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Monitoring of Membrane Fouling and Cleaning
Using a Ultrasonic Time Domain Reflectometry Technique

Student : Yu-Ting Chou Advisor : Chihpin Huang

Institute of Environment Engineering
National Chiao Tung University

Abstract

Fouling is the critical problem associated with membrane separation
In water treatment. Ultrasonic time domain reflectometry (UTDR), as an
In-situ, real-time, non-destructive technique, has been performed to
measure particle depagsition, cake formation and pore-size distribution of
membrane. However, previous studies did not evaluate the cleaning
efficiency by using UTDR. The.ebjectives. of this research are to measure
the fouling layer on membrane surface ‘and to improve the membrane
cleaning efficiency by using UTDR: The feedwater was made by kaolin
or calcium sulfate solution as the foulants and filtered, through MF or UF
membrane “respectively. The variation of UTDR signal represents the
thickness of.fouling layer in_thefiltration process. In-membrane cleaning
experiments; UTDR and fluxswere=tusedwas cleaning index and were
compared to evaluate'their,cleaning efficiencies:

The UTDR technique was successfully.used for monitoring fouling
layer on the membrane-surface. The linear:relationship between cake
thickness and resistance was observed, thus corresponding result could be
applied to evaluate the cake thickness directly by means of this mode in
practical applications. Moreover, using UTDR as a cleaning index to
modify the membrane cleaning operation could increase the flux up to
35%, 10% and 8% while flux decreased to 100%, 70% and 50%,
respectively. In brief, this study concludes that UTDR is an excellent
instrument for fouling monitor and could be used as a cleaning index.

Keywords: Membrane fouling, Non-invasive technology, Ultrasonic time
domain reflectometry, Membrane cleaning.



AL A A REAML T o8 Ry A A4 &Y - Bacdngl 3t
iéﬁ%ﬁ%i,ﬁaai%%%ﬁ Y
2EP A A RER DGR BT RE R F AT E
o EARNCFEMARIKT 2 AN FFY RHLIE Y KL
EREEFPPPHRELFENIIALL T R RE S H RS HER
{ 4e B o
RHd s A 8mzd ki A8 B9 mo K2 A BA
Eaamy b 2 i s UK T Al { S PR A4 2
TR R A A ey n A B Rz Ly
kot 2\ 38 TR SR AR PR g%
A RHLERZT A RMARIDEREIE - TELZE B
g E 4 ’”ﬁ [5 nfﬂmﬁffnéa 4, rg@.jﬁiﬁ%%} » 2B 3N 75 A — m'f%fi«,ﬁ s
TR L CREE 0 bR ST S E S ET
7 i3 PRAE S 4k e AP e R i T B 0 B OK -
ﬁﬁi%%’% AR ﬁim#mié#$4’—tﬁéwi&#
Frifie o R4 A RS 2 R S % ol RS R - P § 4k
o R Group feik T STHGE O SF S EEG 4 c LEHIFS 2R F

2

Pastd b AR

L EFT RS

-

R AR T - R

B FRFE b s peEr o~ Kiwi 8§ B0 R Ogein

’ 2

WU RPERGE L e R E A R o

2§

BRI



B e I
ADSIFACT ... e e aaaaa [l
ettt ettt ettt ettt ettt et et et et ettt et e et e e e er e, 1
B sttt e e e e e e e e e e e e ——taae e e e nrratraaeeeaanrrrrraaaaeas vV
e I SO SERRSORPRRR VI
3 2o VIl
CHE S TR N, e T 1
1-1 7 A ..o o O e, 1
1-1-10il 5 il oot ol O W e 1
1-1-@af¥ sz aitrrocr SRR s o T L 2
1-2 7= i R it .. ... ... 3
1-29568 7 6+ 48 . Bl i B 3
1-2- 70" s < e R B~ - L ST 3
EH )I%ﬁb}éﬁ ...................................................................................... 5
2-1 B R T R B .. 5
2-1-1 R B T B 5
2-1-2 FEH A o 7
2-1-3 EEH AR T 8
2-1-4 FEHAFFEGE T 3 9
2-2 FEHAIEERIEZ BRI E e, 11
2-2-1 BRI TE S ES B B e 11
2-2-2 2RI EAE ST Bl 11
2-3 AT APEIBF B IET e, 14



2-3-1 425 T B E IS oo 15

2-3-2 A2 F A F FEFL B i 16
F 2R FREEL D E e 19
S-1 FERITARET T H oot 19
B-1-L B AR ceiteee e n s 19
312 B BRI B oot 21
3-2 FE ™ 2B AR IT BB e 27
B-2-1 F B ™ 72t s 27
3-2-2 B B T B 2 e e 28
3-3 WA ISR ZITE 7 3% e e e, 30
3-3-1A2F A FEESAFZ TE i 30
3-3-2migri A A e b Sk e 32
oGRS 33
A4-1 F FF IR I ot e, 33
4-1-1-K ¢ 3+ AR g Frepiddomt p5 B BEAT 2. B2 55......33
4-1-2 *RoP RGFREE AR S AR R SpEE R A AR 2 B E....35

4-2 4z 3 PR R MR R T (R BAR I (5 1A
4-2-1 4235 A PEIR R SRR D B T A dcR s $ 137
4-2-2 B F AP F HME 2 R IET 49

4-2-3 E R T SBAP B S T 50
4-3 2 % ISR AR 3T E BB T oo 58
4-3-17 P PFARTE SR B FF3EARR oo 58
4-3-2 SEMA 7 9% B A BB cvvveeeieiieiieeeeeeeeee e 59
A-4 iRy B b e 1T SRR 62
A4-4-118 Soipdpid § % p 5 07 5 fads Fikdk v B2 473 62



4-4-2 7" UTDR 1% 5 fade e (B2 373 o, 66
3+

\|



% P &
Fe A4 5 AP R M2 EERFEE BT e 39
A2 TR TR AT AR MR LM 50
% A3 %Y b F Az g8 7 8 R TR 2 P 69

VI



B 3.1 F B TRAZZE B covveeerrsnreeeesssessss e sssssss st 20
R Bt T -SSR 21
Bl 3.3 FFim N B BB ZE B oo 22
Bl 3.4 A5 H203 i IR ETIT oo 23
B 3.5 Ji% D1 BT oo 23
B 3.6 422 S AT v ettt 24
I T =P 24
Bl 3.8 B 78 77 BB ittt b .ot 24
Bl 3.9 2B P B HEEF1 20 B oo e ea et e, 25
fR] 3.10 3% v e | R I M ... e 25
B 3.11 Az 3k ¥ i e 2 B BB 2 B e 31
Bl 3.12 A7 50A T B2 0 I B BLEE e 31
B 3.13 & jk FF & &~ 5130(a)F ¢ & i(fresh membrane) () 35 & =

& 55 i o LA B it 32

Bl 4.1 Frpkdr A% > (a) 0'ppm (b) 100 ppm (c) 560 ppm (d) 1000 ppm

(e) 1500 ppmi(f) 2000 ppm 42 5k FFEF 542055 oo 34
Bl 4.2 3 4 2 R34 (@) 0 ppmi(b) 5 ppm ()10 ppm (d) 100 ppm
(e) 500 ppm (f) 2000 ppm 42 § A FF3# F B2 5 o, 36

B 4.3 X F LS HRT F 4 RIFIR(0.5 gLyt T A3k (T pE R
(@) 0 min (b) 50 min (c) 130 min (d) 300 min (e) 490 min (f) 570
MINZ_ 325 P F SF20EE e, 43
Bl 4.4 F B %% R T FR 4T3 0% (1.0 g/LY T A4k (e pERY
(@) 0 min (b) 50 min (c) 220 min (d) 280 min (e) 350 min (f) 410
MINZ_ 423 AP F B8 e, 44

VIII



W 4.5 F RS OB T B A2 RIEIER0.5 gL T A4k ek
(@) 0 min (b) 20 min (c) 60 min (d) 120 min (e) 240 min (f) 790
MINZ_ 423 A FFIB F B8 e, 47
Bl 4.6 AT S RT3 42 BIFA(L5 gLy T 53 TR
(@) 0 min (b) 20 min (c) 60 min (d) 120 min (e) 450 min (f) 570

MINZ_ 423 A FFB F BB e, 48
Bl 4.7 > A FELERT EinB 42 BT R(0.5 g/Lk it 25

R B R R IR F T 51
B 4.8 ¢ A B T R TR AR AL AT 7B ik (1.0 /L) TF R 2 S R

PSR ERFIEL R i e, 52
B 4.9 ** A B 2B BB T BpB A2 R F05 /L) e fisE

Bz AR BB e e 52
B 4.10 ** A F) T 35 WO T i A iadtis % (1.0 O/LYRIE S R AR

Z_ Al (L T T R i R 53
B 4.11 » w|sjg 0.5 gL L0 G/L = 15 a/L0k & 2 B 45 * R skt

B TR S MR R R B e 54
Bl 4.12 7 b 3 2 RESE R R (059/L2 A5/ f a5 A 2

O T 8 % e 55

B 4.13 B i 3 B (05g/L® 1.5 g/L)he & it sab i 2 A8
B T i e ————— 57
B 4.14 4w B2 7 54 ivpF (@) 20 min (b) 60 min (c) 120 min (d)
240 MINZ FEFEAER coiiiiiiii 59
B 4.15 B i 3 B ssE e (0.5 gLy T 73k ¥ pE ¥ 2. SEM A 45 (600X)
(@) 0 ppm (b) 20 min (c) 60 min (d) 120 min (e) 240 min (f) 360
min (g) 480 Min () 790 MIN ......ooiiiiiiiiii e 61
B 4.16 Ryt il € % 5E 100%8 7 6% F Ak T HEF @ &=

IX



F RSB B T R 2 B 1 e 65
® 4.19 '2:3}7%»1% W R RRAFE30%EFT 6K ARITHEHBERERS
Fois B0 B B2 B 65

Bl 4.20 yp4 f A PFE F 253 (a) 0 min (b) 10 min (c) 18 min (d)

20 MINZ_ 8 1% BT B TR A iae e eeieee e e e e eenns 67
B 4.21 1% A2 f APl F Bt 6 Xk e f S 8 pF &4 4038
TRy v lpee— T R 68

Bl 4.22 iz yphil 5ol § TR 2\ [ W F ST N R gk 1T

fs Hamh SN g R W 70
Bl 4.23 i 4425 4 F ST BEE R AR B B 2 @ s R e F ok
L R ﬁ*,_ ,i:i‘ﬁiﬁ}égili 'E'_ﬁ’ﬂ —‘-%—L*B i ’ri ............ 70

B 4.24 3 i 2T 7 (05 g/Ly () HEUE ik e E 1 a2 64 min (b)
3SR EREE 10 minZ 2 F AR F B 71



;}r
|
il
2
|

11 =5 s
B S R R R 2HCRRIERR P 26 T i

234 T EEWL ¢ A 4 ft re(fouling) » B35 ad B (Flux)® &

Iﬂ
IS

g
N

& % W 4 (trans-membrane pressure, TMP): » i & & 9035 % R %
EWAR RSN R T EAE M FEN S ALY

