIZBWTO09ZBAZMODTRERMBER > . ZDEdSHBH N
BRBEIREROTF—V7BBTH NS DONBEIN TN B, Tiller 5 2849
B.ARVAFLIOITF9 AR W BBROBEY — 7138 % 0.9
UEDZERRBRZRSL., BRI DODBEEAZEMLTHLY—27132 0
ZREBEEZR/ID2BERICH D E2RUE, £, o3k d iz
GFEITLIRBEEAS) —CELEBROBBYy— 7DV TH, Z
BREN 0.9~095 THBZ EL2RBUE., JIKS ORLARIEHRER
DEBIZE> THERINZ Ty —VOBEEEE m 28 FE L. m=24.1
EHELE, CNEBERRBICHRETHEL097TICHNST S, ¥ 87
HOBBTHRKOERNBEREINTED., FAS V3, BSA
BROT Y RIRBABBICBI BBy —V0BEEHEEZ A
EITBHIERRED, 09U ELEDZERREZE /-,

El
+
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P=98 kPa
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0.80 l 1 | | l
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Fig. 3-5 Dependence of average porosity on solution pH
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—%. BSAOZEAIOD TN AU MO pH AR TIX. BSARA.
UYVF—AREOBHRHZEHEDODED., ZhoD 2 ROREEP T,
BSAS T, UVF—LHRFEICKFAIB —FT. BSA- VT
— AR TFECIABERT S, COPRICIDyr— 7 BERBEIC
B0, oy TEHEMO pH EHICHRT/HNERBEIIRESE. EDTI
HUBRMICEDIEE ca DEN/NESL 22D, HFHESIHOHEMN
FEECRDZEDEEZOND., BENKKO pHABICE TS €0y D
TARTOTOyw MiE, —RIZETHRDOBBRER- =,

Fig. 3-6 12, B — 70X HBBHEN davZ pHITH L TRL
oo —BICHEHABEERED r —V3BBORHEHAN /NS 25 H
BNHD.ZOBBTHBr— IV 0EBNKESRI2EBEEND pH HEHIK
KBWT ooy BANEL< ok, —FH. BSADEEREOT IV AHVH
BT, Y= BBBCRDED., o 3BATIHERAERL . &
CZOpHEBTIE., DTFOARpHOBWVIZED oay DB D H H
tay DELOHFICHRTHEHETHIONBBNTH . HEBIT,
KO pHBHEICBNT eaMA TR DB T EIRIIEL T,
Oav X EICAE LMD OB E T2 1=,

3-3-3 BATr—70BEIIRETYNIBEOREGHNEOREE

pHZEEL. 2HREEBE—-FTOXHBETTBSA LUV F—LDR
BGERERBACEATERBYYy— V7O ZEREB LIV EHEA LK
HEZBAEL., F—IVRBECRETYNIBEORBEGORELEE
gL7%~E.

FT, pH42DBERXDODWTHRHA L &, Fig. 3-7 ICEBAEE DS
Bpo—plErRT, 2BOTO0y FEIENENBSA LUV F—LDE
AN 21BLIUL 1208 TH2, COLDK. 2ROBEN—F
TH., BALZENMIED LERIECBITRAOMNBENRERLL., &7
— IV BECEREVWHREL TR I ENDNS,
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Fig. 3-6 Dependence of average specific filtration resistance on solution pH
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15 . — T
BSA/LYSOZYME
pH 4.2
P=98 kPa
h=0.4 mm
O s,=4xI073
_ 1.O I~ S|=2X|O-3 —
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g - .
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D
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0 ! / I !
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Fig. 3-7 Relation between reciprocal filtration rate and filtrate volume per
unit membrane area for different mixing ratios of proteins at pH
4.2
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HADRABHIINTD2FEEERR e, DRE#KE % Fig. 3-8l 70
Yy hU. HOBKE su/s 3REL2BOERSEBIZIEDSZBSADEER
BEROEEGEZRL, ORBVYVF—LERSBZOHS. 1.0 12 BSA ¥
BRARDOBEITHYT S, pH42DBE T TIE,. BSABLWRY YV F
—ALAREDBRRECHEL, TRTOIYCNRIVELTFRCHEOR R
ABERT LD, e ZEEHMITABDBVWEZE2TEL., BSA MR
AREVVF-LERARCBIS 0y hak&dT 3L, Y F
—LBRERRDE N eI REL a0/, 2D/, BSA DEA A1
MTBITON, TRDE sp/s WARELIRBIIDN., e THB IR
THHMERLL. Ki2 BSA OHLERBHVEEI B W T ew OELL
DIEFRFAZETHD, VI F—LOKERDTMIKRELI RBE T
TeawDEEINPROBERLE, TRERHBICUYF—LDOHRNE N
BHRIZCBVWTIE, BSADOLRREDBMARLTY, ea DBEICIRIED
EEBLRW,

