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N2-30i2 0.1l umDEEAE a2 —7 4 7 L7ebDON NI Thod, 2B,
KPR INTWVWDEHMILRE dold, KK 2~ 2 —% — (Auto Pore
9200, EHMIEFK)) THIE LA 50%%THH . N EiZ> W Tk,
BRIz L TRkdDObNTZETH D,

2-2-2  #fiK % i AR B
Wik BB ABREEOMMKE XK %2 Fig. 2-1 12”7, RBREEIX. LICFH

BB B ImAE 47 3.80 cm> D AT LA T L Z KL H— (LS-25,
T RN T 7 WEME) ), MEX 27 (DV-10-A, 7 RV T v 7 K
FEE)) ., EFFT AR BEHHEE T P X VIENFF THER S TY
5, RBAAZEZELEZ 7 AV ERAVE — LRkt y v 7 28 LT
fikzEAL, CHhICERETAZEHIE, Z@wES p=50—300kPa
DEETFTCTHMAKAZZ® L TCHEBRBKEORKBENLZIME L, B, K
WFTECHWREMAKIX, KBEKEZ A4 238U, KRBk ELEE (DUS-2,
HMBT 2 =7272AMH) CXVAERELEZEG., BoNEKEKE ALK
0 lum Okl —2ARBAT AT AHMOBHEIRBB (I U R T (BR)R)

ZJEJ) 200 kPa Tl S TIER L 72,
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Table 2-1

Characteristics of ceramic membranes

Material | Membrane | Nominal pore size | Average Membrane Porosity Membrane construction
name for rejection pore size thickness (Nominal pore size for
dy [um] Ay [um] L [mm] e[-] rejection, Thickness)
S2-3 0.2 12 3.0 0.476
S2-2 0.2 1.2 2.0 0.476
S2-1 0.2 12 1.0 0.476
Silicon S2-0.5 0.2 12 0.5 0.476 )
.. Symmetric
nitride S05-3 0.05 0.35 3.0 0.491
S05-2 0.05 0.35 2.0 0.491
S05-1 0.05 0.35 1.0 0.491
S05-0.5 0.05 0.35 0.5 0.491
N10 10 73 3.0 0.38 Base layer (Symmetric)
N2-C 1 0.92 33 0.35 Skin layer (1um, 160um)
Base layer (10pum, 3.14mm)
Skin layer (0.5um, 75um)
N5 0.5 0.47 32 0.35 Middle layer (1um, 160pm)
Base layer (10pum, 2.97mm)
Skin layer (0.2um, 30pum)
N2-30 0.2 0.15 3.1 0.35 Middle layer (1pum, 160pum)
o- Base layer (10pum, 2.91mm)
alum.inum Skin layer (0.2um, 60pum)
oxide N2-60 0.2 0.15 33 0.35 Middle layer (1pm, 160pm)
Base layer (10pum, 3.08mm)
Skin layer (0.2pm, 90um)
N2-90 0.2 0.15 32 0.35 Middle layer (1pm, 160pum)
Base layer (10pum, 2.95mm)
Skin layer (0.1pm, 9um)
N1 0.1 0.07 3.1 0.35 Middle layer (0.2um, 30um)

Middle layer (1um, 160pum)
Base layer (10um, 2.90mm)
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2-3 EBRMERB LI OEB R

2-3-1 &7 I v 7 KoMK E# )

FEEI7I v EoOMAKEHABREZ . p=50, 100, 200, 300 kPa & —
EJE ) FTIT - 72, Fig.2-2 123 f& & LT NLIZDW T, HALMK A
bl oZBKEvEZZRFERACT L T ey L, WTFho 7R
vy b HBIERERL, EAOHEREEBIZZIOBEET I REL LM
MEZnRLE, TOBEBOMBEEXNPLIEBRIKEE (= viOOBPRD BN 5,
Yy R OMILNICTHE T HRMEN X, —F 0K KR EWNTE &
XD EMNMTE, Darcy DIEHI N EMH T& 5, Darcy Rl K 5 & &
WK g I TEMEE p RO XS ICEAMKR ST BN D,

t 7

/71

p
=KX 2-1
L (2-1)

<
Il
=

2 KX Darcy DB R, pXEBEHE. LIIEESTH DL, B
DERE 2D SEIZODWT, EWIKEK g 4 p/L 2% L T Fig. 2-3
7my bk, MIZpREand s, AERFALCK TCE AT, 7
2y MIBEES LICIRIEEAEKFET . Darcy O IEHRIIC — KD
ERTEPT2ZIENTEI2ZEERNbhole, ZTOEMBROMEENL
HOBBR LT EORELRD Darcy DBEBERKEHEB T 22 &MNT

X5, Eq.(2-1)&X 0 . K DOEIX Fig. 2-3 ICB T HEBOMEE N K& WIF
ERELIBRDZENFRBEND, 2L, 22 TRk KOfEIEX., N
D XH>2BEOBTHERESN TS HEEBRIC SV TIZ., KE{EoF
B ERL, IHOEBENRERERZHEOISBEEOFERTIIT R VDT
EEEZET D,
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Fig. 2-2