I
[ AT AP R S R O RO % 2 R s
g

21

FANH AR F L E Rk SR AR 53_§3f%7 R R R R B
& o

1-1-1 =5 4.8

AT E o T AR B BB E N ERE BBk et b
BRFLEFEREE A2 EIT AR B e EST 2 AR R
T ff%‘?ﬁﬁﬁ‘i’ﬁ AR g 2T B L BIER 2 S
JER Bl &S R AN R R R

(concentration polarizatios) % "7 ¥=(membrane fouling) i = & "=

¥ Jc & (recovery rate} " @ = (rejection.rate P HRTER A Ao
LHFEEWR Y 2 ke
R E Sy

ﬁ*éﬁikﬁﬁ*ﬁgwf%m@ Lg

FAralde > B3 v g F Ko Flet < § o i(cross flow)y® ;¢

Z

l% o 'Eg/n‘- ‘_S_;E}‘H?’;—A%\' \i ’ ;%.E; /ﬁ‘-'gg é%é‘i —LE"“ ),A%"l ';IZ,—ENE:%\, ‘i —7\/% ’Fﬁ’

F A MR ER1&" IR % (Shenet al., 2003)-



R ERl A AR EIE R S R &mﬁiﬁqm

Iﬂ

W — B 2 W IR R RN~ R s~ MF
ﬁupﬁﬁaWﬁgfiﬁﬁi%x’$%¢$wa FORWAR
FEEE o TR Ew @+ F &(Durham and Walton, 1999; Sakol

and Konieczny, 2004) -

1-1-2 Hp5gE R 3 &

NN ARIT RN AR P AR S B R BT B
Bl E o MEEEITERFIEREFTE 2> & B F K
WA AR I - TR BB WELHIE R 0 R oo L F R R

Z ARPEREGE g SEPF U A FRBIE PR LSRR
AT TR P B PR RO R A W kT
N NS B A S Y e e O A R
Lﬂ,@wﬁ3§m%§ﬁ&i%%,%uﬁﬁﬁﬁiéﬁﬁ
(scanning-electron microscopy, SEM)z > 2  sliikid 5 g2 54 o gt
RV GERTHAD 0 D RN R RE R T o T

Pookokr WEER - PR ERRLER S 2 2] A0
=) Y

R B %f.{.f“i’ /!%‘(E\‘_‘Iﬁ,?\ H %%i,gr—r:
1. & ,‘{ﬁ“d R p e EE L RIGE B F TR A §

PR RIE A G FEEIIT > TA AR R IR 2 0 Bldosr

Sk

-~

fé 4t ~ F-9 B 2 microbiological communltleiig#' S

VLG TREERIES A G ERE 2 FER G2

=ie

N

2]

% F &

w N

SRR RRI A



1-2 =5 B ¢h
ARG R BT AR AR F SEE - TS BRI R
)iér\’}‘fr_’\._ %I’lﬁklﬁ*/ /—: ii%?\:%\ —’7/2' ’i&—ﬂ EHE:}:@%

IC U SN

% B o

penthd § - BACH AP F o2 TR R R A 1T KR Y U E
Rk g2 A Sk R MR % SR R G b
&ﬁﬁéﬂ%ﬁ%%ﬁ’“ﬂwﬂﬁﬁﬁﬁ%i¢“¢”ﬁﬂ;lgi

e~ B BOR A A B E(TMP Jumplh 8285 @2 & o d 304

]
315&’&
Z
‘-ﬂ

o
e
S
{"::p
iy
o4
S
I
Wi
‘_&i
o
-
3
P3¢
ﬁ
-
P
i
P
)2
PN
N
[
Jm






2-1 B %

FW R EST L T OEEARE R AR F I T H A A
LR R Mg 2 R 0 FlA R P EE RRELE 0§
RoKRIEZ F A SFEEER & X E AR A 2 SR
(Wang and Song, 1999)?&?%‘?&;% ABALSEVHE AV IR
f8 > ¥ i ff #5(reversible foulingyrig = 2. % 454 7 45 d &P
4% B (backflushing 47, i 3 %% & & 44 & & e 2 B x,ért—i 2 2R s

= * ¥ i f ¥=(irreversible fouling)(Linetal.; 1999)-

2-1-1 W FERH % FE
BB TR oI IS s TR AT
o TR R e 3R A BRA(TMP) -~ &k A - i
e

Sl OB S 5 LR
(4r cellulose acetate, CA&) zx -k 1+ (4 polyvinylidene fluoride, PVDF)
WA FO RPN R o > T e N R (Aot B )R-
B AR v S R R TR BT T MR £ - Laineet
al. (1990)> 47 & "l ijp 7 = 22 3 4 kIR o 3 e KPR Rk
MIERE A A e PN R ARR VAR z?ﬁrﬁﬁtféi’sfi °
Malgorzataet al. (1999¥= 7 45 &) WA k12 4% » H @it k2
FRZR2ZFEMEAREG - d %

4 »Kawakatsiet al. (1993) MF 2 UF & "ol jg # v R ﬂfﬁv.ﬂ» z ¥
REghcd e+ > H{32W @‘fﬁ‘fl; ) B RS AR TR E I S

FEFRE 5B B A HON A S o R S S 10 B

RT3 3 2 ff s o H L



TR GBS E o
Nomuraet al. (1989 21>t F R 4 42417 - H (T8 & A 4 3

HEH R AT AZ R A Fla Wi aden < >
%% Wil £ Hf 4 o Chenet al. (1997)% 21 & J& (/& 4 4§ e B35 0l £

L2 o M R A REGO L > R R IR JbrAEP A > B
PIARTS TE - 2 E X EWRIPE VAL RhE

(limiting flux) » s* 2 & >k B 4R 1t K 2 F2 4 SEE R £ B 4c ST o

m
|

1“‘\‘3

BAKRBEWRA T RETEEHRT 0 Ly BT ER Eﬂs‘f@‘{ﬁﬁf %
PR B i 0 XA e BN IR Rag B 7 ® G fEIE2 ) 0 B R I
LA R 1

BOAAIEZ A ERIRE P T giRd €A M2
B KRR Beinris > TRcPed IR R F A & RFG EAR R 2
¥5 & 2 (Zhang and Song, 2000Bourgeouset al. (200L)p ! A -k # #f
ok ) AR o BRI AR X SRS A2 T A R RN o P R R E
BB IR T 2 e feedinit T3 S50 &M R
(blocking)- B as & % jikdk & 5 B TR AE T M2 F1F o 4
FERAF AR A T T AR R A

3 FhkkE A & PR Z BN 2 4 T Y (Jonssonet al.,

4w

N

fe > B F)FT i au%ﬂ%%%&’%ﬁéwag’Q%U¢4

Fier Rigird o

S L REER T RS A%E- oA E - a4
B33 B2 Ft O SN ESE R FRAEY 2 20 1
YRE- TSP B2 ko



2-1-2 -I‘E‘"Ji&* =B+

B EBHIERY SAFAI R AAR > 2L
T R - 4% o Pignonet al. (2000)% 1 A # A 5
4] & 35 " (adsorption) 3 & (gelation)~ iﬂf % (blockage} = 78 =
RS A L L EA TR P SE DY EE FR ¥ T
BEA5A  d E '1«}"’5‘”/)@ e B f y — ﬂriﬂ%ﬁs,bﬁlﬁ ok
7' o de Barrogt al. (2003)p ! - E AR dER % FlR oK P 20 R f
Ao NIVH Y At > A B L AR EEE G A
Lk iﬂﬁg(pore pluggingk 34 i 4 fﬁ |- (pore" narrowingy ",f g A1
hoo TG ERIEEATT R 2 R g o IR TR P kR R
TR RAREE iR ERENSA ISR 2 E - 5 Kweon and Lawler
(2004}, dif0 530 %l = 48 &334 400 B )+ UE, & RJe 2 2
Rok o it AR B s G A AR g 3 S
Boow b g k0o S IR E o ¢ B A e o
A SRR L e MR )

S BT A RS el A AL ST R AT

=h
=

beo m S T WA A TEAFIEA RASER AR 2 4 AT E R

=K

2_ " 48 (glue)=* ;5 44 (cake) (Mulder, 1996) Pirbazariet al. (1992}
RURRRN HAEL L BI TS £ d o S - BT
¥ f# ¥5 - Bourgeouset al. (2001)+ Az A2 5 2 47 7 4p & - AR E
PERRZ A S A G B FI A2 ERIR X fEFEI G o 2
EREMEE TE o Bianetal. (1999), 413 E A AR R ¢ 0 R

3

¥

1@ﬂ?§@%¢’a@?m¢ﬁm%mw*wﬁi*P?ﬁ’

-_ 7

B AT G AL AR AR YA 0 SRR



2-1-3 & W B dp

po1980# i RBde ¢ 3 F AL FEHFEE ERE A
B d S ESGERARR ST W2 RE R WL R Fl
AW R R SR ELE R HEEES 2
(Schippers and Verdouw, 1980; Kremen and Tanner, 1998)

ORI A ARG 0 B LI BT E T F C R
Pt BEERRERART  PESIIY R R K
(scanning electron microscopy, SEM) -k $e&+ B jir(X-ray diffraction,
XRD) % X &4 F Xek 3k ik (X-ray fluorescence Spectrometer, XRF)
298 oA se 2 SRR H 4 35245 & (Dudley. and Darton, 1996) #%
@ bl AN er e R EE R R 4 Bk T ' - SEM~ XRD
% XRF 2 A7 302t i3 550 1 mis i 8 8 g e 7 %
B Tl A DB R AR R g o SRR T i i

2 Tl R I ey TR G R e

Bos B R FE L BN A iR e 357K R R 4p (it density
index, SDI)~ i .t & 4pdic(modified. fouling index, MFI) i3 % 4p
# (mini plugging factor “index,” MPFB & X 4z {r 4y # (langelier
stauration index, LSE - F it WA 5535 2 2 34 ¢ > SDI~ MFI
MPFI %= s RiFFM b 7 S Fcfise F vl 2 5
BEEZ2TEEN4L e A2 ek ~ ) (Yiantsios and
Karabelas, 2002; Vrouwenveldetral., 2003; Khiraniet al., 2006)- =
T & F %D SDIZ MFI i * 0325 5 84 2 fh 242 & > Chuanget al.
(2009)% 17 41 * SDI 2 MFI k3®i5 ¥ 73 5 845 5> I8 5f 35
oo ARy FHE PR3 T2i5BEFT%H 74 MF

8



It B RET  FERE G S B fies < B -

p v SDI @ B ZALIE* * oK g2 b o iF WA Y o
AR T AT Ik gt 0 bldedk * NF 2 RO @ g2 &k
# SDI @ fl 4w F - * 3% 4 (Boerlageet al., 1997) ¢+ #F » LSl 4y

T LT s B PSR AEET 0 LN TR AR T
ER A @ N R o MRRET S B0 § LSI>O0 Bl & T
FORRELAT T A1 0 LSI<O P4 o7 BT T AT A 2 A AT A L

T ok ? o AP BEELAT TR Y R 0 LS| 5 B MR AL AT Y

RREE L ER R

P e

i))‘&
Aﬂ

|

2-1-4 A HF S 5

BRSBTS 2 12500 F % B2 M 4R 0 Guizard and Rios
(1996)%&5;?—?]3 Fo 3@ L g;?‘_.; Je AN 2k T & N *r 2
iRk ors o B B R R 5 VB e (cleaningdr 2 F ok

