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Application of PAC-UF membrane system for treating
groundwater contaminated with chlorinated organic

compounds

Joong-Kun Lim

Department of Environmental FEngineering, Graduate school,
Pukyong National University

Abstract

Groundwater is immensely important for human water supply in both the
urban and rural area. Groundwater is naturally of excellent microbiological quality
and generaily of adequate quality for drinking water use. However, recently, the
impact of urbanization and intensification of agricultural production have led to
serious deterioration in groundwater quality. Among the groundwater contaminants,
many synthetic organic chemicals (SQCs) present in groundwater are of major
concern. SOCs are produced from a wide lange of manufacturing processes. Some
SOCs are classified as hazardous to animal and human health because of their
potential mutagenicity, carcinogenicity, and toxicity. Occasionally, these compounds
find their way into natural water sources by accidental spills, dumping, or leaching
into groundwater aquifers. The Korean government has set maximum contaminant
levels in drinking water for several volatile organic chemicals, and many other
compounds are currently heing added to the list.

The representative SOCs used in this study were trichloroethylene (TCE) and
tetrachloroethylene (PCE) |, which are representative aliphatic compound and
currently regulated with Korean drinking water standard at 30 and 10 ug/L,
respectively. Powdered activated carbon (PAC) is widely used for SOCs removal.
PAC has the advantages of being a cheaper material and of reguiring minimal
capital cxpenditure for feeding and contacting equipment; also, it can be applied
only when needed. However, one of the mail problems with the addition of PAC
to conventional treatment is the lack of sufficient contact time between the carbon

and the water, resulting in relatively high carbon usage rates. Also, another



problem with the use of PAC is difficulty of completely removing the PAC from
water after a PAC adsorption process.

One innovative process for SOCs removal bheing considered combines
ultrafiltration (UF) with PAC, the PAC-UF system. This process should remove
microorganism, turbidity and SOCs, including TCE and PCE, to comply with
current and anticipated water standards. In addition, membrane filtration has
recently received increased attention as a drinking water treatment process. Also,
the addition of PAC to the membrane filtration influent is a simple and
cost-effective way to remove SOCs which cannot be removed by the UF
membrane itself. The additicn of PAC is now an accepted hybrid use of adsorbent
in an UF membrane system. However, PAC-UF performance should be
carefully evaluated under a variety of operational conditions, including influent
concentration, PAC dosages, PAC particle size, PAC contact time, membrane
materials, and back washing frequencies. In addition, the competitive effects of
other contaminants in groundwater should be evaluated for adsorption efficiency
for SOC. Therefore, the evaluation of PAC adsorption as a pretreatment focused
on the effect of UF pretreatment on the water quality produced and on UF
membrane fouling.

The overall goal of this study was to demonstrate the feasibility of using a
hybrid use of PAC-UF and PAC-MF processes for treating groundwater
contaminated with TCE and PCE. Specifically, the objectives of the study were to

@ determine the optimum PAC adsorption conditions as UF pretreatment for
the effective removal of TCE and PCE through evaluating both the
adsorption equilibrium and the adsorption kinetics

@® dctermine how several operational parameters affect the performance of
PAC added to the PAC-UF and PAC-MF system

@ determine how PAC addition affects the fouling and flux change on UF
and MF membrane depending on the membrane material used

@ finally, determine the optimum design factors and operational conditions
for a compact PAC-UF process to effectively remove TCE and PCE in

groundwater.
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6.

The conclusions of the PAC-UF and PAC-MF studies are as follows:

Freundlich constant, K and 1/n values were 0.2467(ug/mg)(ug/L) 7"
and 109, and 0.5879(ug/mg)(ug/L) " and 12049 for TCE and PCE,
respectively, in groundwater using composite PAC.

The optimum contact time and mixing intensity for PAC adsorption as
UF pretreatment were determined to 15 min and G = 150sec L

The flux decline rate was lower for the PAC-UF process than for
UF only process.

PAC reduced the flux decline by a scecuring effect on the membrane
surface, resulting in a reduction in the thickness of the cake layer
deposited on the membrane, and the PAC on the membrane surface
adsorbed more TCE and PCE as well as more organic compounds
that cause fouling.

PAC itself did not cause the fouling of UF and MF membrane
regardless of membrane material used (hydrophobic vs. hydrophilic
membrane).

PAC-UF or PAC-MF process enhanced the removal efficiency of
TCE and PCE comparing to the PAC adsorption only.

Finally, applying PAC before membrane filtration showed not only

improving the removal of TCE and PCE, but also reducing

membrane fouling.
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Table 2.1 Result of groundwater analvsis

e . . Groundwater Investigation branch
Division |[Contaminant
standard(mg/L) below excess
Cd 0.01 1,536 10(0.001 ~0.045)
harmful cr 0.05 1,546 1(0.062)
matters TCE 0.03 472 48(0.031 ~83.038)
PCE 0.01 511 9(0.014~0.244)
General pH 56~85 1,546 42(32~579.0~9.4)
pollution NO3-N 10 1,375 171(10.09~56.25)
matters ABS 0.05 1,546 -

% As, Hg, CN, PCB and organic phosphate were not detected.
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Ifig. 2.1 The detection of VOCs in groundwater at the Changwon city

(Gyeongnam  Provincial  Government Public  Health &

Environmental Research Institute, 1999).
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Fig. 2.2 Average concentration of TCE and PCE in groundwater at
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(chlorinated ethylenes)& Bl £% z}2& #7948 E0] AEHYT, HAA]e R
fEe 2 deddw dFEe] Aol BAs At AAAH dE AdHu
w1972 o] ok 5eb AE7E a2l dY e #e(Edison Valley, NelA TCEZS
gk AletA 52we] BEwdoe g Eurid of (99 Aek AFdE edA A
Aol wraAlg o7h ). ol& e 5y FhFel A 4E 180 vhdet el W) o
(R Folow vl AHE 01—"3"“4 HE 14¢o] 2yt 1986 7HA = ol
e owelel o) wiE Bl TCEZL 2EF Ak ol Asta7F TCERZ LAS%
S oup A gstz = A 7|7 oly¥ue Zﬂ% BA$E @H dejnt olg A=
1930 mEee gdsyer B g8 CERCLA  (Comprehensive
Environmenta! Response, Compensation and Liability Act) #Het& T 3o FaAzl
R, AFoA EQ 2@ Ass 992 Ater] fiEte b argelA wE5E A
Salmoqluh, wd 1001d s ARl Ao g AT A el 92
x| &4 2 chloroform 0.2~110, TCE 0.1~538, PCE 0.1 ~166, benzene 0.1~43 mg/L
2 EAn vler R A xuolel M s e gle] 14%E Astael ofFshal glis
di, R1&k4-0] g iio]l oln] TCESH PCEeF #42 F#A fr3ides= 299
7b ol Alzbel 2 Ao o) = Elth(Aleta ef al, 1988). wheba @) w]= 2] EPASH = Al

of A AE M E TCES PCEE wa7bs 4 E4 (probable human carcinogen) @ =

[

plate] Alghpo gAYt fyH=Egel] A we JBE 1982dFE d= 157
w A 2] As4EE AL s PCE, TCE, trichloroethane(TCA)el 213 S ¥ Y EE AL
otk ol Eelel wmarMe] oshwr, EARE WAl oF 30%7F AAR A H(WHO)
& gt os LdEe ddrta  FFrh(Aburamoto,
1997). olof upe} 1982 = S ARHAFANA TCEZF HEd ¥ 1984d
7ld A 4o BFAATE (TCE 003, PCE 001 mg/lelsh & A4 #Hastr] Al
Aalg oo, 1087 AE e A AL B3 TCE =380) 22~29%, PCE 348



43~48%0 2 e £ 94
2 0

s#xedel TCE 9 PCE #ALAT oF 50% of
of 71EE 2P ARz FAS T

YEL PCE, TCE %9 #71gisd

oF
o

o
1l

4AH FasFe) 2ANA Askedel ANE el wdaAw 1 F 7
A% 8 o] & el,

ﬂ
B EAbelME 2-5%2Hs AEAe) ZAb BACA fr1disEEa
1980d el &= PCES} TCE 5€ €&%F #4770 2712 44383 1 249 {714
48 gEe] AEE B $E 05% o2 Fof

gE0 AFED e ALF AT duE §AAASTEA o¥ Aot

SRl A, olAE HAYEAN B

i

22 Aty FA 444 F7183FEA A

3 5} 8H-2- (VOC: Volatile Organic Compound)i 28Y Ards

Aelsk e zs 2y (Air Stripping), 245 FAY o] oj g x]o] ghi=wl,
Hitol= 9.&S o] 83 ng4bsH (AOPs: Advanced Oxidation Processes) 52 b
ghbdiol] Wi @A A& gFA HEI 4FH08 olFoRa e AR o
o AFAFYORE Oy HO. UV Sol glom, Aels 27 egudel 4
HEs Haststn rA A FdHE 24 £ de FEARUE ol &sE A4w

ks AEsin gleh =3 o)ed g wspAbaiy 2 F e &7 A AdH g &

AOPsE Oy HxOy, UV & EFAHE8te] OH radical HA2-2 S71A17A @&
eFE HYd anHoz Hyg & Adv FAHALRA Oyhigh pH, OH.02 O4/UV
SR UV/HROs W Ee] 97le S3th4l 5, 1993). AOPs Atstsio] #dh A+7F
Agoz Az AL A3 Filold den izl A&s7] AFE Ao
Fyt, HIToe AW oluet 24 Helo] AOPAFsIE el S8 A oo A
k¢ TCEY PCE 22 vl& f712A79 R gg2 9, dAAA Fiez

