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Fouling Control in Membrane-based
Wastewater Reclamation System

Ho-Won Lee’

Abstract

This paper describes the membrane fouling phenomena and its control in a
membrane-based wastewater reclamation system. Because of versatility and
complexity of the causes of fouling, the pertinent methods for reducing fouling can
only be selected according to the characteristics of separation material. More
economical system requires not only the quantitative analysis of fouling phenomena
but the developments of membrane and module capable of reducing fouling. It is
expected that the hybrid process coupling adsorption with membrane filtration will be
applied to practical process. Mathematical model for the hybrid system can be used in

designing a membrane-based wastewater reclamation system.
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I. M8

T2 vabe Ad 304 d 3 AAALATE A5 YL St QWA A Ayl A ZE
g B AFE olFo goh u FHORE ol nmAFd wE RAEzA A £
Q LA wE B 529 P43 WEA2e QT Y5 BYe sHas dated & 589 7
AR F7he A Ak 19949 -2 dete] A B a3e 2999 tonddl waE Hd 3F
8L 32219 ton2 2A F 7%6A5E 9 of7t ARt YR Ao B BF FAdo] WA
Aa, 109 51 20063 Hol TF olFdFe 34549 tondlH W =8 eldaFe 34999 tono
2 A3 o A FF Y AAF ALE BAVE o1 Aoz qaEd’ 58 AlFxxe
Bt FALLE A9 Ao A& e, AT F7kek A3 AN 8 WS Ajde] wE B
T8 F7E Q8 FAEAG A3y Aol o]Fo{A Qon od uwal AgF FTEIZ A
o JF At 2 g BAZE 2 A8 BAR Hol Utk oleid A#olA Aas i 1 9
Rt EJ A FTF2 AT 82 2498 AT Bk ol ¥ B4 Ao #A A
Anle) g%, ¥ 4R A% 8 AG FUd AF A o 0 T o RAE2 Qo
a @A 2 o

Tt A7 874 e #AIS AdAHoR A, go sold B £ HFHoZ o
A3t7] AfMe AF-E 8 AY3A A o83 Frre Tol A3 g7HY FFEEP
Frd A FHL UAe § F UEA SEFY #S AT YT 2 T7EA g £%
(A& &9, =4 4885, $08F € TAEF Tl AP £ 2L FFsE AL 2
gtk ol 2 olfe olgEHe Are s MY 1A B 24 A fE25Y Uy T
A lEEE AASE Fo JuiS, BODZE 22 9 s 9 2 o AF ujFrl F2 olgd
123

FTrET 18H7] FHA 45 @A &2 ol8FUA AR AFL F2 v FF,
LR TS HET HAATAA o1 8HL Qoy, FFE 71 £ FFE AT Ui Y AL 5
o2 FopellA ol Wiyt A7t AW Qlck vlFe A A MI4E 1% AYP
F A3 A Rilsle] olE 2847 ol 8(Water Factory 21 Direct Injection Project)3ls E
olgt e A o]fo] o]FofX QO ColoradoZ, FloridaF 2 CaliforniaZd Al #H4sS

x AeEd oS S84 olfdte W Wi AT Aok 53] B dxAg g

rx

>

AF el A BARE deAl & AENM F4E AM Aisld 4 §4E o|f3e F

Fx ZlEo] MEHL Yok TA] A7 HD Fgol FAMG 2] UdeME Mg uEE U
Alell X 2] & ALg-Fol gASA S RN & AZoM Ml A o)fel hE WA nE
Hi A A $2 detedA Ao RAEHL e T4 AMRE 4 Fdd=EY
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2 &% 2000ton/day)st €9 AAFA(HN A &3 3000ton/day)F 22 NE ¢# WA}
TE ARATA(NEY &% 263ton/day)ell AAHLR EQFT AY ¢ W4 FFE Al
Ak o]z FHYcsl AAF L FFE A2HS ALY S ol &3 AT, ARAZAIA
A 23t d gy o8¢ T £HAYL o83 slon, FYPUtE o4 L=AY
2 F4E AJALE ZHEE RO2E POSCO M7 9ARAET At A=Ho e F4E A
Mol dx 2 98 IrtHor ARsm Qe YA 7INke2A 19919 129 144 =¥
ol NP(EE AM429%)sl0] 2 HAL AT U