(backflushing): ;¢ = ¥ §oer (B 5 2 4w 1 £ T it »

E@gﬁg%/P e F0e 5 1y ,Lg?/)a EECE B o - Ak 3 s
A~ Ak et e B e A2 EFF T A T f—i STAR TR

&4 om0 Crozesetal. (1997)p di 1+ i+ & 24~

PEPE o pH S R AER  FAPFR 2R FELEEYFLE A

Mohammadiet al. (2002}t 1 1% PSE e (7 v F ~ Pq 95 % hie

(w
=
hynd

"
=1l
N
A4
Riay!
=
Eﬂ

Fiﬁﬁﬁm’%*wf#w#?Q&ﬁBMNﬁM&@%%,g
EWH B2 B A AT HEERBEF A RIS B v R F
T *¥ o Srisurichanet al. (2005), &1 > E x4 WAz Y o % PVDF
EOCERE F AR § Ewd ﬁ%é@ﬁ%%ﬁﬁ’ué$;¢
g s P £ 0.1 MNaOHF%= = - 248 > % % Ao 59

9



lt‘b

1R ¥ & 87.5%- Zondervan and Roffel (200A % # e %
%w&%UFﬁﬁﬁﬁ%@$%%ﬁ$’jﬁ§m* Frerie s 3
At 2 KR FARRZ AT E T R R PLFE OHET T B
P AR R R R R R S Y R R

2. % % f it - Chesters (2009 1 7 #r+1| /& 4% #52. Genesys PHO

sl

%2 Genesys DWh f&fussi# @ (antiscalanty 44— 45 M@ w4 5
A2 R B AR FIISE Y T RN FEVRAY
FopPgdmfFnEnid e 3uad £7 % a8 Genesys 730

W2 G AR & 8 A e R B kv e 4 2 42 (Clay)

e Rt e o = APl Y R e A (backflushing) ¥ 4 g
R EHEL 5 N IR F iR AT AR RgpE AR 2 pERY
4 B~ v 5 backflushing: backpulsingz backshocks* = #& -

Redkaretial. (1996} 5 #F & £ e ik £ 2 LB 2 &1 > ¥ @ AR

4254 o Srijaroonraetal . (1999 F ekt A7 B3 18 2 e 5
FURR A Az B AR ;} FHITIER R EEITIEET Kb Ev £
LWHEZ L DEDETT 0 GAEZE T ERALE X

% o Bertramet al. (1993)f* = ¥ L@ 2R &y v ffIcs ki B
ORI R AT | B G R e %rf’fE%M\E'J?» am F ek
W AL e 2 ffrek o @ g BTy BTS2 Rk
F e Gabrus and Szaniawska (2069} & =ik (T42F B ¥ 2 R F
BRI AR TR TR EEEAITZRGETR
FrfmeFET 0] R Sd ERp - TREF R NG RF
ARR 0 H S i 50 i (2002)1] * Az ke RO E R

o Rk RIRIAMRERFREFE RIS FELR > 1Rt

10



(w
=%
hyd
i
b
ﬂ\
3=
\1.&"
(\
e
3
S
(Sh
ﬂ?
g
Ja
=)
~
oy
ml4
-
(7
I
W
1\
@)
=
R
|4
>
o

Pt
P

@’ﬁﬁﬁﬁ??ﬁﬁféwaﬁﬁﬁoipzugﬁ%%\@;
‘]bi ’ ’;,\a}ﬁg %—@%E_ﬂ %%—Eniﬁ&ﬂ1@{’ L g/%;/’t , T—E:U—i %}g”; 7}{3;¢%,

Bk iTAER o

2-2 FARyeRRIB LR 2
f%;@‘ﬁﬁéiiﬁﬁ’%%gﬁﬁﬁﬁééﬁﬁﬁﬁ
Ao GRT PIENRIE P MR AT FRPE AR DS
R e AR 2
FEZERR B E B F

2

= ;\] ,lll B ‘f'{ m ;Q “"-‘E /?IJ";: ;\] I

|
)h.
= »
o
~=ie
Sk

;%:

BR > RgF & F4 BT LTS
B E oaE N BBRESAIEE A B .

2-2-1 B IR e EaR

— S ERIE SRR S R A B de iR | 2 SERLI S fE o UMK
PN RN fEE c £ E 2 B RS o Al-Malack and
Anderson (199G} *¥ &3z A& 33V G B AL AR T A 5 2
TR A iEAR o Rt E AR T RITAR S TR A2 AL BH < o
Waset al. (2000} 1 & & 4 B & 2o B> 58 i e Bk E
W mAR R R Z GUHE 0 bt B R RS AT IR s

BEIH o ERRAREICHEERZTAME T L

2-2-2 RN WA HEE R
D2 BUREE T SR Sk e e A £

AR R A A0 N D R R A B T S
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s
§

)

2 &Rl

BN
F]‘

rr'

24 5k 3,

GRRARE RIS B AR A G

R E AR 5
2 AR TR
1. % 8 3N

kFE R
(1)E £ 3% BB

(w

LB S NI TR O RS -
= Vs Chenet al. (2004)r A IR 4 #7422 ph i 4

CIE L YARNVIEY E Y
~ 2 B ApTRh koo A Bdg e 2 LR B E R
Wi o

FEE R

SEE

7 % J& " (direct observation through the membrane,

DOTM) (Li et_al; 2003)> Mackley and Sherman (1992):: 1«
DOTM :& FE2R 44 F > MF B8k g & 4 fislra) - T &

W

,\:u

Tk B IEY gﬁﬁm%aiﬁ%iﬁﬁ%?ﬁﬁ%%*%
HRIF IR RBR DT R VIR E L w SR R g A

o Li-etal. (2000)f * DOTM & {7 LAz & LA p k4 B0

-~

Fogoo 0 HEAUH L e TS B R B 2

TRVECSIES

2_Ap3 IEH

E%%ﬁﬁ%i%%’j“ﬁlFﬁﬁiﬁTﬁéﬁiﬁﬂé
% 0 # % DOTM we g oL 23 0"E 2 H sgdedn

[
3154
P>~=
u

280 7

=
N
=)
-\
P=f

LR R DE - AL 1 b i A I T S BRI

(2)7 = % & g (laser triangulometry)Altmann and Ripperger (1997)

B* T HZ &

o BT R e B 0F T AT g A

%Ei%“’ﬁﬂ*iﬁTﬁ%ﬁ%ﬁﬁéié%i@°

Ripperger and Altmann (2002)* # &3 ik 3 2R T i (7 8

o3 =P 7
BRI
:'565 8 5 \7}%

PR EFREB BTSN E 2 plidkiEg
Ho KoM E D &

B

.,\\

TR R ES BT
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(3)£ & 7| B (photosensor) Tunget al. (2001 )% 41 41 * kg ¥ g P %
(photointerrupt senso# = /- :“sz(slurry)i T kR B R A T TR
Rk ’J\,}&Ei W R -FRFLEZ2 I RIDEPRTBE TR B
FER BRI L ET 4 ox TRl RHER A 10 um I 5
mmz B o B GRE 2 E af ocE Rl R R o @ b e
TR AT RN SRR R 2 SR ER O RJE LR

EWE TR D P AR TR E B R

oA

zﬁ%gﬁﬁmﬁﬁim
2Lk B TR R T sn L BB S N 24T R RT AT 0 B g 3k 2

B G AR Fe BB R o A R ok BRI E BT i o 2hk

BOR & EORIE AR B A R B st A ul e 4

(1)=& £ 4= (nuclear-magnetic resonance, NMRMMR 1 & 24 %
Fe (€ ok de et Rl lE g ARt S ek AR
%o ¥ Sk 5 IR % 42 I 37 *(La Heijet al., 1996) Popeet al. (1996)
FI v 8RB 72 A R TR R A o £ R FINMR AR o
EEREREEREVZ B R > S5 ET NMR ACE 7 F »op
i & & & - Airey etal. (1998) 4% *H NMR i@ fp = § i
FROFUMAMALE TR e 2 ERRICIR G > T2
NMR i g * z B A Mg R G BRE > $5EF NMR & i
FHERREARR > D VRBERE R A GRS

(2) & 3% X &+4 4% e (computer aided tomography, CATSCANYIll et

3

al. (1995)7 &1 CATSCAN ic  »2ji ¥ & Rlik ﬁlﬁmz‘ﬁ"&i@ﬁv‘ i
RERZ PfE R

)ik & & ¢ 3+ 4%+ (small angle neutron scattering, SANS}u et al.
(2000)f1 * F# % & 58 g 2 o 5 &-v (bovine serum albumin, BSA)

13



2 L g 5 3¢ (human serum albumin, HSA)k & 354741+ 1
g/dm® > & f 12 SANS RIS ST N 2 B B g
PH 2 7 feiiid v f S B %

(4)X &+ e th(X-ray microimaging, XMly Yeoet al. (2005)% ! /&
XMl B 5 2 SRR MR T R RAR S R I H - P
Rk a_"s-@«féa Foivagaea 1 XM ERUE SRS e R > #R M
FEEF REVTRN G OCTREE RIESH ISR L

B)= & 2¥ (electrical impedance spectroscopy, El&aedtet al.
(2002)~> =) 4& 1) EISAR M Eim % %k 1% EISHEFH T3S 3R
¢ok-gage URGEC A G > Yo BRGNS 2 Bk 0 B %
#9 EISE 5 % RIESA G 2 et B 5

(6)42 3 4 E & 4% M4 (ultrasonic reflectometry)Li et al. (2002}« * MF

E o AR e IR iE SRR K AT AR E OB T PR L G
RIS > EF 0L 2 B AT R PRI 2R o
L3 S A T adiEgitmgded LGRS > A AL A
BRE BEET B PbEREE A 2 RO > P o ARt
3OAOUHI S o S R RO o T > AR A
FRFAFEF NS NEREEZ R LRI EARA RIS 0 I

>.