]

A 0H{Geosmin), MIBA| 7 &} A s} EAME A alA welog $8o] HEST drh(A,

AA
1999). &3] &&& THMs AAA, ub, A A MAas % 424 4= o9
Fup 59 oldy 3 daE s ztu glon woh Aud 4, AdsHs 2w &
= e Y A dA s flvk (4, 1999). A 5(1995)2] el M &/



Harse AR ol &% AOPs M E A4 A% pH 7AAM 108 ol TCES
99.9% ool &S AUt Rusch 4 §(1992)2 &} AdIyr LS
slo] A& ol TCEsE PCEel g 7 ’é‘ﬁioﬂ"ﬂ oFE AL HSE e
TCEE 12v), PCEY: 8ui7b=]l F7hetdd on, 8% #els
o zbzb 09mg/L, 18mg/L= vERton ol wAbsl /o E(w/w) HAE e
03-052 Jexicts ®astsich mit AASE S HEse A5 Ak
oyt of 12ue el 2 E4d O radical scavengersb vl ®Wol EAjgcii
shadvt, shAlmk ojeldt mAEEe AFERAA dasF wep R oA
THMs 2 HAAsSH o] ASRAEL A4 H = sith Glaze ef al(1993)& ¥
vl Abgtiew TCE, PCE 52 48Ad @ OH radicalel &% A3 A 2o 2] )
TCAA(Trichloroacetic  acid)7F  Axbell  2ld& L2 afjrfs  DCAAD
(Dichloroacetic aldehvde)® 28 f3l SAEo] MARGT 3¢ o, 72 5(1996)&
o F/TNE s A TAHE B TCESH PCE2] ¥-ibE Ao gk d-podlA PCE A2
o] wg H4F2 2 Chioral hydrate®t Dichloroacetic acid, Trichloroacetic acid?t 2t

ib

g 7] 9 2 Fe FYUY

10,09 5 w/L7A7l HAALTT S web Agdoly SURAE T 4 A
g Ael wgel aTseiR ), olee Bl WReH Aeligol Bol F
5 ops ook 4Eerd Ao gge s1Fel Se) - sep A el Ala ZAA

olal Hel F HE HabZol Fae 2R sl B EEIE eojyr] g 23

] 2 lvh(Alvarez et al, 1991). kb=l A=A He] Wy

l@el By ety e whdel vla Ael Aol ®eol a8 FHW, wAEe] 42
ho=

2o wel el Ese] g vdx 45 n vk

22

Wilson et a/.(1985)¢ 19854 &3 TCE %o 3r|ye s ulA=d o F33

wdw g B 9om mmetgon, o Fel @& AFabzel o 2 FRe
W) ols TCESY ZF2Riee Hal7h bz del wsigch ofelgh F/e nlA

TRe et d, zeg A4 vAE dwdel Ag v AR, o i g

1

Geol glom (Park, 1991), ol & diy&el vAEe2 714 Aude] vad =ad
e E g olgste] TCEE Aidir . PCEE s Wafstr] Hsir elet4d
MARS o843 9 @74 Hgel PCE BI#EL o3y SAo vs A3
VClvinyl chloride)& 44 & 4= ook & 319992 wlgtasd S o83k TCEZ

waat w) dAgsts EAFEGAER A vAEel vAE Sae dFE HiH g

n)

719) 8] Tricking biofilter reactor$} Continuous stirred tank reactor& °]8% H# &



ANEgeh 25 ArAe waEW ok 2704 zke] AT ES kP ez TCE
o) A A7 ol ew, HuEHE e 526mg TCEL - day2 JErRthn &t
w3 Sponzal2003)E A EF4 @714 £ A blanket2 ©1 &3 TCE AACAM &k
377, HRT 028dayel =#dY W TCE #A&L 90%°]4<2] 160mg TCE/L - day =
Vel BaEkg

AW olele FAEE BT AUl DAL dRE FHEI o AT o
o &3 eom, $85 APAE Vgwe f30) doju el omw T
A o)

% et w4 94 RU8EET atgoz Adss] AdAe nage g
el Bold, BA BH A, 2EY pHel 9%, AuEdel 9% edgdd
Y E ofel 2908 AEste], AU FTE Al WesE AAGT EHsE
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2.3 TCE¢ PCE?9| 54

18 e B el gob shetaAlE AR, ©ABA A, AR
9 % del QoA BUASA AHEHE $AFE B AwHow el
slargoln) stan 2aol wel 78T wdel ol #@ad vwgos T

Bgle Bl@e] 200C elatel BAL fHodor s, @7 we FERAS

A
2
i
5

:‘r:
gol g7l WEol AfA £A% dAsed WA AEH wE 458D AHA
2, w8 % PHA Fel AR FTe

gol wAstel TdEgZzaddd cagaas s
A48 PCES TCES B4 EAd o =29 #27|ES vldste] o]5 E40) o
s dels Zaslrl2 A vHE A, 20000

TCEE trichlorcethylene 22§71 4313829 dFol TCE:E A€ €4, ¥
% AA, gl mge) g e UrbE A EE AU AR Ee] obd,
T G785k, TCEE Erados &A489, Sd8 Astad Bol &4 60
%

il w
DA 45F ol TCEAl w=%g A% e @& vae Aoz d4A v §F
43 Ay 9o FuEE AoE ded Ao A LR 9& FEAE e
452 ATEE AR =E3E e sbdelAx wgEel Y 7 v vE

, }

EPAd M E $EEAA e TCE4 oo g8 4 7]F (Maximum Contaminant Level} &
Sug/l, AU E S87F S5EAE Ow/LE fASHR don eivets d29 A
o= FEEoA e TCEY HYLEd &7 +S 30ug/Le rAst 8l

PCE+ tetrachloroethylene 2. & o8 frldiggedoltd. PCEx EY
of FAlst W FHuyoe] Faty LYW HFEw #aeR HFFEoh PCEF FFo E4
oo Y¥E Hugrw v FFod S8Fo] ExiskA floh PCEA 94 vF
ol nw-ZH A F3 AAA oA anst glom FEAA & FEolA @7t

CEAAAY S R AV wEATlE At A3l &4 /I S

m
2
*
2



ol7] % PCEY Yoz Qe FEAFAM el HEEE F7/HA7IH Y
242 4elAd o wF EPAolAE #5849 PCEY MCLE Supg/Le TAE L
geon $eludte AR AE PCEY A ds471ES 10u/2 A8 T
Fig. 24% TCE$t PCE¢ 33 +x4& Jehdidden, TCES PCE ztzhe] dwt
¢l Bl - 332 A2AS Table 2.2 WEFWATE Table 2200 Wrebd vpep o] 2
2120 TCE (1314 mg/mole)el H'3ted PCE (165.83 mg/mole)7t tha A A Jelyd
oo, s TCEZ o4 ZA vebyz gith B3 Se&-8 RulAFE &9
B9 TCE (2299 Hlgte] PCE (2.88)7F b4 2 5 debdie vk webd TCE®

Mete] PCEZF thas o 2 454 S4E A dvka @ 5 gl

H Cl Cl o
AN / N\ /
¢ =—=———m¢C C C
/ AN / \
o ci Cl Cl
Trichloroethylene Tetrachloroethylene

Fig. 2.4 Chemical structure of TCE and PCE.

Table 2.2 Physicochemical characteristics of TCE and PCE.

. Vapor Ky Density Solubility
Material | MW log Kow 4

pressure | (mol/L - atm) (kg/m") (g/L)

TCE 57.8 mmHg 1.11

oo 13140 . 117 2.29 1.46 .
(C.HCl3) (20C) (257)
PCE 14 mmHg 0.15

i 16583 . 275 2.88 162 .
(CoCly) (207C) (257)

Where, Ky= Henry's constant

Kow= Octanol-water partition coefficient

- 12 -



HA g 27t A o8 daAR78HEQ] TCEY PCEE Fafstet8d= qf
Q] 1 EEE oA H| 531
2

s A, Bt 9low, Table 232 WHOE
Aolal g5 271 E Sevdete HAusE5Er1EE ehi2th Table
o PCES] 54 % §A5A0 vt el

Table 2.3 TCE and PCE water standards in various countries (unit :

ug/1)
TCE (us/L} PCE (pg/1)
Division D-water | L-water | I-water | G-water | D-water | L-water | I-water | G-water
Korea 30 30 60 30 10 10 20 10
Japan 30 - - - 10 -
USA 3 - - 5 - -
WHO 70 - - 40 - -
* D-1 drinking, L-: life, 1-! industrial, G- ground

Table 2.4 Acute and inherited toxicity (Registry of Toxic Effects of Chemical
Substances, 1998)

Acute toxicity Inherited toxicity

Evaluation | mouth (LDsy) |skin (LDs)| inhale Ames | chromosome
mg/kg meg/kg (LCs0) test test
. probable .
TCE ) 5,650 16(mouse) | 8450/4 positive
carcinogen
PCE - 2,629 65(mouse) | 34200/8 - -

- 13 -
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PACS} B9 HZ Az PAC A2 22 % 4 otgh, a8l Hel ofF(ex,
oA, sralae] o3k Fa whefe] FHAdlelty PACY Fo Ad F sve wE
Al xgF el whal FYwie x£Ae] slestukis Aol Table 25 YwhH

Table 25 Manufacturers’ reported analvsis of some commercially available

.