INETROLBSAERARBROBBACB T2 EEHEMBOLR
BE, REABFHELETNIRIAEBMLT, WO BEThTWLS,
TIT. INS5DfE L Fig. 3-8ICBI1FT 2 BSABRS R (sp/s=1) D
€av EZ LB L TH B, Chudacek 5 Vi3, BSABRK O LA IEE I
PBIIRARE ¥ SR FERBEONK I oy b2 AAET I &1
KO, IV BETIVCEDESF ) BEZ2EHL, ZOEE2HEVT
ZRBEN0.6~0.7TOHEBAICHBZEERLE, LML, Vilker 5 29
DIEMITODHDLI. ZOHERCE->TESNIY NVBENEG
HHRBORBREL L CTHYABMAENIAWVWICERB T 5. Reihanian
5 1. Kozinski 5 P2 X THREINERBEBRICB T 2 BSA
DREZANVWT, YHERRE 051 EHELE, LML, BEEICH
MI2BHEDOFEYBENBEEBRRACBIIBEICELVENS 2
LR, EEXBHICTHSH»R I TWAEWY, UEOF—¥ & BT
L. BANEBNIIRDZBSABRSRD e IBEL KERMH
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Fig. 3-8 Dependence of average porosity on mixirig ratio of proteins at pH
4.2
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TH2.3-3-2THBRREMN, FAS Vb R2 EBRELDIBEHER
Lo TO09Z2ZBAZBSADEB Y~V OZEREBEEHRLE, X512,
FRS PRIFATIVTICORABBET L., FREDREICHH
LZBDO—WMENPEWMBILITED., FILBENERSET 0.02~
0CLIDHHEIIHZ I LEHASMIZLE. ZETRLEF—FI2. Y
NXZFMALTHEHINTEq. 2-3)DNSBLNIZERETHD .

CORDZEEIR 3-3- 1 TEEFINTWB . EHETHAVEFEIZN
MIEBETIRREDBSHEEL LRV E, EEMNGHEARATERIZ &
DPEENICENINROSNZ -, ORI EBIBTVEEEE2ES T
NBLEXOSND., £, ea BT —V2KOEROEBETH V.
RAMBETERWZ LR HEALARATNIEAS AW, YL A8 T
TITR, Y VEABOBERIHN —THI2LEREINTND A 9,
F-UVRBETNERABBORFTICAVSIERICL, RBICHy —
JHRE—EFBETHIELREIND I ENE N6 UL, =
BRICIE T — 7 3 EBRBICOHENS D, HETIXA W2, BB y—»
BR—MRICEMETHI2D, BEESETEICRD, y¥—7XRETH
KR25HMZRYT Y, AFOEMN BSABKOBELILRERICE
DL EFICE>THH SN (Fig. 1-6) *19, D ELoBEAMNS. =
CWKHEINZEBBr—V OZBRRBROBRBEYTHZ2 D EHRR T
ZENTZES,

PHA42Z B2 EWALIEN owZ. BSAORASZAIZHLT
Fig.3- 9270y hL 7z, —RIC. BBOHRERL I TFDOAZ AN
RELBDEIEHERIINSBRBERICH B2, Table 1 IR h
2EIK. BSADABVYF—LALXOBFENKRZIVIZHELND S
3. BSABERARKBI DS o BYYVF—LBERLRIZBITS a0
KOREBMEZERLE. FONIVBDOEES. PTFOEODERHLKM
BREOHBOLHEBIIKATZED. STFOKES 3 THER
DHBIETER N, 00 ®F 0w bid. BSA O HEAE L i J T 1212
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Fig. 3-9 Dependence of average specific filtration resistance on mixing ratio
of proteins at pH 4.2
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ENEEILLBDR > DDD, S5IZBSADEAHSNEMT 21z
W, BEREICHBRTZEMERLE. 20 a0 DEIMOHH I, Fig.
3-8ICBD ea DMABRMELBT B &, BIZEIIHELTNS
Vi3, |

RIZ. pHE69DHFARXONWT, FUONIVBEORELEHADEEER
AlL7%Z. Fig. 3- 10 K BBEEOKREO—F2RT, 200Gz
NENBSALUYF—LOBREHEMN 2:1BLL1:2 DFEDO Ty
FTH2.ZOpHBETTH2HO Oy NORBTHRARDBT
ROMBRRBDZIENE, 2EOBEN—FETH., BEAENED
DET-UBEBEBRMIVRRZbDOEEZ SN S,