Permeate volume variations with time (N1)
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Fig. 2-3 Water permeation rate for symmetric membranes
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2-3-2 %P RRE O M AL o HE E

i TRk 7z Darcy O ZFmFIZTHE S E, BT I v 7 KO MALREZ H#H

AT 2%, 2793 v /7o FREBEZEMEICHEBLEZZH O EE OE

EHREEZ.BRNOZEREAEZZEBL T gt p/LOBAKEES L RO

Kozeny-Carman & % 1% 5
&g P
(2-2)

2. kolX Kozeny ., el B 7 I v 7O ZERE, Sy X A%k &R
BEHEFLAE & L T

oz,
— I kg =5DOENAVSLNE, F -,

m THd v,
KA TERSNIEFO KN FWMYER 2R VD ENTE S,
4e (2-3)

d =
©S,(1-¢)

Eqs. (2-1) ~(2-3)£ YV, de &t KEDODHBEPRKKXTHEZ LN D,

d, =4 %K z8.9\/§ (2-4)
& &

& 52 Eq. (2-4)I12 3w T

TRTOSHEIZ>WWT, KZXEBEH L,
fldez#H L KA A —H%—THIELTRE 50%% d, 12 % L T Fig.
7a vy NI de=dan DX AT T WVE E R

2.4 1272 vy LT,
i CE B END

LTEBY ., KEIZLD Mo BRALENHRKER <

N i,
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1.5 |
Symmetric membrane v
S05 S2
O, @ L=0.5mm
10 F A, AL=10mm _
—_ ], B L=2.0mm
£
= V, ¥VL=30mm
,ﬁo
0.5 \V 7
0 | l
0 0.5 1.0 1.5

d,, [um]

Fig. 2-4 Hydraulic equivalent diameter of symmetric membranes
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2-3-3 8 & I o ML o HE B

ATE ik, IHBEO SR OMAREZBERIHER T2 LT
T, L2l EXNHEOSLG A, Eq. (2-1)D KITE KO F Y
PR EZmELRdled, ZOFEMAROHRIERNZOE ETIEEMHT
RV, TIT, HEEEOEIHBEICOWTER (K7 1) & Xk
B (T 2) i LTEZDE, WEBFEK ¢ 1T Darcy K12
TERDOLHIICRIND,

dv p
_4v_ 2-5
=40 u(L /K +L,/K,) (23)
T2, XFEO B OMAKEEEE g, 1% g, = p/{u(L/K)}TERT Z &

MTEDHDOT, TH% Eq. -59)ICRAL T, KTk g o#KE
WE K DHRERTE D,

-1
Klzﬂ—Ll(l—LJ (2-6)
P \q9 49
Eq. 2-4)D K%, Z DO K, CTEZTHINIL, Eq -H0bEH I N D d.

DYFIERE PRI O L D AR M EH A doy &R D

KFHEOHAMMEZHRIAET 2720, BEE L LT S05-0.5, XF/EE LT
S2-3 #EAADLDELHEBREICOWT, ToMMKE®ERRE 1TV, Fig.
2.5 CRBEBBBEHRMvIAOZE S picf LTy bLiz, WTFFho
2w Y Darcy RICHEWVEBRBEBRZ R L, 72, AR IX Eq. (2-5)IC
o5& S2-38B KXW S05-0.50FNZEFERMER”S S05-0.5 & S2-3 %
Hhab¥rEBREOMAKZREELHE LERTHL, HEMR L
T7ry IR —EE L, A#EEORYERN RSN, EAx D
BRI DWW T, Eqgs. (2-4),(2-6)I2 kv, XL D TR OMKDEIR
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ENRBEMOLGEIC EEICHY T2 EEOMYERd, OHFFE LA AT,
Fig. 2-6 (21X, LJ& % S05-0.5 1T# — L. TJE %%~ O L& O % #
ELIEBAEDO LEOMARE dy DHRERZ R LI, WTF LTy b
LM TR L7 S05-0.5 Hg TOMAKZHABRICESHEML IFIE
—H L, FEERCTCRLEAKBEBFRE O A —F —CTHEHA L = LML
WHIEWEZ R L7z, Fig. 2-7121%, TEZ S2-11C# — L. EEIZHE~
DFEE XD S05 ax ERZEEEICK T 5 dog OHEFEERZ R L 2,
SOSE DM B E A (AkE 07w vy M) 1T, S05 A T o #ll K Z ita i
R DEEROTEMHMYER (RBYVYO Ty ) ERHERS —HLT
W5, £, KERr T A —F—CL2FEHUELLEZENIZTEEHE N T
W ENRbrole, LEORRENG ., RIEIC LD IR RO M L
LIERCHA T2 2R 3B END, 22T, FdHmMED NE