II. 27g o] &3 F5E ALH

sh(membrane) 2 Z 33 AH Aol 3 EA L Ui APELEE FHT F N 42
A FIAE Bste A 39 Aoz2A FoHn, BT o8¢ EAFTAY T YYAE FAHe=2
e 2sYPe Table 1.3 o] AgsHE WIF4 w9 AIFIVA wd ALAH
(microfiltration), @3} (ultrafiltration), @4+ F(reverse osmosis)2 TE#ET. ©] & ALAF}e
2atm ©)3}e] =&} ¢t slelA 200A ol AFIVE e TFA T2 AHIA, F2 E=
ol= Qxt AR, Egol T R o]§Hs], gdFAE 10am olF 2 4 FHeA 10
A-200A Az AFA7IE zte ©FA & AMESt] BAF 300-300,000 A=Y FEA R

Table 1. Comparison of various pressure driven membrane processes.

M . Struct
emb .C Hre Symmetric Structure (not always) / 20.1~10um
and Pore Size

Applied Pressure| < 2atm

Separation

L. Sievin
Principles e

* Heavy Metal(Pb, Zn, Ni, Cr etc.) Hydroxides Cleanup of
Ground Water

* Manure Cleanup in the Agricultural Industry

Microfiltration (in Combination with RO)

Mai
(MF) ajqr . . * Removal of Lignine Compounds in the Paper and Pulp
Applications in -
Environmental Industry (with RO)
Problem * Heavy Metal Removal from Laundry Waters in the Plating

Industry (with UF)

* Treatment of Phenol Containing Wastewater in Combination
with a Biomass Reactor

' *x Qil-Water Separations of Cutting or Grinding Fluids
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Memb. Structure

. Asymmetric Structure / 20A —1,000A
and Pore Size

Applied Pressure| 2-10atm

Separation Sievi
Ultrafiltration |pripciples leving
(UF) Major * Automotive Industry, Electrophoretic Paint Recycling
o

Applicati . * Latex Recovery
cations in .. .

bp * PVA, Dyestuff and Sizing Agents Recovery in the
Textile Industry

* Oil-Water Separations of “~inding and Lubricating Water

Environmental
Problem

Memb. Structure

) Asymmetric Structure / < 20A
and Pore Size

Applied Pressure| 10-60atm

Reverse IS)S:] 2:;2321 Differences in Solubility and Diffusivity

Osmosis - | * Concentration of Laundry and Cleaning Waters

(RO) Major * Pulp and Paper Industry, White and Black Liquor
Applications in * Plating Industry, Recovery of Polyvalent Metal lons,
Environmental Purification of Plating Baths
Problem * Sewage Treatment, Percolation and Seepage water

* Wastewater from Agricultural and Industrial Effluents

TR £ 2o olgHT Utk EF AVTE 10atm ol & 4 so|M 10A )3
o MBS e Ud3A FE AMSE & 39 d 5 32 AR AL BsE Wygolth
olglg B2zt olgd sAE FHL oluA AFFPozA F) R 2Fo| yTEn 5N B
AL BA Yol meAog 2P 4 e FY ol U0l Table L3 T A 5 A
FRoe) olgo] AREHI on® Heute o8¢ FFE Al2de FHE AANR deH
g2,

AR, £do] Fadn AHHoln},

NEY SAe ks taA 2aw 3L o) AT o olfoAez Na Fdo] ¢FA
ot 4% A% F8 A Uy BAEE oA Fo ¥ 2, woladx, Heaot §
€ 5 £ Aed, o5& 28 EA ¥ (molecular cut off)o] 20000 AFEZA, 10A-200A FE 9
AZ 2718 ZE g ol ARHNOR AAY & Yoz v FEH £ AL £ 3l
o},