PACs
Aqua
e . Nuchar| Aqua | Nuchar | WPH |Hydrodarco
Specification Nuchar | , . - , 4
L 1SA-20 | PAC S-A PAC B
PAC
Iodine number,
, 800 1000 600 900 1199 550
mg/g
Molasses
o 9 18 - 14 - -
Decolorizing Index
Moisture as packed,
5 10 5 10 3 4
percent
Apparent density, .
L 0.64 (.38 0.74 0.38 0.54 0.50
g/cms3
Ash content,
- -5 - 3-b 6 -
Percent
Percent passing
99 95-100 a9 95-100 - 99
through # 100 mesh
Percent passing o
) 97 80— 97 85-95 - 95
through # 200 mesh
Percent passing . -
] 90 6h-&h 90 05-85 98 90
through # 325 mesh

* Westvaco Corp., Covington, WV
+ Calgon Carbon Corp., Pittsburgh, PA

# American Norit, Jacksonville, FL.
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241 AFTFTAAA Fdadete] AL
2 omkn owa) AeS s ERA AFEEa e 9

(=] a3 O
v 24de

o,
s
3
|o

LRomn Bd ggdue] AMEE ik FrEta e FAel el AAHeR 90%
olabel Aol PACS HEiR o] &3ty gch(Faust and Aly, 1998). w3t €&
frats BALe BEapgel] welMd ohoFstA § 2= ), 24-dichlorophenol(2,4-DCP)
¥} Geosmin¥} o] w#xbgo] Ze EHE AEA FAHE v humic #d T &
ko] e BAL Fiagol oA iz Aol k. olAE R AE Fis

ol w A s FAAS} FHEFAA g Eel - 85 B #9He 2aeln,

SETA oA At AxA T SOCse v ¥ FFE B oY A4
o AAT FAAEY 19 w-EE YW Gar 48 Qe Faelvh AbEA
vb Al zAye A uidegde Ry sy For fEol Yol 2gol dod
th, Table 262 FF 59 AAFE ol &std HFAe g a7 ed Haw
2 GAdeke] 42 Jar-test® o] &35ko] HA4d ¢h& Hlargk Aotk Table 26944
Lhebg s} 7o) mpedarol Mol HEza@yguie] Fa sde) FEolAm 50~93 %
! =

A AA elsh FA FaiEdel

Table 2.6 PAC dose required to reduce the pesticide level in distilled and
Little Miami river water (Robeck et al.. 1965)

PAC dose - mg/L

Pesticide Method Co=10pe/L Co=1.0pg/L
Ce=1.0pe/L | Co=0.1pg/L | Co=0.1pg/L | C.=0.0048/L

o T 25 5 05 0.6
Parathion P’ 5 10 09 Il
T T 25 17 15 3
2,45-T ester P 14 a4 3 5
Endrin JT 1.8 14 1.3 25
’ P 11 126 11 23
. JT 2 12 1.1 2
Lindane p 29 70 6 9
) . JT 3 i2 1.1 17
Dieldrin P 18 &5 7 12

PAC dose in jar test in which pesticide is removed from distilled water by
PAC alone, with a contact time of one hour
PAC dose in the plant in which pesticide is removed from river water by

conventional treatment and activated carbon

_16_



Miltner et af. (1980)e] ¢1te]l w29 nake]l OhioFol Qe Sanduskyet
Maumee 7ol ZAZxy 2FAr 22 ZA89 24 #4835 AHEsha w1 Ay
A=Ay TAvegi A7 ¥ty Haregdul, 3 Richard et al (1975)%
lowas=2 Des Moinesell %1% F3e] AulE o] &3 atrazine®] 7o ofsf AR
A& GERHUTL

FGAHE7ERNLE ] FAA HH Y}
Az Yl E slsh= Ao
N2 oleted Addsel M wAR AL wE AFs df
P(USEPA)E Hel VOCsel waled 2ol 29 318 21E(MCLs)E Hetdlx, 22
e 2o gsldw A Zgstn gtk USEPA97TNS A7o0A 23t 7
o ZNE CClL Al7e] ek Rk aivtel o
Folatalom WWAIZRE 13, AAAZES 4]

o] 30mg/L dul oF 20%¢ CCL AA&L Reow g Fdd Fhd &

ar = <L Faflil
1.86mg/g 22 Dobbs ef al. (1978)e] AFell A 1417 Fetel S&FAMGAM o=
L& Farenuls 3 A uebgith Seeger ef al. (1978)2] ¢lpel A= CCly AAE
siste) HREAY F99S 96mg/LERERL W, CCl AAE AL ojFo|AA o

orth, 1977%1 99 22 ufolofn] el AF Sunny Isles T Adol A AL

SEel A A Ze wah Azl dda aniase Erte] gdddh 239 &4
A gheeh Ayl Bolal 001~ T3pg/LAAl el FEE #2784 2] SOCs7h £ A4
o] Celwth TOCS SOCsE #7187 $8 75, 15 “18 & 30mg PACLE %93
A5, B AT Aao FHeREd el Ad Ao g A FAY
o] eAqte] Auti= Zl@Ee] daluch F2 gelo] "Wolmiz) olv aEES] vt

)3}
el Aeac) M wreks] wEelth viF ey folstEel 29 T5mg/lel B

m

gAEte] =9lowg Adte] Sup/l~4bpg/1.8] F 7+ a5t o) Table 272 #7133
el BRI wWE Hegake ek H 29l 10pg/L3t lug/LE AT HE g

?_r
T A4 g Axs ey
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Table 2.7 Isotherms for selected organic compounds and the carbon doses
required to achieve the indicated reductions in their concentrations (a: Miltner et
al, 1987, b: Dobbs et al., 1978, ¢ El-Dib et al,. 1978, d: Lalezary et al., 1986, e
Sontheimer et al., 1983)

Carbon dose Carbon dose
{mg/L) required (mg/L)
Type .
. to reduce 100 required to o, .
Compound of K 1/n Time Range
/L to reduced
water 10ue/L to 1
0
10ue/L | 1ug/L e
pg/L
o DDW 382 0.29 12 26 0.24 - 785 -4.2
Atrazine’ .
GW 24.4 0.36 16 40 037 - 317 06
5 | MDW | T4E9| 28 |>100000 >100,000 |  >100,000 Thour | 8000-3000
ervene - 357 | 042 | 98 2.7 25 15min | 50000-3000
Bromoform” | MDW 0.65 0.83 2.5 152.3 138 lhour 90-2
Chloroform” MDW 0.03 0.84 4336 3,300 300 Lhour 75-5
. Cd DDW 135 0.35 2.7 7.33 0.67 Hdays 005 -20
(reosmin B ~
DDW .18 0.83 4.0 550 50 Sdays | 0.008 -0.06
PCB*
DDW 11.46 1.03 0.73 8.6 0.8 28days | 0.17-0011
(Arocolor . .
1554) DDW 2.7 0,99 34 367 3.33 28days 0.8-0.0=8
Phenol” MDW 0.62 051 448 160 145 lhour 9360-0.02
MDW 0.66 0.50 43.1 150 13.6 thour 63 -0.15
Trechloroeth . .
lened® DDW 10 0.9 1.3 99.0 90 - 1000 -6
v
) TW 1.0 0.9 11.3 93.0 5.0 - 1000 -6

DDW: Distilled deionized water

GW: Goundwater

SW: Surface water

MDW: Mineralized distilled water

TW: Tap water

HA: Humic acid, 5 mg/l. as TOC

* Freundlich K values are listed for agueous concentration in ug/L and surface
concentration in mg/g

+ Contact time in the isothem hottle

# Range of remaining agueous concentration in ug/L
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Table 2.8 Advantages and disadvantages of different points of addition of
PAC (Naim et af..19%1c)

Point of

. Advantage Disadvantage
addition

- Long contact time )
Intake . Increasing carbon usage rate
- Good mixing

o ) - Possible reduction in rate of
- Good mixing during ] i
adsorption due to interference by