BUOEEOHMYER dg 2 RKIEICL s THRE L . ZOREZKER
0y A—H— X DFEWMEI, T LT Fig.2-8c 7y L, 7
v h&dy = da DXABREDOEBND | ML Al b T IEXFED
MARLMAKEZBEABRICE S THLLIRBREFMARBTH DL Z &N RSN
oo o2 L, FPEOBEREIIFIXFEBOZNICTH X THET RO THEWZ
D, FiciETry PR ABRNPLRELANDIGEELH V| Kk % E
MTDICIE. TOHERVWHENERI LD,
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1.0 1 |
Double layer membrane
Top layer

08 S05-0.5 (d_,;= 0.35 pm) ]
Bottom layer

O S05-3 (d_,=0.35 um)
06 F & S2-1(d,;,=1.2 um) |

g 0 $2-3 (d,,= 1.2 um)
= VvV NI10 (d_,=7.3 pm)
=
— V —
0.4 — A N AR
----- S05-0.5 alone
02 7
— Measured by porosimeter
0 1 | |
0 2 4 6 8

Fig. 2-6 Hydraulic equivalent diameter of top layer in double layer

membranes with various bottom layers
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1.0 1
Double layer membrane
Bottom layer
0.8 - S2-1 _
Top layer
O S05-0.5
A S05-1 i
= 0.6 " 7 505-2
3 Vv S05-3
= v
=
04 g @ - -
02 - -
® SO05 alone
— Measured by porosimeter
0 1 |
0 1 2 3

L, [mm]
Fig. 2-7 Hydraulic equivalent diameter of top layer in double layer

membranes with various top layers
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1.5 |
Asymmetric membrane
1.0 -
El
= O
'EG)
0.5
O
0
O
0 0.5 1.0
d,, [nm]
Fig. 2-7

Hydraulic equivalent diameter of asymmetric membranes
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2-4 WF

7y 7 EoOMKEERR ATV, MK ZEE R Z Darcy OIER] &
MWTFM L7z, ZofMRICESE, MHMRMALEOH R EZ -
IHRELLE, SHBEOE I I vy 7 HERBEOMAKEZEENL KN
FHMEASEEZEHLEAER, KEFAr T A —F -tk TEAMIN
AR ERERS — B Lk, $. FAHMHEEOET I v 7K
ZOWTIE, ERHEZ DL O OMKEEEE L BB ZRWZE SO
fikZWMEEELEZERTLZ2ZEICED, EEBOMYBEREZEN T2 2
EWMARBE R o, ZO X oI, MAKZBRBRICESS KFETEE
BWREOMIABRLEHNICHRE T D HELLTAHESITHL Z LRI
e,
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BIE BT I v 7 EEIEBEOR IR O

3-1  f&
THE, ZHLEO 77 A 0TIy 7 RFJRERHABETHWWLNLTH
D, FICHEEAEF LESCREERESTF TIE, A7) —RERKREGD O
BERBL a2 4 FERKRORABWROLLD OGRS LT, 2EICHE
B LihH Twa 720 % F 3 o 7 L eR S K& < mEEVE R
M@EAECENL TV D ARRKRERFEBTHDY ., B FBEICRDDIEH L
WIR#FEM & LT, FEBAI LTV D,

5 TR 3 O PR AN IR B 0 ORI R EREE B B IS T S 0T
TN EOREOMIALEZLDL, FOREORE IO FBE %
ETEL0EFHMT A2 EnMOTEELARL 7Y, LA LARDL,
LM FLEE R KO D sy BEYERE O FEl FIE X RTERDICITHL SN TE
BF. BRRLERERKICLIARICHEHDI EZABKE W, Tod, KM
AR SHEEREROR TREEITIHEA - —ICL-oTELEDL TH
D, TS OFMl FEOHNENUES N TWD,

il

J

53 BiE WS o> KL - il 4R R RE A RE AT 9 D 2. S0 B oo M SL B L o BE RF &
ERDRAFOELEDOMMB R REINERE LD, —RIZ, KFED

i3

AR LV DSV AETH ., B2l 2 89 2B I 2816 i
EERT D22 IR (BECHBEIALLILGEND DL L EE T
MR ICR T -F ) 7o A L0oBRKRRETFofBRLTLEEIN
THEY, ZOoHAE, KTORMEBPELDI AU 7 4 ARETR T OK 6%
bkt IshTng 22, ol TORBHZ T, SO
MAPAELZNICHWTE ZD2WB Yy — 27 BORBKROKRERE 2D | K
ZWMEHROEZFLWKTZEEEZT, ZNET, 2HLEETZ 7T Y
Y NEBWKEICKITTERBCHETOMNEIEZIITbATWVD
PRGN kL AR EREIC E B L F R A 2 v 20,

v
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AR TIE, E7 I v 7 RBEBEWRBEKREZ HFL L LT, £ OH 7 Hli %

T 5720, RETH —LhiErxboh 7 I oA —4—0
RIVAF VLI Ty 7 AFER 2T LWELLTEEL, 20
AT — 2/ HBLOFEIHBEDO LT I v 72 H W TELEIR
WI D, ERTHDOINZIEEEES X OCRIKT OB 71 EORKEL
M, BEMmOMAROET I vy 7 EREORE O RE I DR T & 2
FLEZWRT 20 E2EL L, KM XIET MR &R &
MAEOEBEBIZOWTHRHNT D,