N

AR AT ERIEES IR 2 2 40 TR TR (FRE 0 R

FoidAcde Bh2 ERE R o H RS ERR Y E &

2-3 B3 AP F S Y

RRAFEEF ST R T RPI AR EER A8
% # & (lumber). 42 2L# 8] 2 » % (Fuller et al., 1995)- Wang et al.
(mmmwﬁﬁﬂiﬁﬁaﬁ@ﬁﬁﬁ@@i&@ﬁ?%%ﬁﬁﬁ
P S REAT E R T 2 IR Ao T o A L PR R A

14



%J i * o > Petersoret al. (1998)% 1 41 * Az F M PFIS K E R
> RO &2 42 5 7 Az RAE S SIS T Ap sk AP AT Y o 32

R TR

zalﬁﬁﬁEMﬁmﬁ%

Tk 3 BEEFT AR AFEEF B2 45 7 5 X T
TRV EE l,f%i@%i(Parthunet al.,, 1995)> & § ¥Rl iEfE B &
¥ 2 8 §25(Alig and Tadjbakhsch, 1998; Reinsehal., 2000)> 7+
4 TR A2 L R B I % (Mairal et al., 1999)-

Li et al. (2002)2:42 % 44 AT 2 UF 94 5 o
41 * 4z 5 L Ed(ultrasonic reflection, USRE) 7 #&q 4% 3% 75 iR & ¥
FIcE R ZIER S T 9 B2 USREH VIR E 245 - R o
Sikderet al. (2006)f1] * Az F LS4 B if 1t BLEIF i 2 MF 5558 g
T RAG S KR RER AR R A AR B H T B e e - B R
Wi #5245 % - Zhang etfaly (2006)% & 42 5 A BT TR B E
(capacitivermicrosensor) & Rl NF % 5 Jo 7 fh 459% % 5775 = 2.k
Bl 9 AUERNA IR SRR S MTERMIEL E R &R
BB aAg S L BPE a0 Li et al. (2007)11* #F4e F 3 580 NF
EoriEe 1.8% 0.3 mmol/Letpasr e » T35 & 5 0.02T 5%
AR LR AT RIEEHIER I BEFET PR F NG R E
BRFLAT AT RN E A = 20 B 355 - Kujundzicet al. (2007)f1 * 42 5

33*

A & B4 3 (ultransonic frequency domain reflectometry, UFRR¥
o ZRSPAFENT BT E LS 0 2 G AR
SHEF G 20 MHz» S #FEEm R RS AR B 0 P4
MAZ R A F SPIREF T 5 R E RIS A P E L 5 A= - Chong
etal. (2007)1)* Az ik 2 i 4o & 1 4017 5 BRI E ] RO EEA 45

15



B E g2 0EET 5 02 200 ppms F Y R IT L Fie
ik oo 2000 ppmz & b4 S F R AT B 0R 0 FIRERERT K H 4
75%H jpre W4 2 22%> @ A A T2 K IR 2 UELE f 5
> ZARMtE B AT FS /D ET IS 2 4pik o Xu et al.
(200901 * A2 F A Z R B 45 2 RIFIEART P T RAY 2 fiiede
B s b E g wlE 0.8 mmz 1.2 mmo 3T pEERIRE R 'R
WEW LG o TREERERAREF S g% 0 3 TV EFT LS
PRV Tk TR SR I 1F B 12 20 K R dk 1F S-dic - Silalahiet al.
(2009) 2 47 i 38 T 45 fiaga 2 MF B 02 g s 5L R Sk 3] 1% A7 3
AT PR B PR R T S ] A PR R R Ao F 2 L F g
£ 2D & 3D.A) % ik Bl 7wk B AR it B e 6 2 R )
HR AL W G ORERNE RS ¢

SibtEg R A R RIE A IS AT BT 0 A2 A PRI R ST R B
e SRR R B 0 d AR e ERIBKPAAT ~ FplAT 2 SF b X w4
P g W E 2 $o(biofilm)medsefitdiged £+ H2 T B> T AT R
Pt bt ERLE G S MR B R RIE AR I R R OR > &

TH D R SRS S 0 o g A SN T gk

rEECTRELF AR EFRAR IR FE RIS B R
A2 4 L F &f(ultrasonic reflection, USRR) #& #5835 Bl & Wfh 35 5 &
%A 0§ i R R A H1

"X\'\

2-32 3 R F LR
WA BT v B R4 N A A RN 0 & 5

FESART ATRERIELT A Rk

Fﬁ?g‘ ## Sh kR T E 5o g\‘i%ﬁ;{é;a B

B2 RS s

)~
20
oy
ik
3=
o
L\J\
[
i
iy
ml4
S
|
~xzh
Sk
C%:
s

A

5



ARG AR SR ST R RO A IEE ik
1205 g/l FRpLATi iR TR B 0 dp DALF A b IR N R AR 5
AR R W EREGAARSE Y 0 AR AT O E R AR e
#errd o Sandersomt al. (2002)f1] * 4z F 4 % P& 8 B>t RO &
JORZ IR 0 KR R TR 0 d 2 IR
Friw 3 T+ BAEL(SEM)T fofF @ pl e i o Li etal. (2003)
MAg 3 A T p UFW® 5 % Seilb il B Bk o iAo m ik
(forward flush) 425 7 %% (ultrasonic cleanin@® & & = = dﬂz S
cofP S LA R NABR R R RS EFRIER

3
i peg = = g dET 2R : {7 LI 3 SANE 2T
% BT ARR AT ERNR NGRS T SRR R e

d HEEET YV v B AL A ORI AR IEL ) S 2 2R
RS LERELE: b T e o G D RR I b i Sl R
%%*?%%’Wéﬁﬁkﬁﬁﬁﬁ’ﬁﬁﬁﬁmﬁ%*%%@“

A e Fphh AT R ARF AT ERIAET A 2 g
Bk F SPUBLIE L - R kAR kedp iR i 0 2 SN B dp iR
3 2 ERILAE T o it R 11T AE R MRS - R ke

A BT B S R R R R R AR
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FIR FmRAE

31 DA RERG

MET RS ST BIAE O - BERLFAMKIGEEE ¢

ﬁ“&

fret iRz EAE > K

FRitgMBmE; $2ME T A WE Ry FE o

Fow REE A U AZR AR SR T LR AR B 0 TR 4
PER T I ,7163[];1*%—-17‘5;_‘_%%‘_3 ) A Sk SRR Tk 2 1% ﬁj%ibi
Wes1 B oo

3-1-1 7 Zin #2

AFUE 20 F o ARk A RI8.1 Hror 0 XN TE FIE (7 AR 2 G

Fj’i

1. & B EBmiic e &k 5

2.3 % 2 PP TR NEOTIE IR LR 0 LEHE BN EIRA L

3. 2R Ag 5 AP SRR A ZE TR kR

4. £FF BRHE LT AGERPF T UREEL G 2 24
S F BT BRI B PER

5. FEing ST R e KRR Kk Bk TR

6. &7 AR IRAER 2 R &

7. A E R e 0 ¢ SHRS S BWE RS

8. i Tk B TR A G K Tl g kK e

0. =R KB EHRF AFLEF g2 B
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¥

10. fI* Az 5 AP F SR T ERIZ S5 0 217
BitE
11, A~ 47 CE it 1 B At R 2 A S A PRI R SPIUBLE RS

o AR ERR L AT

WA G 3

12, bt in AR B AT 2 A 4T 0 T AR FRR R R R ARA Tt
7R ARk BE2 P Bk o A 3 I 2 R R RS 28

13 4 b FE e R 2 A F % 0 35 R F ek (iR o

EJTDR% %] {&MM}

22
ax @

Y
[&l@*é#ﬁzﬁ%}
KERHA R

Y
[ﬁ%:ﬁ:ﬁﬁmﬂ
1 5 A4
| (#%¥EH

TH B &
[ .87, 47 1 [ T stk J«{ _
RAEHA

f | Y P
[ﬂﬁﬁiii‘fﬁ% {ﬂmﬁ%&%&%} [ LR )0 —
RAKZHE BRBERR ) | Rt SR H

MR
REFR

W 3.1 F sin e
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3-1-2 R%KA

ALY 2.9 B h LB R P o
1.5 5% & 3

AFPF 2Rk ) e 3SR ) RGERE R 3 kR
2K R) S ARG EBREEZE AN(FARE R AT HERE
Yo BB )BTRS 3 ST B RPN R 8 LB poBriedk ks

oy
FERY % Sde ] 3.2

P4
ps
¥

I~

Oscilloscope

Pressure

Peristaltic pump

Feed tank Permeate balance

Bl 3.2 & & Az

21




2. B F O kL

H - Finl 2 FER s B h s FAARS AT RITRY 2
L e BRAEERTRACR 3.3 B R4 WA
MRS R o TR WS A UE R LR 5 R4
B A A ATS o e Y WK R G R R Ak 2 B ERR] 2 K
SN ER R SV SETE R SRR S Pl PANPE o 2h g
oAl snind o T - 2 R4 R H SR A 5w
AF T R RN N RARE R TT H Te

I B B

. -

q | lo|® ] | .

{ =
[ [®l@l | L

q = E —

Wl

Bl 3.3 %R S e e B

3Bz AMAR
()4 ¥5i% 7% & §iF : Cole Parmer Instrument Company, Model
7518-0G:¢ ] 3.4) -
(2)im % 217§ - Cole Parmer Instrument Company, Model
7518-104¢ 8] 3.5)
@B)&HA 3 H: 5L
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?] 3.4 f% i’f:.,% s /n /#

4475 ok ﬁ'w’ i o =
LG RAEE F EqL(fuI];;o.S'onlc Umﬁ Qomaln reflectometry, UTDR)
Bl A s B d FEE(40B 3.6) F 52 B B(4o B 3.7)2 7k B(4e
B 3.8)= <~ MA e » HFGFRIFER ez B+ o L5
HARREETAFIE RS TABTLE AT RN o
(1) 423 4 : IBS, PR35 pluser/receiver
(2) #% #¢ . Technisonic, Research, Inc. , CF-1003-HR, 10.0 MHz
(3) 4 ®: Tektronix TDS 1002B (tow channel digital storage
oscilloscope) 60 MHz , 1 GSfs
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Bl 3.6 A2 5 A 45 EF

m— - o smreman
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S wEEKE
(1) ;5 p B{PHFIK A | AcR 3. FHHIS R A I LE
FTETHEABIEEIEE 2
B o
(2) & "R 4 3+ : BD SENSORS, TC-316, input : ~20 bar, output :
4-20 mA/2-wire ¢ 3.10)> “riF #icdp p B 3e

Bt R T AR

(B) BMGL BE R 17 X TR FRRALE > TE 2 B B

L BRRRIEEAR

g

Bl 3.9 2B p S pRB R

o

|

B 3.10 & o 4 3+
25



6.5 4 4w ¥+ HASE
3 s e 58 7 B pkgi(field emission gun scanning electron

microscopy, FEG-SEM) & + # & 4 2. & + & 3% 10-25 K2_ 4vi#
BT 730 R FAFRESE e o FF I T F AR R
BT BRI S RS 0 d SRR IR o SEM i

TR LG AR T R E A AT
14 SEM & {7 @k o 2 fRIGARA 2 FF5] 0 DR GER ARG A E
B2 FE e
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32 FHmIFHFITLEK

32-1 P 5 i
AT B AR B BT BRAR K 2 ﬁ
ORI R R L TE R T R
BRSSP SR B %“%$*GH—'Q
FRRLAT (R A )R 7R & d%*w@@@ﬂﬂ’@$4ar;
é@ﬁ“ﬁﬁéj—%i‘* BN A o _Jiwé] GER ARG
e

FHRAL 2L D PR h YRR 2

ipiiﬁﬁﬁﬁﬂﬁﬁﬁ%%’iW%Ti

1. & R ERGEE 2 SR >SS E S AR ARE R

2. 17 A7 et ditte B2 P g R L BATIED s e T
WA T R AEiE AR2 RS E RS TS A T BrOE T A R &
VRS SCEEELE- T & S IR TS S N R Y
254 1 A FR BRS) @rast8l) 2 C At AT
Bif2 i RO AT 423 A BTk BwRE g 2 FF > &
® AR B

dS = 0.5€T (3.1)

3. it fTple(Resistancel = ;¢ 3.2) B Iek B R 2 40 M 124
1o drad 2 - AT R 2 B R AR A 1Tdp iR
R=£ (3.2)
J73)
4. vLHR ST S BT HCEL(SEM)E 7 A & B HORLA 47 0 TF R
W EALR AT K

5. iegp I 3 rrd 2 2 AR B2 B R AR A trdpiho 8RR
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e ) 2L 2 2 Y
R AR TR 22 R