Fig. 3-11 KB ZEREK ¢,, CRIEFTINI/EORSHEDEE
ZRLU%Z. pH69OBE T TIZ. BSAIZ&. Y VF—ALABZIEDOER
ERDLEYD, BMEAZ2RALE 2 RARBERP TR INSOMEARR
[ S N %@ﬁi@’f—bLiﬁy‘%lﬁaﬂt:}i%hwaﬁﬂ’ﬁ}ﬁ?éiﬁiﬁ%
DHEEOEBr — VXV BBICR2BRAERT. TORE. 6,07
Oy IR RENZLS BN EZHEOHBEAS . BHick 3
EBROVBERT—IMBRINDDIZ. BSAODRSEH S 0.6
BEDEEZTHD, pH42DB AR, ean®TOv NZBESHOET
KX UTHBRMREL>Z0IIH L, pHEIDESIZIZ. & 2 E
BHTHB/NMEZR OEHE R L -ARNB YL BETHD. @D T
BREN,

PH6.9IZHF 2 MBLLIES aav B, su/s IT8 L T Fig. 3-12 12
7Oy blk, y—URBOBEBICIRDZENS 2 L. =T hid
ROBEDET — IV NERBH LIS ABBIENIZETH D, BEMIZ
Oavy D70y b id sp/5=0.6 HETHRAKERD, Fig. 3-11 O F 0w k
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Fig. 3-10 Relation between reciprocal filtration rate and filtrate volume per
unit membrane area for different mixing ratios of proteins at pH

6.9
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Fig. 3-11 Dependence of average porosity on mixing ratio of proteins at pH
6.9
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Fig. 3-12 Dependence of average specific filtration resistance on mixing

ratio of proteins at pH 6.9
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(HPLC) Z# ALz, 7. #FRLABEO—F 2 BILR T XM
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Fig. 4-2 Apparent lysozyme rejection variation with permeate volume per
unit membrane area at pH 7
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Fig. 4-3 Filtration rate variation with permeate volume per unit membrane
area at pH 7
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Fig. 4-4 Effect of lysozyme concentration on filtration rate variation at pH 7
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Fig. 4-5 Effect of BSA concentration on apparent lysozyme rejection

variation at pH 7
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Fig.4-6 Effect of BSA concentration on filtration rate variation at pH 7
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Fig. 4-7 Apparent lysozyme rejection variation with permeate volume per

unit membrane area at pH 4
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Fig. 4-8 Filtration rate variation with permeate volume per unit membrane

area at pH 4

_78_.



OHEBVHREERHICEEZREL., Tht 2 RSRBEOBA KB
BFHE2XETIEERRFERDZIEEHALSNRI LE. &Y ONY
BOBHMAEWCEFETHZLE, MROBICHLIHORBE
0D, EKEEZ2BEBITI2EITONINFORSOBKRKENVSFORS &
EBHIEIZE>THIEENS, B CNRIENEDICRFTEICHE
LTWwaeEEd, BBy —VE2BRITDIRZVERSORREEZ T,
MEVRERDIIEZBRBLIZIALSRZS, ThH5O0EKIWEEEIIEMR
BHomEmick-THeWFsh, BREELLTHEHEOEZBHI® 2
5, BAEERZINZIWHOI O NRIVERSR T —7hizEnIs N
EEhzah, £, ThHZHEVWEBBFr— IV NEDKIBBELERD
MIEEFET B,

_.79_



BOE 2HMARI NIV HEEBEORIBEIEIC
BT 50 E R

5-1 &

RE.2HRAULEDY DRIV EBZ2EDEROBARBIC L 245 E
ED, TENICBODTEEELRD, PEBEORANOHENAR
KEEDDDHD., LML, TORBRIEBED TEME D, h
TREBRRBRIBEIN TV AN, TDHMARNEZT S =DI21T.
RABEHRMEEZ2XEITIRTFZHASHAICL. TOEBIIOVWTER
TOILENMETH?, BREENZTOXRENEFO —-DTH3 =
L. BRI ONVBEBRBEREALECINETORL OWEH
NS5, UBHNE<KHOENEEETHSZ., 2T, B3 EBLUE 4
ETI. BRBREORBCOWTRNEF ok, ZOMOET IS
WTIRHRFAZRBDRZZD., REOELEZIA+ARAARESHTW
R, TOMOERFELTEZISIDBDIC. EEICERAT 27
PEROB - BRAMEDEND D, CNRBERIRI NN VERKE [E
RUZZBABBOMAECL > THEBEINZ V. 2BRHPRIBVTS,
NS ORTFHIAREBFELZXETE IO BDETHEEINS, 22T, 2
RARET R VBEBROBABBERRE., —HFORSIZMAIET 2 A
BT ORDEBZEBTIBLAOBEZANTRARBREBASFRTHN,
RWBEREPLSTEHRECRETEANOWN A B L OE - FRIMEEHE
HoRgBZEZBRNELE. £/, BE. ATV TIDBERKREEDOR
BBREPCEBBABCBETRE2BHETIEICED, £ERyr—2 12
FOMBEHAHHINZENIPENBEINTNWS B, UL,
2 RAFRTONIVEBRO Y BERECBEREBHEZEAL 6T
NETEETHD. TITHBEHRZBHELOOBABBZF V., &
BEZRIINT IBEHERBREOAHHCOVWTRELE, LEOREE
EHLET. RO SEREZTIZDOBRIERMSE2ERL =,