-86-




4, & FHdx A7t 7hs o)

7122 FAHAME $8 DA 712F TN - 227} doAdAT = £ A
2ol 2 ZE(membrane module) A7t 1 AE-E SAHER 1n- Lo Ay HA Ft
o] AA AT Mok ohiz AAZ WA B RES AMEIE AR AYRAA 1 23y
2 @ et 7bEA Hol ErE: Al 71E il wis] a3 2717 FAeH

AR 23 dEe dig t-3A4ol Zaltt

ABWe] B AFRFe ARl w2t ZA st Fdo B a8v A flu HAoly 44}
AZHE AFE wole £ FU1E Byl olle}t 1 £33 A FEE vymAn, g o
4% 245 AlAE 2 Hsde £3 Wl WE AT Wde A9 glen, 8 Wl TE
Age A4 229 £%3 ot 2EQ 3 £5& 2APoIA FAHY R AFE 44 &
F ¥ & Ytk

A, 49 253t 2 £yt 7heste] Qziv7t dekd

REehe o4 F45 Al2"e FAHo| dstn A @t SoldER AEs 2 B
7} 7bEste, olol W JQdu g AGE F sloh

oA, A4 9 4L AT & Atk

2aehe o]g3 FFE AlAde AHBE £ o] 4He rEE YA & Uk B3 AE
Aok BIA AlAE e Aee SAUd YIME &7t olFolXEE & AdH AAH K
i4s £ 4 Ytk

o4, ZA Aot

Bautg o]83 F4E AlAdHM F4E HES I Juig et FUE Az, A Bew]
o2 FAE nAug 2 wAH, AuFor pAE HFUEA o|FoAL. o]F 4 |
v 2 F7F Juinl ek e mAusL AA ujge RES AAIJEZ HE FIe] 87HE £
2l2h& o] &3te Wyol Bk A Ao,

II. 2} 2 ¥ (membrane fouling) 2 o]

m-1. e d4 .

2t o8 4% AAHe Agsstd oM Hule EAME Fig 13 go] §4%
o] 2 £ FHEA Fol 2o A vlMF(pore)d ABAITIAY RFE2E YHAIA B
& fouling @4o) doldrh FHolrh
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: pore blocking resistance

©

. adsorption layer resistance

[

© membrane resistance

3

: cake layer resistance

: scale layer resistance

(2]

: gel layer resistance l

o

'PUWW”FU’JU')U’JU

cp - concentration polarization resistance

Fig. 1. Overview of various types of resistance towards mass transport across a membrane.

TR, goleln 3 Aus go| YEAE 2D e pd THNN FEEI
3 foulingel AN o 4% (permeate flux), = A0 2 Tg BALT o KA
ay”

J =
v #Ry
4P (D
# (Rt Ry +RY

- 4P
" g (Rp+R4o+R,+R.,+R.+R+R,)

& APe U S dEal, 5 849 HE Rat F A4HAEY, Rad o A &4 3
(membrane resistance), Rp® FE=®F A&, Re= AT 2l(pore plugging; 2ol A3 ue &
e F& v AFH Fo A3 AFol wu=E @)l A% A, R FF 20 39 F
HAY EFol Al T o HUd FFso] FAse ol A% A3, Ree cake (LY F9
degE o] = Fdd Aol FAse F)d A AY, Ree scaleR(F2d) 23 3 LA
o] &Ars 2343ty = HARe) HEstd FAH3E F)d A% A, Ree gelZ (53 9
3 &34 nE2 Fol 7 Ao FAsh= vREAY 3o AF A 2 JepAch