3-2-2 F oAk TS ER
1. &y £ 0 1.7 ml/min cn?
2. F & £ 6.8 mi/min cn?
3. frrespe i

A wuP~050~1.009 1592 mpkdrz2 g4t -3 1L22
Bk S EEFTE CRFARTEY 1I5~30minig HipfE 51
Fakier o

4. JEEEE R

(H

RRRIE LT e 0 B R 2 EAREIR g T B o d At g
AR RIER. pE R A TI RSP R ST
B R B2 P Y B g i s (microfiltration membrane, MF) & & *
P L 4T T Jf%i'a#ﬂ* PLER Al AT R & D B 3
Feoe s o3 0.1 nme FlE NIESEEE ST g g e 52 2 "ﬁ% b - S
S 2_ % iR A 1B g # Mi(ultrafiltration membrane, UF)
5. A PR F BB R ITIE BT
(1) % 5 2 2 R K &
a. Echo/Through:g™ pluser/receiveri¥ 5 — B ¥ ep & » 5 *
Echo-
b. PRF: % B # F 0~10> A FFR kT2 A @R P T¥ o
c. REAL. GAIN (dB): 4 5 4233 (%] B §# B 0~70)% #csd (% B
# 7 0~9) B2 a0 £ d FEpird
Yo o A H-H B A o
d. HP Filter (MHz):%] & # ¥ out~ 0.3~ 1.0% 5.0 7 /& F#F
BR2 v g s Ay 2 FFEE A Y

28



F % 10 MHz> % gL 5 1 SR BT B o
e. LP Filter (MHz):%| & # [#l 10~ 15~ 25 % out- »® p 4 5
TRAFE O o
f. Damping: %] & # F 0~10 > #7d& < 2 ;5L d R Bk e
g. Energy:%| F;igaaﬁ I~4-Fhz s A%< PISUELA 2 4%+ o
(2) ik BX
a.Cursor &£ 5 » v £ R ~ g 3 M o

b. Acquire: $5~ » & }5P~f§ ~ 15 EHh iR E Tl 0 AR H

c. Display: % r:E 8 > A 7 g dcs > #H5 > YT o
d. Run/Stop:& 4522 &5 i% o st 4B g ik fam~ A 74 o
e. Auto Set:j F3X % rF B BT prie il ol ¥ A G i
SRR - b SV
f. Vertical position: =& & ¥ » £ &7 2 R A,L8 = -
g. Horizontal positionzjeEfzagimomdda 7 2. A5k T 245 o
h. Triggering leveljd = = & > 1 2 S8 % i 2 ff o =% »
EF D pAFART A 'ﬁ"f’%fﬁﬁiiﬁ»
SN A AR S S S
j. Volts/div: /1 o pb 2 g o L INPUT i » st 50T R
R ARSI EIRFLIRORYFRET
A S -
k. Sweep time/diviFds FFREF ~ Pl b > FhipFF v d o
R TR T AL AER F HRITHY 2
# » 500 nse
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33 EWAHEERLFE S A

331 ZFAFEBF AL FE

EhE R A G ATR 2 A3 A MBS AT B
R oA A G ATAS 2K BELAFRE > A DGR E
2B B ST ILPRE 0 NIRRT R A2 R AR A AL

AAAGEERZE By 3 2ot 330 ¥R 311 EE 2 o

2@KV/DAip2@uyN/DWU .................................... (3.3)

Trert A7 R ST2 0 £ 50 B F 53 0P| K opF
B A2 (us)

Vial 35 30328 e i BB it sk Bk B (m/s)

Dat F Bt BT A (M)

Vi 425 W30 F Bt k2 3 ok 3iws (mls)

Dy: A2 5k FRIE L 0w T 5% £ G FEHE (M)

Mk P SRR RSl > BRAA R BT YL 0.015
mo & Bt R AR ENESES) 5.0.015m A A F AR
42k 5 B R 4 B 5 2900 m/s22 1500 m/s #-F it
Z_%8F ~3N 33 AFREEZ F R EFERE v d TN
34k X

T o = [ 21/@900(s/ )/0018( % (1/(50@ $ )/0015n)]= 31x10° +5ms

e d 3V 3402 K ETB?F?,P gL 31lus @ F AT TR
B X $h¥) 553 33.5~35.6 uspF 0 2T B4 S A E L 6
F SR (Ao B] 3129707 ) 0 riEAT A K BPRUELR| T B TR o
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T

L

transducer

| —
-

-

n E_ i

] = =
@311 i+ wlgi S L Butigk B -
| B B

E-
1

'y |
— -

l' =

.

'Tﬁ_k L ® Stop

[cH1+200my

I Pos: 545005 CUPSOR
HA
i fis]

A

at 21600

s & 6302

ALY

g2
335.us

* =8.00mY

M S00ns CH1., W

1-Jan-00 00:10  6.24215kHz

..’I.'..-.-'.

B 312423 A E;

RIZ 6 HE2 F S
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332 EuHIEER 2 FE
AFTIY R FEREF SN FTEERIEERAZGE 0 B
3.13(a): % ¢ & " (fresh membrane) x &2 5L(F 5 F 5430 547 4
FHE) d BT OLERF SR IRz B4R % 30.6 um~34.2
UM R G REARE b ariE 2t B 3t 3045 um jE BLAR T o NEE
P EER PR RS B A G AL FEERPE R AT RITIER &
MEL A AP R BB ormEREFHEREES (B
3.13(b)y d »+§ FH R A R MadEt - T E P RE R R TR RE Rl
Ko HERE R SEUELR AR (S 4 5538 33.2um~36.8um & » 1% 3k
I R B d T R RS P B RAZ S

«\s»

Ul
BI0A L AR R IR S R Bl 0 PR 3.13(by P AR LR T
R bl BE 2 R bp R R b m 3N AT e B I - A B (T
SR e Rad & 2F BREL) AP R E R 5 B & kAT

AF SR e ) $E AR IR B KA A A Y %Y £

EE s A RGP RN R
(a) (b)

Tek Il & Stap b Poss 32,2008 CURSOR Tek JL @ Stop M Pos; 34,82 us CURSOR
+ * E
- FE poigiv)
{ 1)
. i ) i=35
membrane - F
« I53RiR _ (ERR
fouling ¢
al 3.560us \ at 35805
: froo 2 273.3kHz
" " T esit,
{2
[ ]
:
- -
RIRe
36508
| 2204
CHI+5.00V M S00ns L'.ZH1 =1 E'-.-' CH1+5.00% M 500ns CH1 .7 =380y
1=Jan-00 00:17 133.975H:z 2-dan-00 0214 134.418Hz

B 3.13 425 PR & 53t (a)7 ¢ % 5(fresh membrane) () #5 & 2

N ERF 2 2B
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R

YrEEEEDEG
41 # B+ BBES
BE BB R TR R AMS ER R G &
F R R RREL e B R ML T LWL
KRR AR B2 S L B F o kY A
+ A5 2 RIFIEAEOTAR S AR R sl .

4-1-1 k¥ 33 LA RS F SR R B
BUFRR TR R ARG AR S 52 B A el R
Dk R 2o FRPA 4T AR 0 A 8] 5 0 ppms 100 ppm 500 ppm: 1000 ppm:
1500 ppm %2000 ppm.> d S ELfe4fa i 2 foik B 5 29/l 3
AR A 4EIR R A A e R R K 0 B A T ke Wl BB
Je B AT M et UE o Bl 4.1@a ()~ Bl & E e BOE R 2
ARG A FERUEL Bl BT AR E S ELY A A AP R o T
Tk P A LB R ARSI S A 4 R
d AR A AR R Y B R T o e R ERE T R R T
X % 1540 m/s sk 4&LR] 5 1450 m/s @ &7 %ﬁaﬁf\limﬁf@;@g‘,‘% e 1
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FOALATE PER RSP RR IR R

Author Year Mode type M z:l\:le?rinalljglr'zspe Feed solution UTDR monitoring device
. , 5MHz & 10 MHz (Panametrics V109/V111)
A. Pétl\éllalral 1999  Flat-sheet Polyamld(;/OPonsulfone fgsﬁ_ Pulser-receiver (Panametrics 5052PRX)
.9 Digital oscilloscope (nicolet Pro50)
I X Li N_ylon ~ Paper mill 10 MHz (Pqnametrics V11_1)
' o aI 2002  Flat-sheet  _Symmetric hydrophilic P Pulser-receiver (Panametrics 5058PR)
100 kDa ,.MF Digital oscilloscope (HP model 54602B)
Polysulfone-/ Polyester High frequency transducer
J. X. Li 2002  Elat-sheet UF Paper mill Puiser-receiver (Panametrics 5058PR)
et al lignin or wastewater Oscilloscope with sweep seeds from 5 s/div-2
lignosulphonate ns/div and 1 mv/div
. nylon : 10:MHz (Panametrics VI 11)
J. etx;;uLl 2002  Flat-sheet (pore size 0.2 p) vsgé)t:/vrg':gr Pulser-recevier (Panametrics 5058PR)
MFE Digital oscilloscope (HP model 54602B)
Hydranautics ESPA3 7.5 MHz (Panametrics V111)
R. Sanderson 2002  Elat-sheet polyamide CaCQ Pulser-rece_iv_er (Pan_ametrics 5058PR)
et al RO 2.0g/L 150 MHz Digital oscilloscope (HP model
54602B)
I X Li Polysulfone/pelyester Paper mill 10 MHz (Pgnametrics Vll;)
ot al 2003  Flat-sheet UF wastewater Pgl'_ser-rec_elver (Panametrics 5058PR)
35 kDa Digital oscilloscope (HP model 54602B)
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Author Year Model type Membrane Feed solution UTDR monitoring device

Material & type

90 MHz peak frequency ,Spherically focused
S. Ramaswamy _ PVDF + MCE immersion ultrasonic transducer, 13 mm spherical
' et al 2004 Immersion (0.1~0.6:im) focus, 6 mm diameter element (Panametrics V3512)
150 MHz Pulser-receiver (Panametrics 5601A)
Digital oscilloscope (LeCroy 9350AM)

I X Li polysulfone protein 7.5MHz (Pqnametrics V12_0)
ét al 2005 Flat-sheet 35 kDa (BSA) Pulser-receiver (Panametrics 5058PR)
UF 0.5 g/L 150 MHz oscilloscope (HP model 54602B)
. : 7.5MHz (Panametrics V120)
Jétxé] L 2005 Flat-sheet Poléaomlde 2C SSC}L Pulsersreceiver (Panametrics 5058PR)
o 150 MHz oscilloscope (HP model 54602B)
Nylon . 7.5MHzi(Panametrics V120)
R.D. eStz;nderson 2005 Flat-sheet (pore size 0.2 m) v'\:/)ggtzlvztlgr Pulser-receiver (Panametrics 5058PR)
MFE 150 MHz oscilloscope (HP model 54602B)
. Brown-water 7.5MHz (Panametrics V120)
S. Két Zlkder 2006 Flat-sheet N&'E” NOM Pulser-receiver (Panametrics 5058PR)
CaCQq, Digital oscilloscope (HP model 54602B)
I X Li Polyethersulphone protein 7.5 MHz (fo_cal length 35 rr_1m)
' o al 2006 Tubular 40 kba (BSA) Pulser-receiver (Panametrics 5058PR)
UF 0.08~3'g/L  Digital oscilloscope (HP model 54602B)
3 X Liu _ polysulfone 5_300 g/L 2.5 MHz transducer
.et.al 2006 Hollow fiber 40 kDa Diesel oily  unknown
UF wastewater 350MHz (1 ns/div) oscilloscope
Flat-sheet .
Z. Zhang 2006 Capacitive Polymeric casQ unknown
etal microsensors NF 209/L
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Membrane