Rapid mix rapid mix and
. coagulants
flocculation . i
- Contact time may be too short
i ) o . - Possible loss of PAC to the
Filter inlet - Efficient use of PAC

clear well and distribution system

- Excellent mixing for

Slurry the design contact time - A new basin and mixer may
contactor - No interference by have to be installed
preceding coagulants - Some competition may occur
the rapid - Additional contact time frormm molecules that otherwise
mix flocculation and may be removed by coagulation
sedimentation
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Freundlich %% vjebdrch
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Fig. 2.6 Balance for adsorbate (Hand et al.. 1982).
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Table 2.9 Homogeneous Surface Diffusion Model Equation

Purpose Equation Number
Solid phase mass balance 2-15
Initial condition 2-16
Boundary condition 2-17
Boundary condition 2-18
Liquid phase mass balance 2-20
Initial condition 2-21
Boundary condition 2-22
Freundlich isotherm coupling 2-23
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KCY1— fz i‘.l[% exp(~— 5 M- (2-28)

A A A CSTRe] ™3k mass balanced] #gh &

Qi ConCop)= Qs —————— =~ —===— o —mso oo om oo (2-29)
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26 "tie ¥4 543 94

Zlel A 1 E %8 (pressure-driven) el FAHL ARAAM vldgel A

@ BAS AAs =Y AREE 28 7)ol dubdor HgAge A5
wel Algsis uie) FA] delo] Ay 2y ALEn dow A&t (operated
pressure), Wel F=2 (pore size), % TF¢ 2F BAF MWCO)l met £/9 F
olth @A) A EH ARHE BEoue pHRsgdd wo, 4% (Reverse
Osmosis, RO), Y=o 7 (Nanofiltration, NF), &l 7 (Ultrafiltration, UF), A2 &
b (Microfiltration, MF) % 2. & ‘s 4 2

Table 2108 Fa3 2 T4 ey T8 L¥2 mechanism, 2Fel pore
sizeZ TEsel e 9l MFS UFE #AE d7hE (sieve mechanism)el
o), My]EA (ED)E o)kl ofa] 77} olFelRch ool Table 2.1090 4]

oF 4 9l%=o] el pore size’t WALFE FES WA FrkEe ¢ ¢ Ao

Mz

Table 2.10 Technically relevant main membrane operation

Operating .
Membrane Mechanism Membrane
. pressure .
operation of separation structure
(bar)
) ) ‘ pressure N
Microfiltration ) Sieve Macropores
(0.1-2.00
o pressure .
Ultrafiltraion Sieve Mesopores
(1.0-5.0)
. . pressure Sieve+diffusion .
Nanofiltration ) ) Micropores
(5.0-20) +size exculsion
i pressure iffusion Dense
Reverse osmosis ) ] .
(10-100) +size exculsion {Macromolecular chains)
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1) 9A%9 (Reverse Osmosis, RO)

datEoul (RO)E S Suli H4A7ia ARxtake] & 42 wiAst

o]zl ute olgald RElehi: YT AHLeE HEYE 10~100barelth 24
wel RAG w4 BE s e Aol desly 24 et Fdlde] Aol
of 9&] HELuZToAH unFLZore| Fol el FHHo HYP| o2 I
MrEeto] Fgdd, aelng ngwe fddd FFT & Aestr] HaiMe ol
plak dRetro o AT AT Wi A gafol sk o}zlo
AAAe A7 AsAe Holm dRshel oW olge A& shAol dng. dwrA e
2 ghgmel] olshed 50~80bard weol gtollM F A F L ojwf 95~99% HrEo] Fel A
717F 7sskt (Mallevialle et al, 1996).

! O
rm
o,
4

al
<

2,

2) Y xo # (Nanofiitration, NF)
Uwoly (NF)&E gdwrdow 4o aAaded vizbviges 459 FAbs
b QERG we e (5-20barold & Q¥ fsmmumu} e &
v dampol e o)& wiHsg 2Ed, £ Ze, v, H 90 S vl
o] & (multivalent ion)e|u} AEREAEL dAFEAo Hiz BlY §Fr]1ES AAE ¢
ted mer®E TRt HFZEE 92 ArsieH ol&HAY RS
(SOCs)el A7 gel wi§ welvrh =Eel Wi Ee AZE (Sleving), A

(diffusion), WA (size exclusion)el]l €& o] F ot} NF+= 10 *im<) C,’jﬁ Hels 7}

A e AAsdl o]y gev, ROE FFAM 10 melatel 4% WS 7
A 24 AAG 5 vk deolseda 17} 01%91 SRR %%a we AR
GEETIL MR AA ol AT RT B 5-bardwY HHAN EHEC AY

A2 (Low Pressure Reverse Osmosis)glsl® B@u o foAs 7t o2&
Aol giyR A7 A 17h o] 2] A& 20~70%H R 90%0] el & e
of Feshy fr18e] od 23 Aol 200~500dalton =2 FHE e
10,000dalton o4l d&jel @ (UR et 25k (Mallevialle ef al,, 1996).

3) & 9] s} (Ultrafiltration, UF)9t AR o3 (Microfiltration, MF)

UF mheels 434 el e ANy vides) AAg 54 =

»
o
e
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o} 10,000~100,000 daltond =9 #7E digh &8 FaAFSE 7P ER o Zojy 1)
FH71Ee AAE BUbsdn nRAEHoY voje A wrHger § EE FF4
pl A e Fr]lAr Fe) AAZE shsstt MEFE ek, WA widE a9 9AY

24% AAstEd gt 84 B AADNE R4 R MFE 0.1mo] 2

FIE 2 we olgstm, 2 $39 ¥ TRl IAEel AAS B o
g gad7) e #helth UFE 10'~10%me 97 ¥9E 71 42 A
shod ol gma glom, MFE #FolA 10 ~10mel 97 Wl 228 A7

15
TS Helyd VAR e 2FdEHE A
gt 4= oy 53 UF %y MFe % 389 & o] MF7F 0.1~2.0bar °|3, UF7}
1.0~50bar® - @& gtee] o HE&Fdd A FAde] v MF$ UF
of wiEa WAUEE AAEA o Lol YA &40 AAYH. 53] MFs
UFZAH S 28 ALE540] fAlsn Agdn ddd $AAA FASH w
T A EF =2#xE 01 NTUostE A7dsd A& Aoz By 9o

=

(Olivieri et al., 1991; Laine ef af., 1989; Jacangelo et al., 1989; Jacangelo et al,
1991).

Table 2.11- RO, NF, EDR, UF, MFe| thbAl 7pA] 2 e 42 71249 S48
theldlar gl Aotk Table 210014 = &&FoM FAEY e 7€ =424 4
#Au) A& (pathogen), %712 (organic solutes), ¥712 (inorganic solutes)
3 FEINLY, FUE ANERE F &4 28E (TDS), F4=, 354 &

7l L9Ede XFIT FUle ARRE L55A4E (DBPs) zd%l%é‘iﬂr g
712d (80Cs)e2 wvyol uehliith 84 #iA mechanisme  size exclusion
(sieving), diffusion® charge repulsion®] A 7}xlE2 =ZA BFdAd. 2810 UFet MF
= MWCO7ZE 283 Ao, &85 Fo 9458 R Es AXT 5 Aoy ¢
Fu AR A LAEAE AASEY o dA e & £ itk

b
L
0

5

olabel WEaEAel S4L Uuw ROY NFi £24 §7122e A7 7
Satel 4 W geel wske] 29 ol§9m Yor HEFAY fREL R
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Table 2.11 Characteristics of Membrane operation (Tavlor et al., 1883)

Process Mechanism Exclusion | Regulated solutes rejt_ected by process
Pathogens Organics Inorganics
EDR C 0.0001 ¢m None None Most
RO S,D 0.00014m CBV DBPPs, SOCs  Most
NF SD 0.001um CBYV DBPPs, SOCs Some
UF ) 0.0011m CBYV None None
MF S 0.01m CB None Non

Mechanism: C=charge, S=size exclusion, D=diffusion
Pathogens. C=cysts, B=bacteria, V=viruses
Organtcs. DBPPs=disinfection by-product precursors, SOCs=Synthetic Organic

Compounds

261 d9o3 (UM 349 94

ankd o g MF 2te] 542 wo] A+ Helzion we] ZHFRYG F54L
-3 cheksith (Belfort ef al, 1994; Ho and Sirkar, 1992). t¥-%2] m& zped oA
243 E g Zgolr HEE Aosty] YaElA &4FE Un o wrel Z2

= 2]
ol a7|7h ghagel wle} vie] dure] TrlstrE EWE SAle] g4yt Asakdh

olgld Aol sAL vhe] AAFo] AEte g BUFTE Ad WA Fxo ¥e

s ow hEFola 4 glon o|eld UFUe 7FAe gk Hd= (0.1-1m)ol
FA PR FEAAFe AAGT vtk FAEe] AAT ZHEFAA o] FoiRH
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A e AAEE SHAEEC FdH A Yddo=z AAse d¥e T
o UFZe W 7zesd 9uAel oaast solzh flow olad =e lem’
wagAe 713g 7t @ Qo o2 @ Mg TEe UFdAE %—acﬂ zUEY
Fad e FRagn @ 4 gon ot g3 ¥g AGsA fAe fluxd
=4 A ¢ dd (Blatt et af, 1970).

ge] B2 asle BYE T3 AZe Asg 2FFoEA %I MWCO
(Molecular Weight Cutoff)S A UFZHE @28 &7 dh MWCOY &7= &€&
olgle BApe] EAzke] B4 MWCOede RellA wiAlsE Aow &4 A& 571
ot #Ze Awo] waMd FEARFIEC wAHT ol AEA FHIELS T
gtk UFE B434 oA 8x2 AAY sa8e A48 58 Z3ez 4.
=3 MWCO 10,000~100,000 dalitonF =] #7189 g AAE F5HoE o=
oj oy} plag e AAE Brh5sal Fig. 274 Yebd vpel o] nEAEH ]
uoubole s, wHelol ¥ RE %9 A, V04 59 AA sHsseh UFY
o HAAE d7IE (sieving)el 93 10'~10%me 2712 2H2 & AAz= o
53 Uk =3 SEAAZ 9NN UFERL 253 0INTUg2 AAsed
AlEEE AL 22 w2y weElelx 6~7 log AAAA ¥ 71 QY (Laine
et al., 1989; Jacangelo et al., 1989, 1991).