3-2 EBRIGIE

3-2-1  FEEEE

AROBHRL FIZ T, REXY - THoHMEORR, RFEORLR S 5
FORY ZAF L7 7 v 7 A (PSL) E ¥ KL SC-0050-D, SC-0070-D,
SC-0100-D, SC-0140-D., SC-020-S (JSR(#)) %= H W7, AWK 1%
dy T Z N Fh, 0.048, 0.070, 0.100, 0.143, 0.196 um T, K - % JE p,
TP b 1.06x10° kg/m> TH D, hboH 7 I 7m0k T2HEE
BE s B 2x10°E D L ICHMAKTHINLEZLO 2R EEBKE LT
R L, "B, AETHWEMAKIZ, KEBEKE A A KL, &
HoAkE¥EE (DUS-2, IR T 27 =272 AMkK) XA BELEE, &
bNT-REBAKEZAHALEOO I umDO Lo —RBEAT AT LEOKEIR

WA (U AR T (BR)E) IZE ) 200 kPa Tl S & TIER L 7z,

3-2-2 BT X v 7O

S EERIZ I, Table3-1 I - L X228 CHVWEETZ I Yy 7D
ERUERTAFZHUONHHEELT I vy 7 BEEREE ([EXE T (HR))
BLQPa-7AITHOFENHEEE T I v 7 EBEBEKE (AAT A
()) 2H Wi, b7y A4 FFICE. FHMAE do D 0.35 pm O S05

171

]/
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BLXOP12um®d S2%H W a-7 VI FTEICIEMAEZENSZNZEI 0.07,
0.15, 0.47 pm ® NI, N2, NS #fi/l L7z, 2k, VHMALE d. L,
KRR A =2 —THELE S0%RTHYH ., NREIZOHTiE, &b
LBEBN IS EBOEBIZH L TRDONTEETH L, BE ST S K
7205 mm T, NEZX3 mm Thd, NEIZTTXT3I—4D0EKDE N
LR bIERMMEEDOE TCH L, B, T XTOET I v 7 BT, R
RIS S MR AKICER L, Z D% 200kPa @ — EJE S F CTHKZ Bl S &
T I I v I7BENTOEREZMAK CEBRL I,

Table 3-1 Characteristics of ceramic membranes

Material | Membrane | Average | Membrane | Porosity Membrane construction
name pore size | Thickness (Thickness, Pore size)
Ay [pm] L [mm] gl
Silicon S05 0.35 0.5 0.491 )
I Symmetric
nitride S2 1.2 0.5 0.476

Skin layer (9um, 0.07pum)
N1 0.07 3 035 Milee layer (30pum, 0.15pum)
Middle layer (160um, 1pm)
Base layer (2.80mm, 10pum)

> Skin layer (30um, 0.15um)
aluminum .
oxide N2 0.15 3 0.35 Middle layer (160pm, 1pm)

Base layer (2.81mm, 10um)

Skin layer (75um, 0.47pm)
N5 0.47 3 0.35 Middle layer (160um, 1pm)
Base layer (2.77mm, 10um)
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3-2-3  fE R S BR
EEEBAREE OMKEK % Fig. 3-1 227, BBEHE T, £
T L AMBoOEEE L (LS-25, 7 KX T v 7 WEEMR)) . B

ﬁa

frEmEEEH % 27 (DV-10-A, 7 R T v 7 JHIEMRR)) ., £F A
AR HEGIEE S X VENFTHEEK ST WD, EilEE LI
I I v I/ EEESEL, ABEORREZE DI, Ko BT &24%
26.3 mm, N 22.0 mm, £ & 0.85mm ® PTFE A A&7 v b Tv— /L L
oo HHNBEEE ATXHT Ay hONBERTIREZIN, 3.80 cm”> ThHh 5,
WwmereMEZ 7 ICHABBEEZEAL, CNICERTRAEZEHIF,
200 kPa @ —EJEJ) F T8 217 o 7o, & F LI R FEICH & 7 — ¥ 50
Moo=y Frarva—Fz#EE L, BHREEORKELE/{EZ A E L

7=,

Automatic

Suspension
\ pressure
\ controller
4_ Locking §'<}
N

@
>+ Gasket I o - Filter A f[\
S - \\ ‘
A e Inlet body > @ \
&<— Gasket N i -
¢ Membrane I .
Filtrate Nitrogen
&< Gasket Pressurized
1
S—. ol
o~  Dody )
Electronic Personal
balance computer

Fig. 3-1 Schematic diagram of experimental microfiltration apparatus
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3-2-4  TEWE R E O W E

Gy e e R (UV-1600, FERAIER (FK)) Z AW T 230 nm O K T
WMHEEZREST 22 LICEY, BREEZRD L, B, BKORE
T, 50 UOMEKLZEE 230 nm 128 5 PSL kL 1 O WK K JE O