Author Year Model type , Feed solution UTDR monitoring device
Material & type
. . . 5 MHz (Shantou Ultrasonic Instrument
Film Tec, model  Colloidal silica .
T-H.Chong 54457 Flatsheet BW30 (diameter 20 nm) Corporation 5P14) .
et al RO 200 oM Pulser-receiver (GE Panametrics 5800)
PP Digital oscilloscope (Tektronix TDS5082)
: Experimental CaCQ, 10 MHz (Panametrics V111)
J. X. Li 5 electromagnetic unknown X )
ot al 007 field (EMF) NE 1.8-mmol /L Pglser—recglver (Panamletrlcs 5058PR)
002T 3 mmol/L Digital oscilloscope (Agilent 54641A)
3.5'MHz focused transducer (Research Institute
G. Y. Chai 2007  spiral-wound Koch 2521 CaSQ of Acoustics, Chinese Academy of Science)
et al P RO 20g/L Pulser-receiver (Panametrics 5052PRX)
Digital oscilloscope (nicolet Pro50)
3.2 cm Spherically focused 20 MHz immersion
. . ultrasonic transducer
E. Kujundzic . PC, PA;PVDE Early-stage . ’ .
o al 2007 Immersion (pore size: 0.65m) N i Ili’/llil\ier-recelver (Panametrics PR5052, Waltham
Digital oscilloscope (LeCroy 9350AM)
10 MHz (Panametric V111)
X. C. Xu , 1.89/L . .
ot al 2009 Hollow fiber Polysulfone e Pulser-receiver (Panametrics 5058PR)
350MHz oscilloscope (Agilent 54641A)
) 7.5MHz (Panametrics V120)
H. D. S. Sumihar Nylon _ _ ) .
ot 2l 2009 Flat-sheet ME Oil emulsion  Pulser-receiver (Panametrics 5058PR)

Digital oscilloscope (HP model 54602B)
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s s
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12
® |nitial run
O after ' backwashing
10 ¢ after 2 backwashing
v after 3° backwashing
% after 4" backwashing
8 A after 8" backwashing
¢ after 8" backwashing
6
4 o\
(J
(L
2 %) o"\E
Yon 0800 o
°o % e e, o
0 &olmo,g.o.gmm 000 ¢ 4 e
0 200 400 600 800

Time (min)

B 4.16 % 55l £ % 5 ad 100%E 7 6 =0 & iedf iT 2 pF A &2 1%

Flux (mL/min/cm?)

LTS ol ) ke

Initial run

after £ backwashing
after 2 backwashing
after 3 backwashing
after 4" backwashing
after 58" backwashing
after 6" backwashing

O D>DXd4 e 060

0 20 40 60 80 100 120 140

Time (min)

B 417 B i £ R 5E 70%E 7 6= F gk (T H P & iz

o

. CL 2% aE s BRI
ENIRERFRERI RIS b <3 AR R



12

® Initial run
O after ' backwashing
&  after 2“ backwashing
10 ) |
0 v after 3° backwashing
. ‘2 x  after 4" backwashing
s v ‘Qoo A after 8" backwashing
g gx’ " <& after 8" backwashing
E P,
3 2AXXY _®
I A
< 6 OO Aﬁgxgio
= OOnn A ‘%‘
L 0. R g‘@ § e
QOO K ¥ <
coRORERY
CERNETS v
8O0 Qo0
S 0 o ©
2 1 1 1 1
0 10 20 30 40 50
Time (min)
B 4.18 ehis ol B ik DO {165 & e 1t B pE Y 2 1F
TEARSERHE RPZFL
11
® Initial run
O after ' backwashing
10 o ¢  after 2 backwashing
o v after 3 backwashimg
* . % after 4" backwashing
e oF ¥ it A after 8" backwashing
E A ¥ 8 ¢ after 6" backwashing
= ®
S 8k £ox -8
= <& X °
= °
>
[T 7r © O § i [ J
o
o o % 1
6 O
<
RARS
5 1 1 1 1 1
0 2 4 6 8 10 12
Time (min)
B 4.19 lﬂiﬁ%ﬁ" HERREFEI0%ET 65 F £ (THpFF ik
SPIRERCRERIR U o SR B



4-4-2 f* UTDR 1% 3 g i iedk (T 82 F %

SIS O ECR e ST TS IS FIR-S 0 e e

(=
=k
.

% Z

)

AR RS R S RB L F A BT R G2 T
fohom orab Bl (T2 K T > LS S KA R TR R
HHEN AP T 0 BT B PSP R ] SR

A

PO LR R L R BROE AR A BEG T
()

“

=

TAL - FE gk Ed P iE B FERELE RPRETE L
P ITiRyg
R o3l E R PET00REFF AT GB 22 FoAEITRHEF
o FE 3T FIR A Gk 8 7 TR ERE A 8 o AT aEA)
e TR FR ES BT BRSSO BT 2 R LR & o
ARG R AT BE2 gy B AT b F S50 (B 4.20(a)k
(d)) > o Blik A = fede 5 A B PR & L% Bl 4.20(a):
E (TR mMINFF2. & Sy (5 36 B2 AZJud F S5 o
B 4.20 (bR & 3% (PR AE 10 minzs F 5430 55 0 P IR 0t B 4p it
Bl 420 (@2 L%t > GFfIeE AT RBAF > AZH R
FE B A G AL AR B iR B2 S REEITERFE 183 20
mMin BF £ Sf3usEe § AR o B B R R Sl IR DR Sl
oo BALT R F MBI A 4 2 ek R P AT s PR (0 R
MIN] i 7 F ek (5> F LSS 5 B 4.21 %77 > B¥ ¥ &o3te

\

ﬂ\

-

2R SHEE 0 GrENR B R TO%RFIE (7R IF s

TR

2

2 . 24 N N 2 22, \ 1 2 .
K F RGBS E W B e At 9.12 mL/minlém” e > s E
IR TR EWNH R RE CFZELHAENS X F KT 75

-~ -~

mL/min&ém? s # &

lv

PR 417 R R R S E TO%WFE 7R 0k

FRERAPRT FF BT AL A F MELIT L R A dndn i

PSP S ﬁ@fé,@%ﬁﬁ-};,wq\,nqlﬂf %17533:7%

66



bedy 2 WREZ R o o

N

PR = N1 N - [
;Z E%Fﬁ? & * A2 5 /ﬂ;i/?lleF‘* P
- s ) 2 = > &z 2. AL A - 5T pa— P 2
fr¥ez FomAzde BRI AR 0 3T S Sk Rl e R E IR R 0 &
— = G g =X
MR B oo
(a) (b)
Telk I @ Stop b Pos: 32,9008 CURS0OR Tek I @ Stop M Pos: 32,9008 CURSOR
+ +
=0 N
i B ’\ /\f SV soomy |1 <
in)
fﬁ'ﬂ‘ 2
=520y 512
CH1-+200rn" b S00ns CH1 7 352mb CH1-+200rnY M S00ns CH1 7 352
1-Jan-00 o2 8. 76T35kHz 1-Jan—-00 0026 8.73302kHz
(c) (d)
Telk e @ Stop b Pos: 329008 CURS0R Tek I @ Stop M Pos: 32,9008 CURSOR
+ +
1’* EFE /R / T* EFE i
1+ ‘Vf\j =Y 816mY 1+ T ‘\f\‘ ’\“’_‘, =N TTEMY
\4 d
i N i
fﬁ'ﬂ‘ 2 TR
—436m" —436mY
CH1-+ 200 I S00ns CH1 .7 352mY CH1-+200rnY M S00ns CH1 7 352
1-Jan-00 00:30 G.73902kHz 1-Jan-00 0035 8.73302kHz

Bl 4.20 yp f A PFE F 20503 (a) 0 min (b) 10 min (c) 18 min
(d) 20 minz_ % i

67

BT R R ITARS



11
® Initial run
10 d O after £ backwashing
o & after 7backwashing
: Se v after 3 backwashing
My L x  after 4" backwashing
& <9000 A after 8" backwashing
L A % e ¢ after 8" backwashing
£ 8t xx® o
£ A% ? s o
E - °o I N ? ; ; o
x © X ® 9
: © ~18 $99e0
o o A X R é $ °
6 % % é e
o § v
© X EXyv
5 B < & é
? &
4 1 1 1 1
0 5 10 15 20 25
Time (min)

Bl 4.21 fl* Ag 5 A PR F S 6 X b Bk H pERY 22 40 4

AR R gy @ Sy Rt SR ELIE (T K 2 F R
oo BT BRERL RS REICA 435 0 ¢V R kg AN
100%-> 70%-~ 50%2% 30%0Fi& =X 87 = = & ek (T 97
B2 W S EA B RFGRE T2 5% T d B 4.22
O EREIINT B R F Ak dy Bt S F ks B iE
T RpARY o H Y il R 100068 7 K AR ITRS > B0 E
FERRARTRE-T PR A kA AN E T R %R 30%F
EEF AT RS FLZARTAT > BV FEEUE %P AEY -
A B4R IR irmz:ﬂg;i&a AMEE TS EE B

w

Tt FIE R R E 1009 e 7R ek (T 0 iRt 2

HEHA F LN E 5% 25%- 34%~ 36%~ 56%% 55%: @ § 9%

68



HERPET0NFEFF ikt 2 242 F &5 & 3% 9%

13%-~ 14%-~ 13%% 11% ; & 455 %3 € % i S0%FF 8% F % >

2B RS F LB 5 2%5%10%- 11%- 10%* 10%
L

Bl R R E 30%ERFE TR R W R FBL L E A
u 4 -1.6%~ -1.1%~ -4.3%~ -7.2%~ -8.0%% -4.5% (i) 4.23)-

Pz %R M EERT o FIT AR AR E SR AR
e FE R FRIER AN 2 A N S R RS S B IR A
hoid R EBLT > B AN B R 4345 U (T30 E L 43 %)

F U PER BT L R R R B 2 B A BEPE 0 TP B IR
AR RO (95 BRI (7 F sk (70 TET R E 35% (£ %R
i 10094% fede F k)~ 10% (F £ & 5 7000 fade & )2 8%(E
B % BO%F s k) el & 0 PN R T g AP K B G
P if ek e he Bk (TS R EE o

% 4315 A b B ARISdg tRiE (75 el (TARE 2 L

G i i UTDR i %4k
HERPLERRF LERF LERRP Y &4 UTDR

€EHRA F (%)
[(B‘Ax)/Ax]

100%#%  70%pF ~ 50%pF 1300 5Lz PEF A 100 70 50 30

Ko F ko I 3ES ) % % % %

[Ad] [A] [Ag] [As] [B]