{'

oft

oft

o
o

- . seleted
Ultrafiltration macromolecules
cells, colloids,
suspended solids

MEMBRANE

17t water . salts

Fig. 2.7 Excluded species by ultrafiltration.
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262 oot (U 49 +4d

UFsAe $312 3/ 2¥ 48 (dead-end flow)Z HAE (cross-flow)d 27t o
g2 vl @ 4 gtk Fig. 2890 =¥z H4A4% JE Zz Jepldde. 4y
A= FA 550 He] W FReg z2w o] gHAA 2E YRtE] Al
HAEe] FAo] deojupA Hrh ol FA AAH] FAH YA A7l Aol upe}
Aoz F& FANA HH &2 dA5L F49 AelAFdA AMAH = gt 0
gy R FAHAAE “*Zﬁloﬂ’ﬁ Fwe £48& AR 4 vk oo wep el A
AAE SAZo] osted RS FrA7ln ol A& o] dAA FAE
A% 53 flux FAE A =59, 5 flux?t d48A A" 28 Aegd
ol F7tetA drh I AEA 4IY FHez $HAE A HaAM FAE AAES
A7tz A Tl e R & FAAACL = el Urk (Vigneswaran ef
al, 1991). olelgh FA 5 =Eat7) s AAE Rejrt uek=E U AAE 55 ¥
B 9y g del fFAe 258 geo] gue FHog s2WA A9 dF

TE TS dh E o] HuelA FAF 2E W YRS £EE FAE
p2 oo o3te] AAH SAELS T EydA &8 YA He2 Adyez
g2 AolaFol FAHA @A H}E}H ot 2] R‘i’ioﬂ/ﬂ n3d sEI Zol AAR
2o Exo] AA dofuix] o wrl w& fluxE FAE 4 U olg @ Ha
# et ol ot AP FHo] AEE e HAANA #nF FExEojd o
Ao F3F 52T 4 At (Noble and Stern, 1995).

ol
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ULTRA- L?RA» ULTRA-
filterad filterad fitered
water wnter watst

...L- OO x-)nrrr R

it i [

2
4

Raw water

T

hd b d b

<Dead-end filtration>

Raw water Raw water

»
x
5

<Cross-flow filtratien>

Fig. 28 Individual fiber filter flow pattern of dead-end flow and

cross—flow filtration.
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263 9oz (URT Adoa (MF) FAd o dAF71E22 ujA

UF&Ae 28 Adf71sde] AAEEE dd#771E4¢ 544 UFe §54
27e 9sked BArHtt Hagmeyer et al (1996)= UFFZ A9l #AA7E & Ho 2319
26~37%2 DOC AAES 9L 7 AU Jacangelo et af (1993)x= MWCO
100kDa UF?H a5 yAas d73E249 NOME AlA 7 fside 4% shrhal
W3t g Y Odegaard and Thorsen (19803 AT HoAA AmaAAsE  ¢stol
3kDa 4EF 92 ofAlHolE =8 A} 8519 0.1 Faivre ef al. (1992)2] A-fFolAM =
MWCO 1kDa UF® z2t% §718 A7 F8sta den friessnis Haris
NE g4l A#stctir stsvh Laine ef al (1990)2] Aol d = UF&delA
THMA P 2g e A Az o)Fofa 4 Gttt ol4del d7F tha Aukd 254 E 5o
e ol #7188 B9l 8eha 543 AbgE UFTe] MWCOse] #eld 2
g ol

Laine et al. (1989)2 MWCO 10-50kDaol%42) vhe] Ab&4 7 ¢ UF
WA o] AHAlFe] vt B e ols HARTIEA] AAE A
oA MWCO Wlete B 4 9lvh Wiesner et al. (1992)2F Cote (1995)+
MWCOe| s DOC AA&7re] AdaAAE HoqFUY. Wiesner et al. (1992):=
MWCOsE DOC A7 &e #AE 7ol Ad 4l wAE el glota Hagged
Cote (1995)F 1kDa®t 10kDa Abelell X #71% Al712] T&o] A% gas W
Aatar Wadsitt Kuchler 3 Mieckeley (1994)3= MWCO 1kDa®2 A} &3dlof
Aldrich AF2} humic acid(HAY$F fulvic acid(FAYE] AlAE FA4stGed HA9 735

ok
oXt

LI 52 IR
— T

L.

80-90%, FA2l 29 60-70%2 AALE BYen, MWCO 10kDa® & A48 74
0% AItE pehlle] UFel 35 NOM Al7lo 9lol UFg sl zivjel o 9a
of AA HETUE AE HAFArh E£F FA 49 892 pHep ol &= vff

watatAl wrgatd o HASL A% FAA Hlate] o]elg 8dE0 F&e AA e
LAl gkokrt. Kabsch-Korbutowicz®t Winnicke (1996) 134 o] 2 a#=HUF)E
o] &ato] HA® Fw&ef AAE&S ARG =0 HA 98%, Fe(lll) 95%, Mn(H) 45%
of AAEE Bglon olgfd o2& A F71E} AatgEe] FAHFAD DS
AAHS 2 F AR Bacchin et al. (1996)2] A -fFeliA & 300kDa UF Bre] Ap§-o
2 g4 Az 07m WEVeES] Fad oldta A AL dojds RasdE o
= WEUoEd of3te] HAH cake FT7 A9} Halol]l o3 Gkl 2dte] WA
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L9 Bl ¥e5E #Aadn pHt FA0AY BEFF, XA
o2 gapAgl A4S 7lHE =7 Aok (Bailey et al, 1995).

Jacangelo et al. (1992) & 2% %9 UFY (MWCO 50kDa, 100kDa)g °] &3}
Agde| AAEE 2AEAT 28 F9 elA TOCS UVese AARSR] Apolv
w A GErY A @sten 20~25%2] TOCH A &ol yYebwtdvh 47139 &40
A= Foh 950 TOCY S 534 TOCEE Atoldl AFAQ #AS 72
7b Ao ALEE 2FF 2o FAME AALL Aol EAste HSY dFEel
H0kDa ©l&lel Eatag 71 e 2E 2 = A

UF &3& MFel| wlate] the] 52770 7] dfd E2Rol= A& AN

7]
FypAeon ool tiepjvh FRolm QR Aizh g A7] mEe $F&5e

J-l
i

2 A%s wAls Al s gae] 7% AaAA T3 fuxel @ik QoA Ak
olefal el ¥I&ow giabel AT BLYY R 24 G WA vl

o
2 oz dale AL F4590 Be FRT EAY WY Y $AA F88

H
A A el BN R A% sk ol BAAE 43 GRS A5

2
N
24
e
-
lo,
=
o
i)
2
iy
B
cl
b
nft
1o
of E
H—f
~J
HE
¥
o
Ho
ol
Ib
ol
2,
lo,
e
B
by
I
£

]
stod mg Aol A AAEe] TP (Kim, et al, 1993). webA A dAEyds
He3 MF/UFEAY 2% & 4718 £ 5499 AAES 7d 2 F7F vk

olidel AyAyea o 4 UKol UFFHE ol &ste] AdAFrI2d AAY BF
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2.7 @elols (UF)=a Qaolst (MF) 28l g Ax934
SR

UFs MF&A2 4% #¢ue d=o= AALE 2% #7154, S0Cs 54 &5
45% gdoz AAY + vt webd ge A UFS MFegel &4
~2jolgt & qdrh ole uwet HEEAHe HA
2 FAHE AHEY fdsel F4ed wel Hd (carification), &4 3 ATy (lime
softening),  $ 3% (coagulation), Ao (prefiltration), %E& AT IA A
) &7} o] bR xlo] o} (Laine er @, 1990; Cheryan, 1986). vt

UF olslo] M 57120 AAHA reng ~Adage] ad A g4 ¢

4o
)
2
rir
[
.
I
of
oX
1o
I
ofo
=
i)
I

(antiscalants) 2

.
YuHoR $HFAL ANATHOR AEY A4S FFol BANE FAEE
Bapgrel AW, Af4el BAL HaHow AABORA BT Faisel 4

HEe &£&ERF7129 AAEE F4aA2 F ot (Randike, 1988; Laine et ai., 1990).
UF o7e] Axegz2Ae 388, §3d49 547 &%, pH, 282 UF < %29 1%
W 540 & whEe] WS} a8o] AYEch oju S FHREAZ ALE

[e]
=
S edsE W Fuabel Agole AR FAsd Fuael 25HS o

o
ol
L
X
B
Rl
i
r i
i
2
iy
1
2
e
ok
T
L
r
=
il
i
=
=)
c
ol
o
=
ra
2
s,
ok
52
i
i
S
)
My

stk & o) o AR u)el FAE 882 At (Weber er al, 1983). 3§ FH
HE AASY HEted daAE W eby st 22 ARy A= ARt E 2]
sl (breakthrough) 7} oy} TOC A AH I & FZapAolA] EFPut (Weber and
Jodellah., 1985).