BERICESTHREL -,

3-2-5  ORLEE 4y A M E

PSL 2 7 VU — @R EE sy A id . v — W — [\l 37 kL 4y A 1 7E

S AER (BR)) AW T, KBEEECHE L, KEERE 1 cm TR
HEN 0T TFICR D LOICHEBEL CHMEEZITo T, MLESMOBE f
=9/ 4=V (/I P Ol

Fl E (3_1)

f(xi)_ -

log (x;,,/x; )

T2, FIFBEEME, x IRERETHL, XL LT, KTFED

0.048, 0.100, 0.196 um ® PSL % # ¥k © ki & 53 4 % Fig. 3-2 I~ L 7=,

WTFNORTFbMN Y =T TH—MEREWI LR TR,
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700

ol PSL |
- dp =0.048 um
S L — d,=0.100 pm
--------- d,=0.196 um
400 |- |
300 |- |
200 |- |
100 | |
0 - B
02 100 10!

Fig. 3-2

Particle size distribution of PSL
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3-3 EBRMERB LI OB R

3-3-1 BT X v 7 ROKF i)

fEx OMAEZ SO (S ) BILOEXHF (N JE) EotJ
Iy REREEAE VW, BT d, = 0.048 pum ® PSL X 7 U — %
200 kPa O AEJE ) CEEI M L 7=, Fig. 3-3 ZiL. I3 E o K
dO/dvyEZ B EE S 20 O =E vIicxt L TR Lz, EXHHEEO
20X IS OMEAT & & b ICHEE BTk T ANHERE L, do/dy o fE 25 B0,
Tabb, BBEESFCHS T 2B E R L, —JF N5 T, &
WHEE IR - EOE SR B H DEEMEIT L v=100cm fF
T TR GE XA LA T kBRI o S05 TIE . do/dv o fE 1 K i
MoKy 2EmEZRL, S2IFEBHMBEPIZE-—T0OMERL I,
Fig. 3-4 121X, Fig.3-3 LM U E&MHIcB T 5. K FH 1k R & H ALK
mMiEHZY OWKE vICKH L TaRLE, BB IEE RIZIEIHK+F O PSL
BELY c LT, RRXICXYKRD T,

R=1-= (3-2)

N2 B X SOS il # ¢ TIRWBH k=27 L7, i EAT 3
- THIEERM R L., HKEMWIZ 80%x B X 2@\ Eic=EL, i
TEEHD - EDOMEAER L, N2, S05 O i i E B N o AT L L
I LT, ZomWh FHRIERDODEZERELZ T O TH D,
— N5, S2iZHoWVWTiE, WEHMET LRy o+ EEL TEBY .,
EHEERIEEALCLEAEST ~EOHEEZRT EVIMBICER > TV
Do B NSIZOWTIE, v=100 cm UBETROMENRERL TEY
ZRICE-T do/dv OfEL M T 2 M A ~d, 202 & XD, KT
FICHRXRTHEOMARLREVWEATH, +OREDOAT Y — % JEH
THZEIED RNFZ2HL2BEME T2 DN D,
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UbEo X, IEEEE LR FHIERITIREOET & & HITHEMIC
AL, MBOEFHTHEERICHAMRL TWVWDL I &R DLND, T O iEH
FE &R IE RO LE(COBEMKE BB L T, K- HE o, 2R
TELRL., HrHREMEELZFMIT2HHO -2 L THERLIEL,

dv
=Rl — -
“r (d@] (3-3)

Fig. 3-51C1%, R e v, vicxt L T ey bL7, K7L
FNBBEWY N2 Tk, BEmickB 287y — 27 ok EICX Y IEE
HERZE LS BAT 5720, KM EETRBOET L &b ICED
ToHMHmERLE, —H, MNfZE2IFELEAEHIELRo7e NS BIW
S2 T, MBEE WD N IFTLAER NN o b OO, K1 O
FEWOKEERELSZT, HFMEHEFETIRVWELZ R LZ, L2 L,
i OEAT L L b IR FRMMEIND KOk D L R A IR O
IO REEN LY XIS Do, KR EE KT 2 Hm %2R
L7z, SH6102, S05 oW Tid, IMBEEORD XV HIERD MR
WMRKOEBEOHFNIXEWIZ /R 27720, IEE P8I B TR 1 e E
FHRT L, L2rL, BBOETICIVKF22220HIEIND XD
b, MERKTOEERRELS LY, MEOEEIMEIND -
D v =27 ecm fFEND -EOMEAESR LR, LLEO X SIT, U8 EE
(dv/dO)y L R FFIHIER RO EZ B 222 LI X0 R FHREE u, &0
D RHIZED2FML TR TH D,
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60 1 | l l |
PSL O N2 (d_ =0.15um)
§=2%10° A N5 (d_=0.47 um)
d,=0.048 um ] SO05 (d,, = 0.35 um)
p =200 kPa V 2 (d, =12 pm)
40 [~ N
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S
o
20 [~ N
l | l |
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Fig. 3-3 Reciprocal filtration rate of PSL through ceramic membranes
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1.0 l l

PSL
s=2X10° 4}

0.6 [
— d,=0.048 pm
: p =200 kPa
B ON2 (d_ =0.15 um) _
0.4 ANS (d_=0.47 um)
[1S05 (d, = 0.35 um)
VS2 (d =12 pum)
0.2 [~ .