_80_



5-2 EREBBIUVHE

FBEBICBIT 2RI N I7E,. KB EOFRAME. BEEBROE
ABERIE14ELRALCTH 3,

ZONIVERBELUTBSABXUBNAY Y F—LZ2FHAL., TX
TORRBRIMULTEIY N IVERDOERD RN sp=s1=5X 10-4 & 72
5EIICY CERER (pHT7) HEH5NIIEIMBEEK (pH4) CHEMR
L. 2RARI N VEEREZRABMLE. /2. —BMOER TII NaCl
Z c=300mol/m3DBEICRDLIICEML. A A REOHEZT
S, MESINRNIVEELEOHEERHOREEBEZRFTTI20D. SHEE
ELT7IaHOYMIOBELUYPMI0OD 2 EE2FAL . AiFIR
BAKEORU B Y NS RBTYNRIVERHZRELICLSL., BEIZ
BRAKEORY ANK BT NIENEELLOT VW EWLSI Y 2
9%, AH2E2>TREINTNRS 3 AT, T FROKE
72 BSAWMHIEL. #FEEOMNIRYYVF—LARZEESTHRBEL =&
EICREBRT S,

FETHEH., ERIT2BByF— 55 BxDONhoREE %
BT, RABBBFXTERE2fTo>Z. THHEEEANT
FL. Fig. 5-1 XX &0, QRBEOFENFMNBE LM E &
5 LEBREBARBOEBTHY, F 4 ETHHALEDBDODLEEA T
HBd. OREEOBNFRNEHOMEL—HTHEIIZ@ERAL
BARZRELATARYBBOBK TS S, QRNBICHRE 2
EBELA-ADBBEEHE 28.0cm2 DNy FRA##K )L MODEL UHP-
62(7 N T I HHER) OB THD, HBREORA BB Z E4
DEIGEHEREICREL TH-o /. b, BRBEITOEEAET S
smm@%émgéiﬁm%ﬁéhfméoé%mﬁ%&%ﬁm%%
ERMET S50 ERCBERORERZMX BT HEH S (LTH
610-6, 75>V W) EHEAL. (TEINDIEDICKZEHLLE
HHEERNIC@THERALAEZBERZRBL., BFHEZBHELODD LMK

_81_



FILTRATE

(a)

7]
‘IIIIIIIIIII

I{IIIIIIIII i’

Nz e \ 7
>’,:::::: %

FILTRATE
©

L— PERFORATED PLATE

"~ MEMBRANE

[~— SOLUTION

ULTRASONIC
CLEANING BATH

\&\\\\\\\\\\l

L

...................................

7/
|

FILTRATE
(b)

FILTRATE

t

/N
NN
Py

G

Fig. 5-1 Schematic view of filtration apparatus
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Fig. 5-2 Effect of hydrodynamics above membrane on filtration rate
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0 Q=524
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Fig. 5-3 Effect of hydrodynamics above membrane on apparent lysozyme
rejection
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Fig. 5-4 (Robs))e Versus qe
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Fig.5-5 qe and (Robs))e as function of Q
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Fig. 5-6 Effect of pH on filtration rate
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Fig. 5-7 Effect of pH on apparent lysozyme rejection
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Fig. 5-8 Comparison between protein adsorptive and non-adsorptive
membranes on filtration rate and apparent lysozyme rejection
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Fig.5-9 Effect of ultrasonic irradiation on filtration rate in upward
ultrafiltration for different NaCl concentrations
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Fig.5-10 Effect of ultrasonic irradiation on apparent lysozyme rejection in
upward ultrafiltration for different NaCl concentrations
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Fig.5-11 Comparison of filtration rate between downward and upward
ultrafiltration with and without ultrasonic irradiation
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Fig.5-12 Comparison of apparent lysozyme rejection between downward

and upward ultrafiltration with and without ultrasonic
irradiation
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Fig.5-13 Comparison of apparent lysozyme rejection between cases with
and without ultrasonic irradiation in which simila r filtration
rates are observed
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Fig.5-14 qe and (Robs)))e as function of output power of ultrasonic
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J lim