% 0= 10.5 10.55 10.48 10.51 10.50

% 1=xF % 9.52 9.71 9.87 10.21 10.05 5 2 -16
e ¥2xF % 7.35 9.04 9.45 10.01 9.90 259 5 -1.1
i;g % 3=k ik 6.23 8.25 8.55 9.9 9.49 3413 10 -4.3
L i % 4=xF % 5.82 7.84 8.14 9.78 9.12 344 11 -7.2
e % b=tk 3.75 7.39 7.62 9.16 8.48 5d3 10 -8.0
% 6=tk ik 3.38 6.64 6.71 7.84 7.50 531 10-45
Ti2E(1~6-x) 6.01 8.15 8.39 9.48 9.09 330 8 45

69



12

i i S et
///0'/0’////
g /// "///—f/ *
s 80 _~ ST -0
£ o ST e T ¢
- .
3 oS S
E /// / 0 .............
E Lo 7.
= v K.
E s —&—— after £' backwashing
S —-0—- after 2 backwashing
s — -6— - after 3° backwashing
ar X ——w%—— after 4" backwashing
% —-%-—-  after 8" backwashing
~~~~~~ O+ after 8" backwashing
2 1 1 1 1 1
100 80 60 40 20 0

Flux declinerate (%)

B 4.22 575 8 00 8 R it 2 AL LR BRL LA B R gk

Flux decline 3084
UTDE signal
Flux decline 5004
EEEd Flux decline 7004
[ Flux decline 100%

Flux enhance rate (%o)

5 ; ' .
3 .ah\\\“ﬂ
\/ \ '\Q\é.\‘
0 W

Bl 4.23 R ypACH L F SUELE AR IR B BB BRE kiR £k

BREFCRF RS RS B RS T2 M

70



4-4-3 g* UTDR & /?'J/}i/ ERFd

E] /ﬁ» Tﬂb kS /? P n&ﬁii”i

% L
A58 7 }’ﬁi}%{"’"—’ E—"/?J};/ :?:56\;

G

—

A w2 R F)pt o 0 05 g/l B At i 7 BALEREIRT
o AE TR RBEBEHUE RPIPFEEE R BRI
AZF A F AR R g E R T0% > B RS AR

“

BB B 4.24(QF8 4 ot ET L A
9 10 min> K RS FBAL S A F S B (4B 4.24(by ) o

B BT AP VAT BUL 6 2 T i
WE L G o IR 424D B A2 4

L;m;@ﬁwﬂiﬁm

PR A T K ik B

ORI 7 2 4k e % ()

4.2 @»W%ﬁ%,NWJWQf%ﬁ?””Wz IR ER

(@)

(4 - Hel o Are ki F) o IR 4.24(F (D)T 2 423
ﬁ‘ﬁ; _E;/Pllﬂﬂs_fﬁ 7”]1:,\.7},}1\_:.55-’1'
;45,—1]}' Li etal (2003)1 Z\ W /m/ft..‘i&ﬂ ,ﬂ; %‘, % l"é;—g'_l' 3i=r,:§

= ‘)E'J‘}%"‘Jﬁi e Bk wm 213

Tek T @ Stop M Pos: 33.58 05 CURSOR
+

-1|' Ay

. i

—B32mb

CH1+200m' t S00ns CHT 7 BE0mY
1-Jan—00 0254 3.40232kHz

Tek T @ Stop I Pos: 33.58 us CURSOR
+

CH1+200rmY

i
e
=2ddmt

t S00ns CHT & GB0mY
1-Jan-00 0314 3.7H06TkHz

l 4.24 F 4 2 B isai4(0.5 g/l ()%

Wi e ik (T RF AT 64 min

(b)2 g3 -k F R FR 10 Mminz 4§ AP F S50

71




72



ey
4
el

i3
g

-%%
%
Iy
ﬁl\f

AFEG AR ATT L TR R PR 2 B TR

WAR IS, N EARE BB MIEE R TR AR AR F HNELITL
FofAndsz iRy o i a v gt S U AR RO BRE e dg Rl F ok

L3 o AT BikoT

1. 42

A APFE R S G TR M 2 B AR B T F R
R AR PR A B AR
AR FBER R RIEAR M AR B b el e
A AR HERSS KK TR S R e R T R
F 0RO AR R R
& yy BELE ;kjﬁ%%@ﬁ); R B ¢ ,%:«;_ﬁ;i%ﬁ;:ﬁ K2 KT
2 AP A R RIE T0%TE 7 AR F ke

ER

& P AL Bk BF 2 B BERUEL IR ok dedededn 0 B3k 5 BT 357
SRS R EEE 4 ARERLE Rt EIERTE S i S WIS B
LTS R A B R

BPRAL AR F BARLTT G F eAedn BE AP O B ML dp iR
2 FAREEFIR VRS BRARIEL AT 2 Y 8%
oo B A R SRR G iR ‘}%i%%léiﬁé#ﬁ? Ep g

~

ﬁ%%%ﬁﬁ%%ﬁ?ﬁéﬁﬁﬁﬁv TR AT i

E /’Di’\‘ﬁr%iﬁ *W’ » T

2. it ’J—‘TFLJF/‘"A—?‘ °

3 1 + = ]%-313 ] ﬂl]q‘f F ﬁ/ﬂ'%%%ﬁ.«

1=~'a
=
A
s
[N
T
P>~=
=
*
=

73



BF BT R - A b ek AR 0
BEERZARATEZR2Z 5 BUE > H & e 300G &4 fi

74



542
Airey, D., S. Yao, J. Wu, V. Chen, A. G. Fane and J. M. Pope (1998) "An
investigation of concentration polarization phenomena in membrane filtration of

colloidal silica suspensions by NMR micro-imaginglburnal of Membrane
Science, 145: 145-158.

Alig, I., S. Tadjbakhsch and A. Zosel (1998) "Comparison of ultrasonic shear wave
and dynamic-mechanical measurements in acrylic-type copolymimahal of
Polymer Science, 36: 1703-1711.

Al-Malack, M. H. and G. K. Anderson (1996) "Formation of dynamic membranes
with cross-flow microfiltration." Journal of Membrane Science112: 287-296.

Altmann, J. and R. Rippergn (1997) "Padrticle deposition and layer formation at the
crossflow microfiltration."'Journal of Membrane Stience124: 119-128.

Bertram, C. D.; M. R. Hoogland, H. Li, R A. Odell and A. G. Fane (1993) "Flux
enhancements, in crossflow. micrafiltration using a collapsible-tube pulsation
generator.'Journal-of Membrane Science;.84: 279-292.

Bian, R., Y. Watanabe, G. Ozawa and N.. Tambo' (1999) "Removal of natural
organic matters, iron and manganese by ultrafiltration with coagulation.” Journal of
Japan Water Works Association, 66(4): 24-33.

Boerlage, S« F. E., M. D. Kennedy, P. A. C. Bonne, G. Galjaard and J. C. Schippers
(1997) "Prediction of flux decline in membrane systems due to particulate fouling.”
Desalination, 113: 231-233.

Bourgeous, K. N, J. L: Darby and G. Tchobanoglous (2001) "Ultrafiltration of
wastewater: Effects”of particles; mode-of operation, and backwash effectiveness."
Water Research, 35(1): 77-90.

Chang I. S., P. Le-Clech, B. Jefferson and S. Judd (2002) "Membrane fouling in
MBRs for wastewater treatmentJournal of Environmental Engineering, ASCE,
128(11): 1018-1029.

Chen, V., A. G. Fane, S. Madaeni and I. G. Wenten (1997) "Particle deposition
during membrane filtration of colloids: transition between concentration
polarization and cake formationléurnal of Membrane Science, 125: 109-122.

Chen, V., H. Li and A. G. Fane (2004) "Non-invasive observation of synthetic
membrane process - a review of methodsurnal of Membrane Science, 241.:
23-44.

75



Chesters, S. P. (2009) "Innovations in the inhibition and cleaning of reverse
osmosis membrane scaling and fouling.” Desalination, 238: 22-29.

Chong, T. H., F. S. Wong and A. G. Fane (2007) "Fouling in reverse osmosis:
Detection by non-invasive techniques.” Desalination, 204: 148-154.

Chuang, S. H., W. C. Chang, M. C. Chang and M. A. Sung (2009) "The effects of
soluble organic matters on membrane fouling indBiotesour ce Technol ogy, 100:
1875-1877.

de Barros, S. T. D., C. M. G. Andrade, E. S. Mendes and L. Peres (2003) "Study of
fouling mechanism in pineapple juice clarification by ultrafiltratiodournal of
Membrane Science, 215: 213-224.

Dudley L. Y. and E. G. Darton (1996) "Membrane autopsy — a case study."
Desalination, 105: 135-141.

Durham, B. andsA. Walton (1999) "Membrane pretreatment of reverse osmosis:
long-term experience-on difficultwaters:" Desalination, 122(2-3): 157-170.

Fuller, J. J., R. J. Ross and J..R. Bramm (1995) "Nondestructive evaluation of
honeycomb_and surface- checks in red oak lumberest Products Journal, 45:
42-44.

Gabrus, E-and D. Szaniawska' (2009) "Application of backflushing for fouling
reduction during microfiltration of yeast suspensiomsesalination, 240: 46-53.

Gaedt, L., T..C. Chilcett; M. Chan, T. Nantawisarakul, A. G. Fane and H. G. L.
Coster (2002)+"Electrical impedance spectroscopy characterization of conducting
membrane |. Theory." Journal of Membrane Sciengd 95:153-167.

Gaedt, L., T. C. Chilcott, M. Chan, T. Nantawisarakul, A. G. Fane and H. G. L.
Coster (2002) "Electrical impedance spectroscopy characterization of conducting
membranél Experimental.” durnal of Membrane Science, 195: 169-180.

Grozes, G. F., J. G. Jacangelo, C. Anselme and J. M. Laine (1997) "Impact of
ultrafiltration operating conditions on membrane irreversible foulidgurnal of
Membrane Science, 124: 63-76.

Guizard, C. and G. Rios (1996) "Transports and fouling phenomena in liquid phase
separation with inorganic and hybrid membrane, in A. J. Burggraaf, L. Cot (Eds.)."
Fundamentals of Inorganic Membrane Science and Technology, Elsevier,
Amsterdam.

Jones, K. L. and C. R. O’Melia (2000) "Protein and humic acid adsorption onto
hydrophilic membrane surfaces: effects of pH and ionic strengtutnal of
Membrane Science, 165: 31-46.

76



Jonsson, A. S. and B. Jonsson (1996) "Colloidal fouling during ultrafiltration.”
Separation Science and Technology, 31: 2611-2620.

Kawakatu, T., S. I. Nakao and S. Kimura (1993) "Effect of size and compressibility
of suspended particles and surface pore size of membrane on flux in crossflow
filtration." Journal of Membrane Science, 81: 173-190.

Khirani, S., R. B. Aim and M. H. Manero (2006) "Improving the measurement of
the modified fouling index using nanofiltration membranes (NF-MFI)."
Desalination, 191: 1-7.

Kremen, S. S. and M. Tanner (1998) "Silt density indices (SDI), percent plugging
factor (%PF): their relation to actual foulant depositioDé&salination, 199:
259-262.

Kujundzic, E., A. C. Fanseca, E. A. Evans, M..Peterson, A. R. Greenberg and M.
Hernandez (2007) ""Ultrasonic monitoring of early-stage biofilm growth on
polymeric surfaces.™" Journal of Microbiological-Method$8(3): 458-467.

La Heij, E. J.; P."J. A. M. Kerkhof, K. Kopinga and L. Pel (1996) "Determining
porosity profiles "during_filtration. and expression of sewage sludge by NMR
imaging." Journal for the American Institute of.Chemical Engineers 42 (4): 953.

Laine, J. M., M. M. Clark and J. Mallevialle (1990) "Ultrafiltration of lake water :
effect of pretreatment on the partitioning of organics, THMFP, and fliournal
of the American Water Wor ks Association, 82: 82-87.

Li, H., A. G. Fane, H. G. L..Coster and S:'Vigneswaran(2000) "An assessment of
depolarization s/models of ‘crossflow microfiltration by direct observation through
the membrane."Journal of Membrane Sciencel 72:.135-147.

Li, H., A. G. Fane, H. ' G. L. Coster and S. Vigneswaran (2003) "Observation of
deposition and removal behaviour'ef'submicron bacteria on the membrane surface
during crossflow microfiltration.” Journal of Membrane Science217: 29-41.

Li, J. X., D. K. Hallbauer and R. D. Sanderson (2003) "Direct monitoring of