0 20 40 60 80 100 120

Fig. 3-4 Rejection of PSL through ceramic membranes
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0.12 l l | l |
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Fig. 3-5 Particle retention rate of PSL through ceramic membranes
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Fig. 3-6 Dependence of R, on pore size
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Fig. 4-1 Pore blocking and filter cake formation
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Fig. 4-2 Reciprocal filtration rate for microfiltration of dilute PSL

suspensions
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Fig. 4-3 Dynamic behavior of resistances of blocked membrane and filter

cake
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Fig. 4-4 Lefthand side of Eq. (4-7) of PSL versus net mass of particles

within filter cake per unit membrane area
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Fig. 4-7 Relation between final pore-blocking ratio and ratio of pore size

to mean particle size
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Fig. 4-9 Comparison of reciprocal filtration rates predicted by model

with experimental data under various conditions
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LHEMEBEREBEORNBLZHOLMNMNZIT DI EZANET D, 6T, 22/
ROMWBMHPOLHEYEROMAEZHWCHBY — 7 OMILEZHET 5,
5-2  FEB Gk

5-2-1 K % U8 o

WEEWEWBEICIE, a-7 VI F e T I v Z B (NS, HART A > (%))
BIXOAHKAZO2mOARY h—FRx—1 DO KNT v 7y F T
9 U838 L (Nuclepore ) & M Wiz, AU & — & % — MBI M AR O M
LLxzbb, 2Ry -7 RMABRTAEZ L > TWVW5DH,
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T 1.06x10° kg/m> TH D, 2N HOR T %2Fx 0F &R
—10X10°) ARz koMK (C,=0) & L IFHEAT MU T AK
Wi (Cy=0.01-0.10mol/l) THBIELbOZREBEBIK L L T
AL,

N

(s=0.3

5-2-3 B E 8 E B

TEE IR A B E oS X & Fig. S-1 W2 Rd, EEEEIT, £
T L AMBOEEE L (LS-25 £721F KS-25. 7 KA T v 7 WP
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vF U IrEEEEL, RBBRORREZ 72O, PTFE VY A7 v b T

69



V=N LT, AAEER AIEXT ATy FORNRETHRE I, LS-25 i
3.80 cm®, KS-25 1% 3.14em> TH S, Wil AL EIMEX v 7 ICHEHR &
HEAL, THICEZETAZ/EMN S, 100 -200kPa D —EEJ) K T
WEITo T, B EMRFFICHET —FREHONN—YF La B a

— S xR L. BREEORIEZ/AELME L,

5-2-4  URHR IR E O W E

Gy e e R (UV-1600, B ERAERT (k) Z v T 230 nm O K T
WHELZRET DI LICLY, BREBEZRD 2, 2B, BEORE
. O UCOEKRLEZEE 230 nm (8B F 5 PSL K 1 O W E O MK
EHRICESEREL -,
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Fig. 5-1 Schematic diagram of microfiltration apparatus
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5-3-1 B9 I v I R ECERLEER S — 27 8k

NS ZHWCTHXOR &O PSL 27 U —%2J§i L 785 A0E®RKE
oW do/dvyE, BALERRE O 20D Oy — 27 P okl -8 & wllxt L
T Fig. 527wy ML, ek, wOfEIX, BEE2E®H L7k IR
. B I I v BB IR TOAROERE L LT Eq (5-)bHHE
H L7,

w= l—Sms {pf,avv—jov P (1—R)dv} (5-1)

><ﬁ

2T, pray FIEWER O L EE . pr X IE
BEHETHDL, AMIETHWILE AT U —IF s
Eq. 5-1D)DO (1 —ms)IZ 1ICEBMTE L, 2OXLHZFFMT 52 &IT kD,
My oFxTorFaey MI, FFERBARTEBT LI N TE, K
XD Ruth ® EJEIEE X VT > Z@H &2 R LT,

BE. m T —7 0RGZE
>

il 23 f 6D T/h S W72

— = (w+w ) (5-2)

SN, plI IR E . e X — 7 O FEE IR R HT . w1 R BT
MUY T 2HMIKEES 2 ORBHNR Yy — 27 BHESERETH D, Fig.
520 EBOMEET IR FREOERE L BIZ/ASLS RdEMERL T,
Fig. S-2 D EMOME & % Eq. (5-2)lic@H+2 &, EoLIZL &D
BiELR2 75— 7O VHEBEEIa,, PEN TX 5, Fig. 5-3120%.
NSIZOWTHEAELLa, ZRAFRICH L THEHSH T2 vy P LT, au @
IR FROEREEHBICEBWICH DT 2 E "L, PSL ® X
FDNWCHENITE s TERELE BB EL LR WIEEMEE ST — 27 %
R+ %528 AI121%. KIZHKAT Kozeny-Carman 20 22 & 5 < B R 28 Ak
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av

(5-3)