EEEEX

spherical particle (protein) radius

concentration of solute in boundary layer (filter cake)

concentration of solute in bulk solution
concentration of solute in gel layer
concentration of solute in membrane surface
concentration of solute in filtrate

mass fraction of lysozyme in filtrate
electrolyte concentration of bulk solution
diffusion coefficient

elementary charge

distance between surface of particles

distance from membrane surface to reduced surface

= limiting volume flux through membrane

solute flux through membrane

volume flux through membrane

Ruth coefficient of constant pressure filtration
Boltzmann constant

mass transfer coefficient

ratio of wet to dry cake mass

Avogadro's constant

compressibility coefficient

ion number concentration in bulk solution
output power of ultrasonic

applied filtration pressure

local hydraulic pressure

pressure loss across filter medium
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[m]
[kg/m3]
[kg/m3]
[kg/m?]
[kg/m3]
[kg/m?]

[mol/m3]
[m2/s]
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Rn, =
Robs =
Robs,b

Robs,1

(Robs e
R, =
Re =
s =

Shb =

Vm =

Vit =

local cake compressive pressure
dynamically balanced filtration rate
intrinsic rejection of solute

permeation resistance of boundary layer
permeation resistance of gel layer
permeation resistance of membrane

apparent rejection of solute

apparent rejection of BSA

]

apparent rejection of lysozyme

= dynamically balanced apparent rejection of lysozyme
permeation resistance caused by fouling within pores

total permeation resistance

mass fraction of solute in bulk solution

mass fraction of BSA in bulk solution

mass fraction of lysozyme in bulk solution

absolute temperature

electrophoretic mobility

attractive interaction energy

electrostatic repulsive interaction energy

cumulative filtrate volume per unit effective membrane area
fictitious filtrate volume per unit effective membrane area
cumulative filtrate volume per unit effective membrane area
collected until filter cake surface reaches reduced surface
distance from membrane surface

charge number

valency
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[Pa]
[m/s]

[m-1]
[m-1]
[m-1]

[-]

[-]
[]
[m-1]
[m]
[-]
[-]

[K]
[m2%/s-V]
[J]

[J]

[m]

[m]

[m]
[m]
[-]
[-]



Greek letters

O0av = average specific filtration resistance [m/kg]
o1 = empirical constant in Eq. (1-10) [mi+n-g2n/kgl+n]
8 = boundary layer (filter cake) thickness [m]
¢ = dielectric constant in free solution [C2/J-m]
€av = average porosity []
€ = zeta potential [V}
0 = filtration time [s]
X = Debye-Huckel parameter [m-1]
L = viscosity of filtrate [Pa-s]
Am = osmotic pressure difference across membrane [Pa]
p = density of filtrate [kg/m3]
ps = density of solute | [kg/m3]
pspb = density of BSA molecule [kg/m3]
psi = density of lysozyme molecule [kg/m3]
6o = surface charge density [C/m?2]
y = angle between filtrate flow and direction of gravity [rad]
Yo = surface potential V]
= angular velocity of stirring [rad/s]

® = volume of cake solids per unit area up to an arbitrary position in
cake [m]
oo = volume of cake solids per unit area [m]
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FMEZRTIRICHRED, REHRBRYZ2HEE - H822H
DELEBEEBRBARFRERIF¥MARS FLLFI2EREE - H#
BMEIRERS FCEBERE - ARKARERRLI DV EERIERH
ZHRHLETET,

FRmXDOERICBELEL T, BERIHER, TBHZ2BVEL -
LEHEBARFRF¥FRIEYMRABSFHUELEERAET - GHB L&
BREVICRAEH - PHEMEECLIVESBEHMOBRZELET.

T, M ROUICAERBTIBHELBVELLHBEIEES
EMERBER EHBFAEE, BIUKRBHEHBE - BB HZEHB Y
FLEAEBRBRFRFRIEMANDP FHEIEERBF - G T
FEICLEIDEHLBEL LT T,

BB, FWREICELEL TR, AHBRRZERERLEHERS T
LFEITFERDOERESFZRILCD., BZHEOREEOE LIRS
RBLZ2EXE -HHBAHEHOELE, 2R, XD THELIBHOE
ZRLULEXT,.
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