)8 % fouling& F¥sh= e Fde Ca? Mg” COs° SOs% Fe?, Silica 59 F71%, g,
Ay, vtelgol, nlolgl 2, HlE $oF 5 {7183 FRolmyg THELE £ £ 3don, oy
ol 3 oprlH fouling L el o] &7 £l T YoM g} gL £A
HE oA Ao dA U
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1) ot Bdol £-ol &% cake &, gel &, scale ¥ Fol A= £IRH Yol F7Hd
o,

2) =to] plHBE AGAINA e o ufe §38 WA 4] At

3) AR 2H M3 FYsiEe hgd 2z 4L AFA B

4) By 25 otae) 4 8oz o A 24E MBI THeAel A

2alge o8 £ FAH UM ot 2L fouling Bl WA B¢ % FHFL ¢
4 =gl of 2-10% A%l AvtA A "tk @A £3E 98 % £ Zd ¥4
A M fouling BAbol g AFA a4 2 foulinge} HE Ao} We] a7dT

m-2. 2t gel Ao

22 A5 o zhe) 458, EAZAY IH, &, AF 2Y Fo2 JEue fouling® &
u gelo] thokstm EFsle], Mg BEe A uak AEGE Aol WPE HAYdor @
t}. AurAEQl fouling Ao ¥y e & At

1) A 2l(pretreatment)

f8o] 2% E(membrane module) W2 E01717] Aol fouling BAE =g AA}c P2
A Ca(OH)z, FeCly @ &2 ¢34 5& o]6§% &3 A4, pH =4, Ay, 448, ¥4E 5
o o3 F& 2 ¥ 7FZE o Aoy £ FdHH Fol AHE-E 4 e, fouling ¥
o] ZFol wat HAF Aol WP AR & d=2M duAe] EdME pH o] ¢
zg sk = vzl SAAM(scelectric point; G o] MHo2 FAQA oA fouling®]
Ha7t 22 2w ojgd vy HeldMe FF €d9 pHE FHY 2oz 23T
B 7t A

AMT FHL FAFD AIF A =@ T AHe] AHEe A$7F AT, fouling A
ol9] Alzte z+ AN FAd HEF AA wygs AAsted Aon, AME Wgo] fouling A
ol 714 FEH Yyolale RE HFHAAE ¢t

2) 29l A A (membrane property)

oto] 22883 AL WIAA foulingS A & AUtk FLAFH Ee FAAqFHE =3
22 434 “Hporous membrane)S H4EE R F3FLE RO foulinge] Bk 4248A 4
ojun, MF 27 B¥7t F& H& AL E,E foulingg BT o Y 4 UH £ I¥rEHo
2 438 FAAME 244 =Hhydrophobic membrane) RHu+e FA$ 2H(hydrophilic
membrane)-& AH8-3tE Ho| Radn, HSE @ FRoj=A4 B Edde 3HA=charged
membrane) 8] AH8-o] fouling Aol £8& = 4 U

-89_



A= rE R Y 2

Foulinge = #7 fo] A4 TLEFL BA2AHo2ZH 29 £ e, TF 99¢ =2
fri&os BE U2 BYFo EF4AG AFE A AU B 27 fluxE ze =g ALgEE
FERSS A2 & A% =g 2EY AU FUE A dARiPge 2N anE de 5
ded, o2 PYo2ME 2t F R JF I F 52 FA4WY UF 2B S2u A3
WY, B4 o132 4B HAol A Taylor 7 FYYY So) Aol Qouk, & scaled]) UA
TPz FHfde FAY o2 Q3 o3go] Uk

4) A& (cleaning)

Alage] Aol B FU A Fol o B L AT ol FAHE 0QEAL A, A4
A e Aoz AAse YPryolrh o Wy RolM AFH fouling Mol Y3} BHPste
AHEE & gledl, 2EY Fe, o) Bsetd Y7y R QHEAN] £54 wal AAG wy
< Aol 3r, HAF AAH A R NS T JAHIZRE A" 4 Uk

i) =834 A3 (hydraulic. cleaning)