2T, kolX Kozeny (= 5). el 7 — 27 ODEHERELTH D, F
e SoldRLFolkREMBTHY . AN THWE PSLE FITEKIE ToH
Dl Sl 6/d, 1% L, Eq. (5-3)1%. FHEREFe, N —E TR
E. ooy DN d,2 2B T 52 L &R L TW5DH, Fig. 5-3 O HE RO H
TREFIE2THY,. 2O LNDLZERKRe, OENZIE—ETHL I L
WIRBEh, ThaHELELE IS, 6, =047 Tholz, Z OfHEITEK
ki ¥+ D7 v X AFEOERE 0.39VE 0 b RKREWA, L HFEI O
BOZEREF 0476 EWWETHY , RFHEMEOZRER L L TRYAR
EThHrdEBLAbND, EXD | fHEKREIKORKSIE®IZBIT DR
FHIERLICEBREOHMEM KPS, Fr—7 FHHELZ RO 2L Z &
N T &I,
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O d,=0.048 um
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=
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T
10 ]

0 | 2 3x 104
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Fig. 5-2 Reciprocal filtration rate versus net mass of particles within

filter cake
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Fig. 5-3 Dependence of specific filtration resistance on particle size
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AiEicix, E9 I v /7BERICHBELES -2 BORMELZFIML 2,
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F UM AE W THEIRERERLIT >,
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Zwa oy b U7, JEaE g IRk P O R IE A AR WE EZ R T JE R
WHETT 2 LERWMIZHERL, TRAETNREICE > TERR D —EDHI
Wi 5B m AR L, ZOWET DM ITARRE TSRV E o7,
LA FHIEERDOMEIZTT XTI FTCHDY, BEEICBEELZRRE 28T T
BiEOEPHIZHES LTI TIERNI EERLTWD,

U EoFERT—ZICESE I & RRISH 7 LR ZElLEE R
L, BaeZ@ Lk i3k, st roRCERBLTTY—72
P& FFA 9 % . Fig. 5-6 (2%, TR E E o Wi 2 BB EfE b 72 0 12
HBLLLFEEwicx LT Yry ML, §XToO vy MIMIL
PAZEIC K il N 2 ICH A T 2 O Z < ¥ % W T Eq. (5-2)I
PED EMBEMRE R LT, Eq. (5-2)I2 £ 5 & Fig. 5-6 ® E B 5 O fH & H»
O — 27 OYXEE LRI a,, KO, Fig. 5-7121F b+ d, =0.07
BELVW0.196 um @ PSLIZOWT T — 27 OFHEBREE N a,, 2 X7V
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U—RETEHEE-EOMERLE, L2ALAENRNDL, s=3.0X1070 2
K HHERATV —RBECTaT@WEE R, FELEZa, DE»D
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T o3loZENEN—EMEZ R L, ZOIZKRER O 7 v ¥ A%
HOZERELVLETFRVVETCHLI D, HEMBEIZYRMETH

TERDLND, LDLARBD S50XI0TU TS HmERATY — iR
ETIHREOHD L L BICERKROMBIIBL T 2B mME2 R L, &KW
KL F DO REIICEDLT, IRBH T OB REOZERE 0.2595 (21D
CfEmEZRLE, ZERBEBHER CIXZ., A7V —F O FOEILRY
Dl R F P ORFORBEEZ T DL LR =7 REITHE L
RT WD, R HAMICEIN LT WIRRERD, Z0o/R. &
nEEOEBr— 2 N LELDOEE BN D, Fig. 5-9 121k, 27
U—RERZNAZTN03IXI0OBICRI0OXI0° TOAER Y — 27 OKE %
SEM BHBIZX-> TR LE, MEFEOHEEITITERMERZ XFHFT 586K
HEW AR S,
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Fig. 5-4 Reciprocal filtration rate versus product of slurry

concentration and filtrate volume
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Fig. 5-5 Apparent rejection of PSL particle versus product of slurry

concentration and filtrate volume
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Fig. 5-6 Reciprocal filtration rate versus dry cake mass
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Fig. 5-7 Dependence of average specific filtration resistance on slurry

concentration
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Fig. 5-8

Dependence of average porosity on slurry concentration
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SEM images of filter cake for different slurry concentrations
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AT YU —REs = 1.0X10°L R LI ICHExOREOEILT MY ¥ A
KBEWFPCHAWMIE, CNZ2RABKRE L TCHBERBEREZIT- 2., I8
O fE S C(5-D)=-B-)EHWT S — 7 oY iEE KR
FOFHERRLZFEL, BB OEMERE C, 1% L T Fig. 5-10
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meE e bl oMM EZ R L, ZAVITHE > TZERKRTHEMT 5 HEm
g lLle, RWEMEBRECTCIEH., EX_EHBRES, K FHOKIHEN
MRELSBRDIEEOR AT — 27 BROEE. X0 A9 IZE ST 5 68 m
rRb. MRELTERS—IBBRIND, L2LAERNL, EME
REZENSELILER_EREIELS, KFHOXBEAPBHL DT
ORLFITEE LTS R, M r— BB BRI bDOEE XL
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&3