AERAE ArEA S0Cs & dAdgow AAsy] Hsto o gt

g woe wgel F9el 8ol v, Pusses dxd $Y0E 48
d }

= AAE £ 9y (Jacangelo et al., 1985).

=5 §E47129 AAE ko] RAFAGES UFY MF olste] dxezA o
% del A8 T QEE BRagwe] Qo7 Ae5E 5718 FALEs @

GAA W7 dede] HEANE w52 5 Al (Adham et af, 1991). Najm &
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%= 91t} (Laine ef al., 1990; Jacangelo ef al., 1995).
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siabe g Faslslel @k A urow o] PR @Y
o Ao AHFHoIM= b fuhy= Aeltt (Najm et al., 1991; Pontius, 1990).
Sontheimer 5(1988)¢] Aol As Baggwst b dxes Histd A 4
So thate] APhAFrI I BREde el AFANE woin S AT
>

= Hug AAH 57128 A flstel AGRS gy Ateld) TYHL
F

FURBE:-She 3 Ao oA E 2
persbgee] rv)pepw ofud ERRyws Aegy ARz AAsGE
v ogrlEel AAgE HENTS Aehs A Hid ZAHQ 2w s

ef al, 1990), wg 2w deie] A7yl A8 E FUE9 F& S @gARw
ol e =:vle] BPadAdus Apgstowy Bagyere] AsES FA o5
Ub(Najm et al., 1990). ®3 2& dAFeld THME AAd7] A e de

Agated Enadge] e ool wel M & Aojrt Aty 53]
A el AL wrggdeie] Hrhake] FrbEel gl &g HIAT (Na
et al., 191, Jacangelo et af., 1995).

Jacangelo et al(1995)% PAC-UF Al =818 ol fste] 8 ag Hrhsdate
b fluxels GEE A gev, #Hedd AdATIE ade de
THMZF HAA AEER] 4784 S @42 3~ Ak (Jacangelo et al, 1995). %
FUAIIE e e & o)

%
aha gEokout HHH F &S AAAR S wele :‘ir%%;*é chol ofo] FrhEtel whet A

O\I
B
i

ﬁ,
@
o
™
"o
\‘

-~ -
S 3 5 %) =] <
2 o900l ot Eusdgel ode 907 F Ay BAL FHsy, LEE
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Laine et al (1990)2] A FelME o35 o] &3k FTAAA 0 FHLA 7]
Ejgdadyg Ao A oA FHEFAF 100000 kDadl F &
S A gdte] F21ES AASHS 9 @] g FrIES] AAEE T 42
3%Ret 945 Eogdygetd o HAHTAES HAT BE A

2 gadgy dosdd. FHRAZ ddME 7 oFFe 29 e AHER
S0 nlatal Aol Zhzb 18%% 27% sttt Van Gils er al(1985)2 Al
g w5o] HeoH Fedols FA RTHAHSE Hrisia 53 fluxe FELECL
BaEdg, £3 Van Gils ef al(1986)2] |vellMds Fi} fluxe] Fd7 F
2 93ty U FHS A7) g FHHe] FAE fEstd $49 8

weld eds & AT wepd Bugde-selod AL FUEAT

7 Feeaiute] A . wyes drudsd HEZ FeAed oA dom
g FHE A =Y W BEEAHe] T
o F9i Rugde FAHA, Syl wel dekd Hela g Aelg wol

H
nw oAy ez A4ste BN £HS FEstelor @i,

X

-0

o
o

°
g
ik
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¥
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28 A5y 2 FAANAY flux o] & YAZED

MFu UFeh 28 753 vl e ohe Saahe £59 fluxs 3790l
T8 FEA(driving force)o] & Darcy &2 Felel ol =& Faste fluxs

S 2 gee] 4 2-3D2F vEkd F vk

#A7r8t (=transmembrane pressure)(N/m’)

714, J= %% flux
b

1
Lo
offl
B
>
mg

po= 22 @A (N s/m)

b 3 flux?t F4EA He Re durH oz AE (gel layer)d A4S (boundary
layer)®] Fels=elad g fudvk &dof FHBE o

(convective transport)®] dojuym ZdEol A bulk
Ao atel ols] dojulA Hrl olld &He o
G T2etA H=d of of A %y

op

o
2
o
fin
wlo
m
|
okt
otk
f u10
s
-
H

1=}
s
o
i
o
=2
b
o
.
off
!
s
e
ol
b
2

F7h d Webx Al Hid olw gl AF vedel Uiy drh AF e Wms
ofzlWl - wS& YHAME FF flux AES T ALFE g o
ot} glHe] Zuleld AEe (& FAYAD Wrie motAldl Hith ghEo)
FrbsbA &71 fluxiE F71sht AlZbe] Aol wel £33 fluxs ohA gaE Al ddh
olest HFa fluxTAsE My Y v xolBoE AFHED  (Osmotic

pressure model), %% E-20d (Boundary layer resistance model), HAZEI2d
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(gel polarization model), o3 # & ¥ 2 (Resistance in series model)5 ol #A» =1 ¢l

ol olES] A7te) 542 dWRd g 2o

Osmotic pressure model

_1‘
)
o]
[y
>
f
i~
N
>
S
N
rr
off
t
HE
Ji

T3l A o oete] AR &43 e T
FwE vhAlm whe] Aol

ool grelg gasvle ARG Eaz T FHs 7 e a9 Jud
e R F Sagase At A (2-320)7 Feol FAHF + drh

e B AEGe WE, Alx ol od wAsE 24 o6 9%

Boundary layer resistance model

stel A wlAE GAE ohel mWlel HAH D Al Ael mz Hq8 A9
sEe gadow F7hedl Hoh BEAAAM §99 FHES FYHE buk G
©oejaabel Yolul QY Aol Akl ueh APE YHF o FA Uk e

g o] §0e BEE 2o TuelA buk SedskAls] HHuD % TRk

1 1=
a7 fluxell 9jste] FHE ol FA Hoh WRY A A48 uExEe] $i A
Frw B32)8 BRawel ga F4H 9o Aze mdL AAE MY ¥
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Wiboundary layer resistance modebele} vl 1 RAEE Fig. 2.9 Jetuigich.

THEE oA S5 rHA A 527 A E o] o] FoZTke A gt

e e EE Ao @ﬁl‘%(bounddl’y layer)e] @4 S Fx7F Soket SRR

Al FH ey =(Co7h Hh 2 My B9 fluxdiz Je2A BTEET el ofs)

of fdo] bds] Al7]EofA) ] gow wE Foety Fde] fluxe JopR vrebdch

RN 2 A2 FYEHE bulk £Ro8 H5tibo] dojuft YAgE Altol
o

!
Aukel wheb b AElE o] FA drh mEWdA &9 diie TS FaEs
&}

le,

‘

il

|4 fluxst =HEWelA bulkF7zhAlel g ge] o S olFE b Ak

Cb
» Feed stream
Bulk flow

Boundary layer

Membrane

Fig. 29 Schematic representation of boundary layer resistance model
(Merten. et al.. 1964).

= EERAFE FACIH G bukT e HEFE, Cod HEWAAM 49 3§
—Tl;{% L}E}Lﬂl:} Rm"o‘ U}X]—jﬂ_‘?} l%x]@-o]ﬁ R(:n% 737%]%—?{1301-_0_51_ E%‘tﬂt}'

Gel polarization model

A= 5 ¥(gel polarization model)> B FolEelA dig AAls Ay vl

FrARStTE A RS UF M $583F0] S48 4 ¢ DHdAAY Ed% % C,
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o], olyf ulmalato] &A T Adel wwstAl drie sbgeln. &, Figo 2199
A Cos S AF® Ceoll o2 =5 9502 v @74 F3HF Jue?t #9 of 2
22 Fig 2109 ART 2d Ao vebd uiel o] TR fluxel A F71E A

ol R,2 2HgstA He Rye 2F A¥oR #ddrn

. Feed stream
Bulk flow

Boundary layer

.——-—\
Rz
Gellayer
AP Membrane
Rm
~——

Fig. 2.10 Schematic representation of gel polarization model(Denisov,
1994).