FALAHA Pl sl L ABAE AATE PYOZAE Fane 5° 2 Bayer $7) AN G
o 741 A ¥ (backflushing), Rodger $'¥¢] MA@ W& e} =% ¥ (negative pressure pulsing),
Bauser §' ¥ Nikolov™®7} AAI§ BB F 524 (pulsatile flow)So) AA) o] sk}

ARAHYL Fig. 20l Yebd vle} o] EF2RE GAR2 Fr)Ho2 Fr|E wol
AZW EE o Bl FAHE 209 3L AASE H4oz A AFANYL HesPe we
Wbl ME flux WstE AE3x @R wet vlwste Fig 30 dehdldnh. 26 Jekg

!:1!,11!!’ permeate flux
S EnSiOn e ee0's suspensmn ”" H “ ' ‘ with
S — @ o ® flux backflushing
(A TN | ‘4
|Hiii|[e| i permeate without
permea r— — backflushing
{ backflushing e lime
Fig. 2. The principle of backflushing. Fig. 3. Schematic drawing of the flux versus

time behaviour in a given microfiltration
process with and without backflushing.

MFo} o]l ARAAY L vlnd aRHY WHes BuHo o, YAt £ folojge
3} ol A & AlF A7|E Zte el HEE £ U
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ii) 1A 4 M & (mechanical cleaning)

Oversized sponge ball-2 o] &3&te] 2 9 ol FAH QFEA-E AYsle Yolth YAY
B E(spiral wound module)elvt A& & 2E(hollow fiber module)dle HEE 4 ¢, JA4Y =
E (tubular module)ell Rt &g} 7} 3t}

iii) 383 A& (chemical cleaning)

o] Wy AA FAANAM AMEETD e WHORA, QA F), FHFAN F), gL($
ASHIEF 5), AlAl(detergents), A (EDTA) @ Aaddelxl T3 e 3EetFo] gxog
E= wgsEo AgEoh o] WdMe FeterEd i 2o T4 B ol *FY T
2 A A A zbo] w9 F 31T

IV. 4 &3 (hybrid process)

AME T o8 Hizd B A4 EAELT ¥ o whAl(rejection)&o] AFHE ¥
oluz} Himol 9% = ¢ A(membrane fouling)o] ¥olutAdl =i, o2 A £ fluxd FEHE
Za R ool £ @3 Foz A o2 HEdt ofeigel AHO. gAA i FA
o2 AA E&o] FA B 8 K7IFY HEAH AAYL £ fluxd FAL Aty £
o 3ol ¥ EE ol en@E ZHNINE AEE gl ARHT AT

V-1. 298 (modeling)"”

A4 EAd A £%4 md(mathematical model)& AMAE7] Y3l HAAFH 7132 G234
2ok

i) continuous flow stirred cell membrane system,

11) spherical activated carbon of uniform size,

iii) film type resistance in external mass transfer,

iv) surface diffusion as the predominant intraparticle mass transfer,

v ) surface diffusivity is concentration independent, and

vi) local equilibrium adjacent to the activated carbon surface.

P

99 744 stollAl F% LH(transient response)2 4l (2) - A (412 4Y H oEHAYL &
2 ANFozN AL £ Aok

SE A o)A 9] B A42} (mobil phase mass balance):
_3_)_99

Evho]dup% = UCO —UC- ppvholdup( 1- E) ( R ar (2)

r=R

-91-



AAN F-AH(intraparticle diffusion):

dq _ (2 3q, 3%
L =p,2-5+-29) ®)

3 524(adsorption isotherm):

C.=1(q.) 4
%7] Z3A(initial condition):

C=0 at t=0 (5)

q=0 at t=0, 0 <r <R 6

ZAA Z3A(boundary condition):

gq _ -
s 0 at r=0 7N
k(C—C)=0,D, 82 | ®

oA7Z|M, dF FA Fod EHE T A= A BAAYG A4 ke 4 99 e
Sherwood law=2 A eI 4 9t}

d.k
Sh, =—1—Dmf
=A+B Re™ Sc” ()
- uedp\T gy "
_A+B( v ) (Dm)