I I I 0.5

PSL
s=1.0x10° o
_ p=100kPa

1015 |- A A

a,, [m/kg]

1014 0,8 d =0070 um «——

A, A d =0.196 pm A \
I I I I

0 002 004 006  0.08 0.10
C_ [mol/1]

Fig. 5-10 Dependence of filter cake properties on sodium chloride

concentration
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s=1.0x10%,C,=0 s=1.0x10%, C,=0.1 mol/l

Fig. 5-11 SEM images of filter cake for different sodium chloride

concentrations
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B2 d, DERIERL 1 O FRIEJG TIX, So=6/d, WKL T %72 Eq. (5-4)
RO XS ICEHRTE D,
q - 2¢,d, (5-5)
v o3(1-4)
Fig. 5-12 121X, 0.07 3 £ N 0.196 pm ® PSL T DWW T H# — 7 O F¥yZE
RENPSHAEALEMAR .2 ATV —RBEsIZHLTTr Yy LT,
iy — 7 OMARIE 30OXI0TORETZENALEN 19, 50 nm TH Y |
50X107 L EoBECTCENRENR 27T, 60nm ThoTo, T, ZhbHD
MALBE O IX PSL K+ D 25 — 40 %FEE CToH - 7=, Fig. 5-13 12 1%,
Wi r — 7 OMABREZEMERE C,lcxf LTy L, BMEIC
FOMABr—7ERTEL, MARITEMEREOHME & I
K&EL b5\ %~ L7, Figs.5-12, 5-13 7~ 6 . KRB THW 7= PSL
Lk ERBS— 77 OMARIT20-7T0nm THDZ LR LMD, T HiE
WhL 7 — 7 BREAFT Iy 7EWDELTHHATELDZEEZERLT
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Fig. 5-12 Pore size of filter cake at various slurry concentrations
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Fig. 5-13 Pore size of filter cake at various sodium chloride concentrations
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R T Y~V U~V
'U:Ecbg

~.

K,
K>

K3

ko

EERL K

effective filtration area [m?]
final pore-blocking ratio [-]
electrolyte concentration [mol/1]
particle concentration in filtrate [-]
equivalent diameter of pore of cake layer [m]
hydraulic equivalent diameter [m]
average pore size of membrane [m]
nominal pore size for rejection [m]
particle diameter [m]
cumulative frequency [-]
frequency [-]
pore blocking constant in Eq. (1-10) [s'//m?*"]
permeability [m?]
Ruth coefficient of constant pressure filtration [m?/s]
pore blocking constant in Eq. (1-11) [s7']
pore blocking constant in Eq. (1-12) [m']
pore blocking constant in Eq. (1-13) [m']
coefficient defined by Eq. (4-2) [m*s/kg]
Kozeny constant [-]
membrane thickness [m]
constant decided by filtration configuration in Eq. (1-10) [-]
ratio of wet to dry cake mass [-]

number of particle deposited per unit effective membrane area [m™]
compressibility coefficient [-]

number of blocked pore per unit effective membrane arca [m?]
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no

pm

Vm

Vo.9

total number of pore per unit effective membrane area [m™?]

final number of blocked pore per unit effective membrane area [m™]

applied filtration pressure [Pa]
local hydraulic pressure [Pa]
pressure loss across membrane [Pa]
local cake compressive pressure [Pa]
flow rate [m?/s]
filtration rate [m/s]
rejection [-]
filter cake resistance [m']
membrane resistance [m']
initial membrane resistance [m']
final membrane resistance [m']

rejection at filtrate volume of » cm per unit membrane area (n =

20, 50, 80, 100) [-]
total filtration resistance [m']
radius of circular tube [m]
ratio of pore diameter to mean particle diameter [-]
mass fraction of particle in suspension [-]
specific surface area [m']
particle retention rate [m/s]
cumulative filtrate volume per unit effective membrane arca [m]
fictitious filtrate volume per unit effective membrane area [m]

cumulative filtrate volume at which rejection R reaches 0.9,
collected per unit effective membrane area [m]
net mass of particles within filter cake per unit effective

membrane area [kg/m?]
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Wm

X —

fictitious net mass of particles within filter cake per unit

effective membrane area corresponding to membrane resistance

Greek Letters

a —

Qay =

pPr =

pf,av =

Subscript
1 -

2

[kg/m?]
representative particle size [m]
specific filtration resistance of filter cake [m/kg]
average specific filtration resistance [m/kg]
empirical constant in Eq. (1-8) [m'""s?"/kg'™"]
porosity of membrane [-]
average porosity of filter cake [-]
coefficient defined by Eq. (4-6) [m?/kg]
viscosity of filtrate [Pa-s]
filtration time [s]
empirical constant in Eq. (4-8) [-]
density of liquid [kg/m?]
density of filtrate at arbitrary time [kg/m’]

average density of total filtrate collected from beginning of
filtration to arbitrary time [kg/m?]
density of particle [kg/m’]

volume of cake solids per unite area up to an arbitrary position

in cake [m]
volume of cake solids per unit area [m]
top layer

bottom layer
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