Resistance in series model

28 of 1} #) 3 7 & (Resistance in series model) sieve mechanismell 7]z 38k
Wl A ghel £ mdo] o] o]EaAY U Fagt 99 ¢ &P 4%
5 7hdel ws] HEGdA Asto] Aot o] mEldA = A(2-23)0l viEbduist 3ol
el flux (e 9 (APl vldEta, el wfAR, ) 2T W
edol 93 I (Ry, HEAL] AolmFo o AR FEHH (W &
o whal gt} (Cheryan, 1988). 285l o714 6§ cakelor gel)Z 2 F7lolz, k=

N T
& L

i

=3 o] 5 2o B3 Agd A S~ (mass transport coefficient)e] t}.

o
—ill
rir

o[w
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- (Ap-o0,om 7
J=CR, )+ B.(6.00, .0+ R,kD) (2-33)

Aozl Zof o)a A R = AelzFe FA 5 9 AolmxE A3t =dd
sk Aoz AR Kozeny equationol @lala w5 d QAR FAHE ¥sEEA
cake=¢] AL 1183 Zo] vjERE 4 QT

180 (1— ¢ )¢
r.= 180 (2-34)

azg FAS: Al At Hebdl wek Hd 4
el sw Sl GY Aol ANL AP 4 ATk ROV NPHl 9T A
=4 et AolzEe) olg A v g 24 AQAt

9lo} cakeZoel 2|8k A e wroF cukeE S WASHE YA B FFAVIEG H
Ad5-el+= UFY MI*OHH o] Aaat wlwe o 7 Aade] vjg Aok EEF cakeZ o] ¥
“Hmorphology)2 §1224 B-2e] o kel F43 A7t 5, caked] F58&2 cake
Sodatel 2yl BAEW obyet srrire] faAgste
nbol A ate] HlEhH wle HITsbol o3t A AEE A0

oleldt AR DS AAFHTH AFAY H cakeFT ] AFS st

Fig. 2,119 =4 g}ste] bl sl
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Cb

. Feed stream
Bulk flow

_ 8

* Boundary layer
R, gel layer Ce
R, Cake layer Ce
. l Membrane

Fig. 2.11 Schematic representation of resistance in series model

(Chervan, 1988).
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u] g mp A ol elxn] Al&rog whe]l mRldlA dhula F e o] monolayer?l
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IFig. 2.12 Various stages of flux decline (Fane, 1983).
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A 3G As 9Ly
1 d9 54
PCE®t TCE® A3t @9 2awimrt 52 #7idEdoly ohefst 30Cs
LHEEEY EAE dEdoer & vshle Edolvh wEbd B Aol et
5 Wol AlRH A e AEEE ol Rste] 14 om PCESF TCEE H7tsld 4
g TStk B AP ARER Askrs B4 FEA ALY A AT E AR
Aed, Ao AhgdE As4e] HA4L Table 313 Zth Table 319 ‘hebd who}
do] ARgE R slge] Ay gue AF 02-07INTURAM fapdE2ol 719 &EAst
A ey f71% Frx TOCZF 05mg/L2 o8& ofF ve Fra Faistu glo
H AEE 8mg/LE Zaeol 4R B2 FEE AAEL &S & F Atk
Table 3.1 Characteristics of groundwater used in experiment
Analysis item Unit Groundwater
Turbidity NTU 02~0.7
UvV-254 cm | 0.003~0.005
TOC mg/L 0.07~05
pH - 75~80
cl! mg/L 115
Total hardness mg/L. as CaCOy 80
Ca mg/L 305
Mg mg/L 0.5
Fe mg/L -
Mn mg/L 0.017
Na mg/L 15
K mg/L 0.23
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BoAd A Algd EEdgda 9dztel AViE BHESA @& SogAdn &
Heh g B4 (Mesh No. 400, 45m)E ol &obod F3hd A Fashx] 53 Ao

o h=]

woRREo] AgEt U He AUs PEadee] 482 $15e] 40mesh
Fobe EURgee st 15m-20m HAS 2 & AUTH @l A
srsbdebe] Q1A 27 WelE Table 329 2th e Ruuywe zese W
Tof Aol o Uiz mlAlERE AASE wAkle] o ol 471x &g wx
& stk BREATL AHEA/] Aol mehe] LBl 105C FEe

!

oJMe RgoR FE FEI @A T AAACIEAA 1T oy

3 o = [s]
ANE AEET, B e g Punygte SRAQE o FAAE §9

Aol mal - gaa S48 Table 339 viehvgich

Table 3.2 Different size fractions of PAC used in experiment

Sample PAC particle size
composite 3pm~76um
small 20pm ~ 257m
medium 25pm ~ 45pm
large 45pm ~ 76 ym

Table 3.3 Characteristics of PAC used in experiment

Todine Moisture as packed Ash passing 200 mesh
number-mg/g - % content-2%4 -%
1,080 4 17 96.5
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322 23578 44

BnoAFME A FEEFNFE Ty fske T2EFE H4FS AU
W ga Ao BoaAdd F98e 5 16, 25, 50, 100mg/L2 250mL 4H4Et
zad Flegden 2rnzde] Hu wybrlE ol &8ty 25TE uA e 65U o
gkl A dade] TueA sttt oflw TCES PCEZF #wHs AE Hagtstz)l Hst
o} head space® 753 3 AA G AEE 4 AEE FAVIE AFHSFIA
AZ s A BE 24 045um nylon membrane filter® Al85le] EREHTE AASA
o BEE@AEs Al AZ010mL)el U H(I0mL)Y n-hexaned Ab&ste EjHE
A7 2250 UM n-hexane® 539 GC(ECD detector)dl FYsted TCESt
PCE?] Fwg wAadod, ofd GC ¥HE -4 Fafolsty 4. T2F34

Aol Al pad AR fellM AF@ 2(2-3)9) Freundlich $&F34 & A4 st

Logad Aol AbRY Jar-testerts 2L o] A2 JarZ 254% x 76cm A
719] paddle(two-blade)2l dHAelE &5 o jarel delE Fig 319 <
2}, oo AlEE @RAEE 100 rpm (G=150sec o] E Al sl 2L Jar-tester®l
%5 A AHvelocity gradient, ()% 3] A4=(impeller speed, N)2| calibration curvei
Fig. 3.2¢] vehgd. 7] PCEEY: TCE2 F=(eF 500ue/L)7t =% T/7 %
A3l9=olf PCE, TCEZ Fsted ¢ds &8st 4 7t jardl= Z+7] o PACE S
(75, 10, 125, 15, 20, 30mg/L)7t E 522 PACE Fdgth ol F9Ux+= PACE &7

]:1
of EFE slurydElR FYAT. FFIEd FHEFLHE FAHFT] 93

100 pmol £T 5 428 2o wa A SLE QalA 24 (20:1T)AN
DS AAS Tt WubAe zh SR 15, 30-1%, 1412F, 241E, 32A13F, 4412F, 522k

olm, 7 AzhEE AnE AAsAt 4 AEE 4 AsF FAZE AR,
TCES PCES] A2 ool & FHaE s 5987 shah,
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33 iy

o

39

3

Mz
A

B A& A4 % batch type MF® UF membrane #2& 2383 (dead-end
flow) dHlZ TFig. 333 ¢uv, Aed g2 Mﬂhpore*}"ii/ﬂ Azxzg Ao=A BHF
dise @efo] oz A& 76mm, WAL 454x10° moln] A2yl Fale 01~
15mmel v} & x]Z2] T 50~250melvlt. MEFEHe] g =avl= 022mel™ UF#e
MWCO (Molecular Weight Cut-off)¥ 100kDa o8 447 254 A4 2579
URS ALE ] A3 S HAlskgon §HE AR bar) Jﬁ:ﬂ"% oj &3t Al
A MF %2 UF cellell F0atdtt MWCOE v 54 4

w2 ety Aduke] gele|v) whelA A4 Bxpabo] 1599499 mE dalton 0.9997
A el gt MEEd MWCOS! BAlE 4 G3-13 el AT 7t 8l

d=0.09(MW)" 4 (3-1
A71A, d= "rEe=2l 27 (nm)

®
MW= &2} & (Daltons)
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L :
* 4
21cm ' ‘-_‘. “_‘ ! 10cm
': 1 | :l[:—_LJ J2.58cm
E ' —
' | 7.6cm 1
- Impeller

Fig. 3.1 Schematic diagram of jar and paddle used for the test of

adsorption kinetics.