A QA u2 B4Y 4SS FY RFAl(surrounding fluid)] AW £ %o)th. Ranzet
Marshall™® & olo] gt A¥o2HE ohen e 4 BAAL MGt
Sh,=2+0.60Re}/?Sc!"? (10)
Kolmogoroff] o]2%e] 2lat@ Re,& 4 (1D2 E@SE olf A7leddy size), 79 YAt =
719] el wet 4 (12) 2 4 (1322 7zt g9y, oUA] 44 £ X(energy dissipation
rate), Ept 4 (149 @Ade =23 +& 4 Atk

V3 1/4
n= (?D) (11
Kdp?l AE,
E d4 1/3
Re,= (%P—) (12)
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E d4 172
Rep=(%ﬂ) (13)
__P _ NyoN'd}

V-2, H =) 3t 323 M (breakthrough curve)®] &
\’~1i the B2ag e oo ElA A7 A WE B3 T4 Fig. 49 JdERIUTH AT

10

Time(min}

Fig. 4. Breakthrough curves for diffferent amounts of activated carbon.
The symbols represent experimental data and the lines represent
predicted profiles.

(C,=0.2mg/mL, V=0 19mUss, V=7 0mL, N=600rpm, d,=114.84pm)

Aol we} =9 HE o tFd =3 %9 ul( C/Cy e Frhsid, AA 244 C/Cy7h
FAS LR 01%e) Tgata FHAES AHAste AHgse Aol FurEd i o] XH¥E @AY
(break point)olz} stk AW Yol BLF2 WHPH LEIE AR HojAx, F3Hdg 5
= ETE ug we e UYshdn e uh ol % JFed BEWAY Aol JAdn. EH
gAY o BAGlel DA olUMNE Al e wa} Frdel HE FE=E T8I, ol
#F Z7hge BAY Fo] HLFE 222 B4FD U olAF AAXERTEH I} Sxe ¥
agAgee] HE 23 ATd A AdEFS & F A

QoA AAG 2o FxRAF AnE AFAe} vmste Yehifi= wh one parameter
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searcholl 943} 4y« F@gaAsE 3.3x10 *em¥Y/sollen, £A2A} Ags) AWAE F U
At Hrt dojuhr] de) AMAE AEA 2o %zt A JEhde B £ e, ok
2 B 9ol ulFe] FAwo] nlf gfe AolR ¢ WA A HE FTE YAAT
7) g R gerg

AIRE ZBate] mE B3 AFol diY Bwr4Ee] Y82 Fig 5ol UERIRIE vl awdTe o
B AT F FFE FA %S D 5 Uen, o)2RYH B AlA"oMe) &4 @ (rate limiting
step)= AR BH1elE AFE 5 glth QoA 2R BURBMAS L AR S RAMH

Time{min)

Fig 5. Breakthrough curves for varying stating speed. The symbois
represent experimental data and the lines represent predicted profiles.
(C,=0.2mg/mL, V'=0.19mUss, M=1.20. V, 4, <70mL, d =114 64pm)

27 49AS 2 GNP D 5 Qou At dolur] W AN AYAE WY 4%
HFESE Aok F¢ B 4 e, ol Wyt 457 R242 o ¥ Yol HHE B4
gel ol Zvhglomm AV Asw e,

B3t ATl e %3 wE A8 W R f4 W) YL Fig 63 Fig. 7ol 2+2 vehy
ek w9 Rt wR RS] fao]l MESE dw AT wen 32 dolde nelFm
Slch 53], EA@ A mSIHUCH) talA shat AL vas) nae Ed¥re Wshuc

it
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10— o e e s —

C,=0 1mg/mL.
Cio02mgmt g

o V'=0.0985mULss 7
o V'=0.1952mUs
o--- V=0.3888mU's

99

)
o
g

9° 0s - r Qp 0.5
(8] Q
2
Aﬂa
°b
25
00 F R itann0cs ] : 0 AR ettt 7
0 20 40 60 80 100 120 [ 20 40 60 80 100 120
Time({mn) Time(min)