membrane fouling and cleaning during ultrafiltration using a non-invasive
ultrasonic technique." Journal of Membrane Scieng@15: 33-52.

Li, J. X., J. X. Liu, T. Yang and C. F. Xiao (2007) "Quantitative study of the effect
of electromagnetic field on scale deposition on nanofiltration membranes via
UTDR." Water Research, 41: 4595-4610.

Li, J. X., R. D. Sanderson, G. Y. Chai and D. K. Hallbauer (2005) "Development of
an ultrasonic technique for in situ investigating the properties of deposited protein
during crossflow ultrafiltration."Journal of Colloid and Interface Science, 284:
228-238.

77



Li, J. X., R. D. Sanderson, D. K. Hallbauer and V. Y. Hallbauer-Zadorozhnaya
(2002) "Measurement and modelling of organic fouling deposition in ultrafiltration
by ultrasonic transfer signals and reflectioridesalination, 146: 177-185.

Li, J. X., R. D. Sanderson and E. P. Jacobs (2002) "Non-invasive visualization of
the fouling of microfiltration membranes by ultrasonic time-domain reflectometry.”
Journal of Membrane Science, 201: 17-29.

Lin, C. F., Y. J. Huang and O. J. Hao (1999) "Ultrafiltration processes for removing
humic substances : Effect of molecular weight fractions and PAC treatment. "
Water Research, 33(5): 1552-1264.

Liu, J. X., J. X. Li, X. M. Chen and Y. Z. Zhang (2006) "Monitoring of polymeric
membrane fouling in hollow fiber module using ultrasonic nondestructive testing."
Transactions of Nonferrous Metals Society of China, 16: 845-848.

Mackley, M. R. and NrE. Sherman-(1992) “Cross-flow cake filtration mechanisms
and kineties." Chemical Engineering Science47: 3067-3084.

Mairal, A. P.;zA. R. Greenberg, W. B. Krantz.and L. J.::Bond (1999) "Real-time
measurement of inorganic-fouling: of RO desalination membranes using ultrasonic
time-domaintreflectometryJournal of Membrane Science, 159: 185-196.

Mairal, A."P., A. R. Greenberg and W. B. Krantz (2000) "Investigation of
membrane_fouling and cleaning using ultrasonic time-domain reflectometry.”
Desalination, 130: 45-60.

Malgorzata, K. K.; M. N. Katarzyna and W. Tomasz (1999) "Analysis of membrane
fouling in the treatment "of water solutions containing ‘humic acids and mineral
salts." Desalination, 126: 179-185.

Mohammadi, T., S."S. Madaeni-and-M. K. Moghadam (2002) "Investigation of
membrane fouling." Desalination, 153: 155-160.

Mulder, M. (1996) Basic Principle of Membrane Technology. Kluwer Academic
Publisher: Dordrecht, Chapters 1.

Nomura, T., S. Nakao and S. Nomura (1989) "Influent of the temperature of feed
on ultrafiltration." International Chemical Engineering, 29: 707.

Parthun, M. G. and G. P. Johari (1995) "Dynamics of a molecule growth: ultrasonic
relaxation studies." Journal of Chemical Physi¢d02: 6301-6307.

Peterson, R. A., A. R. Greenberg, L. J. Bond and W. B. Krantz (1998) "Use of
ultrasonic TDR for real-time noninvasive measurement of compressive strain
during membrane compaction.” Desalination, 116: 115-122.

78



Pignon, F., A. Magnin, J. M. Piau, B. Cabane, P. Aimar, M. Meireles and P.
Lindner (2000) "Structural characterisation of deposits formed during frontal
filtration." Journal of Membrane Science, 174(2): 189-204.

Pirbazari, M., B. N. Badriyha and V. Ravindran (1992) "MF-PAC for treating
waters contaminated with natural and synthetic orgadautnal of the American
Water Works Association, 83(12): 61-68.

Pope, J. M., S. Yao and A. G. Fane (1996) "Quantitative measurements of the
concentration polarization layer thickness in membrane filtration of oil-water
emulsions using NMR micro-image." Journal of Membrane Sciescl18: 247-257.

Ramaswamy, S., A. R. Greenberg and M. L. Peterson (2004) "Non-invasive
measurement of membrane morphology via UFDR: pore-size characterization.”
Journal of Membrane Science, 239: 143-154.

Redkar, S., V. Kuberkar and R. H. Davis (1996) "Modeling of concentration
polarization and -depolarization with high-frequency backplusirigirnal of
Membrane Science;:121: 229-242.

Reinsch, V.JE., A. R. GreenbergsS. S. Kelley, R. Peterson and L. J. Bond (2000)
"A new technique for-the—simultaneous, real-time measurement of membrane
compaction:and  performance during exposure to high-pressure Jgasial of
Membrane Science, 171: 217-228.

Ripperger, S. and J. Altmann.(2002) "Crossflow microfiltration-state of the art.”
Separation and PurificationTechnology, 26:19-31.

Sakol, D. and K. Konieezny: (2004) "Application of coagulation and conventional
filtration in raw water pretreatment befores microfiltration membranes.”
Desalination, 162(1-3): 61-73.

Sanderson, R. D., J. X, L, D. K. Hallbauer and S. K. Sikder (2005) "Fourier
wavelets from ultrasonic spectra: a new approach for detecting the onset of fouling
during microfiltration of paper mill effluent."Environmental Science and
Technology, 39: 7299-7305.

Sanderson, R., J. X. Li, L. J. Koen and L. Lorenzen (2002) "Ultrasonic
time-domain reflectometry as a non-destructive instrumental visualization
technique to monitor inorganic fouling and cleaning on reverse osmosis membranes
and cleaning on reverse osmosis membrajaifnal of Membrane Science, 207:
105-117.

Schippers, J. C. and J. Verdouw (1980) "The modified fouling index: a method of
determining the fouling characteristics of wat@esalination, 32: 137-148.

79



Shen, L. Q., Z. K. Xu, Z. M. Liu and Y. Y. Xu (2003) "Ultrafiltration hollow fiber
membranes of sulfonated polyetherimide/polyetherimide blends: preparation,
morphologies and anti-fouling propertieddurnal of Membrane Science, 218(1-2):
279-293.

Sikder, S. K., M. B. Mbanjaw, D. A. Keuler, D. S. McLachlan, F. J. Reineke and R.
D. Sanderson (2006) "Visualisation of fouling during microfiltration of natural
brown water by using wavelets of ultrasonic spectdmirnal of Membrane
Science, 271: 125-139.

Silalahi, S. H. D., T. O. Leiknes, J. Ali and R. Sanderson (2009) "Ultrasonic time
domain reflectometry for investigation of particle size effect in oil emulsion
separation with crossflow microfiltration." Desalination, 236: 143-151.

Srisurich, S., R. Jiraratananon and. A. G. Fane (2005) "Humic acid fouling in the
membrane distillation proces€lesalination, 174: 63-72.

Srijaroonrat, P.,;E. Julien and Y. Aurelle (1999) "Unstable secondary oil/water
emulsion treatment using ultrafiltration: fouling control’by backflushidgurnal
of Membrane Science, 159: 11-20.

Su, T. J.,J. R. Lu, Z..F. Cui and 'R. K., Thomas (2000) "Fouling of ceramic
membrane. by albumins under dynamic filtration conditi@auiznal of Membrane
Science, 173: 167-178.

Tiller, F. M, N: B. Hsyung and.D. Z. Cong (1995) "Role of porosity in filtration:
XII filtration"with sedimentation:"dournal-fersthesAmerican Institute of Chemical
Engineers, 41(5): 1153-1164.

Tung, K. L., S. Wang,.W. M. Lu and C. H. Pan (2001) "In situ measurement of
cake thickness distribution by a photointerrupt sensdournal of Membrane
Science, 190: 54-67.

Vrouwenvelder, J. S., J. W. N. M. Kappelhof, S. G. J. Heijman, J. C. Schippers and
D. Kooij (2003) "Tools for fouling diagnosis of NF and RO membranes and
assessment of the fouling potential of feed wat@esalination, 157: 361-365.

Vyas, H. K., A. J. Mawson, R. J. Bennett and A. D. Marshall (2000) "A new
method for estimating cake height and porosity during cross-flow filtration of
particulate suspensionsléurnal of Membrane Science, 176: 113-119.

Wang, J., J. M. Biernacki and F. Lam (2001) "Nondestructive evaluation of veneer
quality using acoustic wave measurementdod Science and Technology, 34
505-516.

80



Wang, L. Y. and L. F. Song (1999) "Flux decline in crossflow microfiltration and
ultrafiltration: experimental verification of fouling dynamics.Journal of
Membrane Science, 160(1): 41-50.

Xu, X. C., J. X. Li, H. S. Li, Y. Cali, Y. H. Cao, B. Q. He and Y. Z. Zhang (2009)
"Non-invasive monitoring of fouling in hollow fiber membrane via UTDR."
Journal of Membrane Science, 326: 103-110.

Yeo, A.,, P. Yang, A. G. Fane, T. White and H. O. Moser (2005) "Non-invasive
observation of external and internal deposition during membrane filtration by X-ray
microimaging (XMI)." Journal of Membrane Science, 250: 189-193.

Yiantsios, S. G. and A. J. Karabelas (2002) "An assessment of the silt density index
based on RO membrane colloidal fouling experiments with iron oxide particles."
Desalination, 151: 229-238.

Zhang, Z. X., V. M. Bright and A. R. Greenbeg (2006) "Use of capacitive
microsensors and ultrasonic time-domain reflectometry for in-situ quantification of
concentration ipolarization andpmembranefouling in‘pressure-driven membrane
filtration.” Sensors and Actuators, 117: 323-331.

Zondervan, E. and B. Roffel (2007) “Evaluation of different cleaning agents used
for cleaning ultrafiltration membranes- fouled by surface watdolrnal of
Membrane Science, 304: 40-49.

Zhang, M.7and L. Song (2000).*Mechanism and parameters affecting flux decline
in cross-flow microfiltration andsultrafiltrationofscolloidsEnvironmental Science
and Technology, 34: 3767-3773.

B8k e > 2002 A A 2 % AR W B F RO Ty AL

gﬁ? o

81