Fig 6 Breakthrough curves for different teed(phenal) concentrabons Fig. 7. Breakthrough curves for different flow rates. The symbols
The symbols represent expenmental data and the lines represent represent experimenta! data and the lines represent predicted
predicted profiles profiles

(C,=0.2mg/mL, M, =1.2g, V0, =70ML, N=600rpm, d,=114.64um)

(V=0 19mUs. M, =1.2g. V., ,=70mL. N=600rpm, d =114 64pm)

Goled wWake] Mo Q) WEE o+ Atk & ARALES B ALY 4A R 2H
ol 29 4 ARYE % 5 AUtk

V. 28

sapglel £ A HUE Jsle) A4S MR AAFT L FHY AFE TR A3 o
= Qg 245 Aade] Zaxel WA aFHR Atk ¥IHAS g% FIE 7E
o ol Ao u$ APYF TR WA, o old g a7t 2% A2 4F

Q.

doae PaNE olgd F4E AU AAsEul UolM v FRE Axtelrd, Hed
dys ned Aol wue naadch Hed $¥ e BT YW= N WY 2
o Eno] mah AAF Aol whHS MAFstelol Bk @ BALE 01§¥ FFE A2del A
gols QuME B 949 AFAY AT A AztelA T AL el AL, HedE
A28 - Q= twse) A wva e d AFAY AR Fol olFoiAck & Aotk £
5 &A% wras) 2%E EAFAS BoQe ALNY £ AL Bz wesd dA 33
ozo) Heol Adesl, EAFH BE 2dAL EHTAE ol8T FFE Axde AAe
Nz Hazd B8¥ UL Aol B
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A.,B : constant [ -]

C : concentration in bulk liguid [mg/mL]

C. : concentration in liquid phase at equilibrium [mg/mL)]
Cy : feed concentration [mg/mL]

C. : concentration in liquid outer surface of particle [mg/mL]
d; : impeller diameter [cm)]

d, : average particle diameter [cm]

Do @ molecular diffusivity [cm?/s]

D, : surface diffusivity [lcmz/s]

Ep : energy dissipation rate in slurry per unit mass of particle-free liquid [ergs/mL]
Ky © film mass transfer coefficient [cm/s]

Mac ! amount of activated carbon in suspension [g]

N : stirring speed of impeller [rpm)]

N, : power number [-]

P : power consumption of the slurry due to agitation [ergs/s]
AP : pressure difference [Pal

q - solute concentration in solid phase [mg/g]

q. : solid phase concentration in equilibrium with C, [mg/g]

r : radial distance from center of spherical particle [cm]
R : particle radius [cm]

R, : adsorption layer resistance [cm ']
R, : cake layer resistance [cm ']

R, : concentration polarization resistance [cm™!]
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R; : fouling resistance [cm ']

R, : adsorption layer resistance {em ™1

R, : gel layer resistance [cm ']

R, : membrane resistance [cm ']

R, : pore blocking resistance [em™!]

R, : scale layer resistance [cm ']

R, : total filtration resistance [cm ']

Re, : Reynolds number, defined by eq.(12) or (13) [-]

Sc : Schmidt number [-]

Sh, : Sherwood number [-]

u, ' relative velocity between particle and fluid [cm/s]
U : feed flow rate [mL/s]

V horup © holdup volume of slurry in stirred cell [mL]

V'’ : permeate rate [mL/s]

W : mass of particle-free liquid in stirred cell [g]

az]L §X

€ : volume fraction of liquid [-]

L : kinematic viscosity [cm?/s]

5 © eddy size, defined by eq. (11) [cm]

oL : density of particle-free liquid [g/mL.]

0,  true density of activated carbon particle [g/mL]

o viscosity [g/cm/s]
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