Velocity gradient, G(/sec)

10 100 200 300 400
Impeller speed (rpm)

Fig. 3.2 Velocity gradient(G) vs. paddle rotatintg
speed(N)(2 # Jar-tester at 23 T).
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Fig. 3.3 Schematics of hatch tvpe MF and UF membrane filtration assembly.

i fuxe $A4E AAAET A48 BARAM dolus @ o g8l 3
@ T wgadsh o7 St s HRAT A dd Bahle £ fue

SR THL/hr/m®). whel A wrAsE Beld Al He dgg #£AEr] fsd dAE Al
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of el g ol &3t A Ak oluf wpetR = AAAE 2 b wel T
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Fig. 3.4°0% permeated] w2 vheo| He|E RojFi Qlvh B dAFeA Ag¥ o

o ®elv Fig. 342 Beh 2] outside-in®l @¥l® ool upgreld tez A%} o
% BaEE gtk eu ¥ ApdAe A% 29e dle AgE PACUF

pilot system Fig. 359 72t} Membrane2 ZE ¥ A o] 000283m%e| 1 1, %3} flux
7} 424 L/hr/m2] hollow fiber membrane®]Q1ch ¢144 A 8.2 %34 %?ﬂ"VJ s
oto] wizh pel A% FAH A
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A

Concentrate

x:meate

B

Permeate

Fey

Feedwater Permeate

Fig. 34 Flow configurations for hollow-fiber membrane system

- inside-out (A) and outside-in (B).

L

PAC slurry

PCE

R

pressure
. . gage
circulation /

|

Membrane module

A

A
pump
pump
pressure
qJqage

Feed mix
tnank

Groundwater

pressure
gage

Permeate
tank

Fig. 3.5 Schematic diagram of the PAC-UF pilot system.
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34 743 B4 vy
B Algy A REAM S Standard methods (1998 &8t Fa@ =Yt
THAEM 52 e doy AP ApRE FAHUY =9 717 Table 333

34 e )
(1) TOC/DOC (Total Organic Carbon/Dissolved Organic Carbon)

Fed EAss FUlEY vEE AEHEr] Hef =48 ed, 4FF =4
S fldte TOC vial& At A#dez FE {7 A2 25 AAHS g+
ZiaR A MHEed AbgEEg. 4L CyHsKO4 (anhydrous potassium
biphthalate)®} Na.COs{anhydrous sodium carbonate), NaHCOQu(anhydrous sodium
bicarbonate) & EFE& A0 2 AbRato] 44 TCo ICo AHHE AFHAR 2

58 ¢ BAaS AAGAT Aw

L-F

Ao 24 gAstgon oy BE A ¢

-5 —

# 7)o wEHA ZEE So 4T Yol Hueddch
(2) UV (UV 254nm absorbance, cm ')

o] H71ga FEEEo 5 lignin, tannin, humic 23 Z2] ez &4
gt o]l e F71ENA FFERS 200-400nme] ZAY A Ao AW FFE:
A

ek el o] eh AR e v e R 3 &5 Al (aromatic substances), X3 A HE 5

\ ot

i

’L

4 A (unsaturated aliphatic compounds), 3 8} 43 33 & (saturated aliphatic

compounds)s A IE)7F o5 4dd o)4g ftx g BAaZol Aga 2e
Frste gol SAR oA off Wil UV-234nm7t UV 4% & dAd

B A1E RS AT 0992 Syshid el olgun 9 Akt
Type A/E glass fiber filter (Gelman Science)& AMEste] qatst T 1-cm 49 cell
& AbgEle 33 254nmall A spectrophotometer® AF&8Fe] =R &G}

(3) Turbidity

HACH, 2100P &= AS AR&3Std 0~4000 NTUS H &8 ¥ (formaziny o2 7

A& AAstddm 23k #Edew #Hd 2 EvE FAINAG. HEE cellfe] A1EZ

e

ol
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Ad HAE FoFHA grE A
(4) TCE(Trichloroethylene), PCE(Tetrachloroethylene)

GCECD)E o|&s #2371 Ao ol& AAZ = WYHo=z liquid-liguid
method(®-9 %&ZW) head-space, purge & trap® HHHo] glu}. o] E A =w] Hby
T B dFdA FEd 48 liguid-liquid method(B-4 FZ 9 )y -& AH&3tg o
H, FE &2 #iE AMEsIEon, GCo H8x7-2 Table 349 #of -4 F
Y AA AR " eAEES FEskn FE37] A b dE ALgE 3y
oltt. 538, W% B}HAR(USEPA), =&l BEF 71 7USOMA A HF Wyor ¥
°f, PAHs 222 FHIA f7]8 2 84 34 Ed9 443 2UHHS A
of-of FZ o] &I, A-od FFHL @Eh vhaA EFead AFEA 5
2 9y TR g4 2948 a9 g8 58 dFed ns fes
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Table 3.4 Analyvtical method and instrument

Item Unit Analytical method and instruments
Jar—test - Jar tester (Phipps & Bird, Model 7790-500)
pH - pH meter (METTLER DELTA 345)
Turbidity NTU  Turbidimeter (HACH, 2100P)
Combustion/non-dispersive infrared gas
. analysis method
TOC MOC) — me/l (e Apalyzer,  Model  TOC-5000,
SHIMADZU)
UV em ' UV-Spectrophotometer (UV-1201, SHIMADZU)
GC we/l. Gas Chromatography (HP 5890 series II)

Table 3.5 Analvtical condition of GC/ECD

Item Condition
Injector Temp. 2307C
Detector Temp. 250TC

Initial Temp. 45T
Final Temp. 45T
Total Flow 12.24 mL/min
Column Flow .61 mL/min
Gas N
Detector ECD
5MS(Crosslinked 5% PHME Siloxane,
Column
30mx0.25nnx0.25¢m)
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logg,= log K+ 1 logC,-——--—---—"""m (2-4)

Bygng vshdo Fig 41.8& &9 Ao PCEE #7lstd 52 §3 4¥%
& Asfolrt, &4 K e Fo FAsE PCEY &7 & Coo 242 468 pg/L
453 pg/leldm, AEES ¢l&) T wwIdere <& ZZ b, 15 25 50,
100mg/T. ©1dtt. Fig. 4.1.0) vebgh whel 2o} &40 A 9] Freundlich &< K¢ 1/n
e 2+ 3140 ug/me) (L )19} 1.0396 (unitless)el 9l em %] 84=o A 2] Freundlich %
F# Ko I/ne zhzt 05879 1} 1.2049 o|ivh dwrd o Kgiol & wf F&H 5ol
Hog =AAvty 3 5 et Fig 419 Aded 4 5 ol &aoAe K
shgoll o] Kgbel vlstel o AA Jehta gl olx Askae A9 &5 PCES
e AAFEEAC U5 529 ggde] FAE&Hvka wddn. Gillogly
MIB 229 &35 Apela s gdsde Fa5o vated ad T el
Mol Figo] Zadvn Euddd, ot uE AWEAS ostd FHYY
AR Aaa F3o) @A st FEAY 4 ooliz 44
AstA ¥} (Pelekani and Snoeyink: 1999). PCEel ulgh & 22l ete] %%%%é@
ol M HWaEwe HgFEes AbEee] #3t K@t /nitg Table 19 Yl
ool Fardae rJEqld Aaw F&arh

Fig. 42% PCEel o3 4%z FdstAl o9 Astgdd 29 v58 TCES
Hotste 2 FEF AHYEE 3 Adelr. &t 601] EA8 = TCEY 271 55 Coiz
213 pg/Lelm Asts Foll sl TCES] 27 5 Coto 524 pg/l Uk Rud
ek Ftgke 747 5, 15, 25, 50, 100 mgfLoWﬂr ok PCE®l A# 29t fAkaA
2o FEdAE A 5042 Freundlich 44 K9 1/nd 7hzh 1.29¢9F 0.7608 o1 2

oln
=
el
o]
@x

m A stFel A 2] Freundlich 4 K& 1/ne 272F 024673 1092 ool Ae T35
o] Aol wisted v A JeElda k. olm uhE AAESE S odto] A
= Ea9gde AAH0l gy Foe 4y d4d et FHE ¢ e 994
damell e8] Egell HlEted Halge el FAbweol AAadtiil ddkdry

Dimmer ut ad(1989)8] Aol Ay A &rd &5% DOCe F=7F 04~2md/Le] v
2to] §7120] EAF Aoi: ACES ACES T2 5o ¢add8dd vl of

Fol zhadtvlw kit ACEe g E2adue] o2 FHA
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Hswe AYFHES A8stel T@ Kabah Un@g Table 4101 el
= gHRdY AR BEAL

1000
>
E
s
g 100 4 q,=3.1402C "% (pure water)
= .
@
-
s 10 A
- q,=0.5879C_"**’ {(groundwater)
«
-
c
3
o 1 4
£
-

0.1 T

1 10 100

Equilibrium concentration {C ), («a /L)

Fig. 41 Adsorption isotherm of PCE in purewater and

groundwater using comnposite PAC.

q,=1.29C,°"*"* (pure water)

q,=0.2487C_1'°’ {groundwater)

Amount adsorbed iq 0 /mg

0.1 T T
1 10 100 1000

Equilibrium concentration (G ), xa /L

Fig. 4.2 Adsorption isotherm of TCE in purewater and

groundwater using composite PAC,
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Table 4.1 Comparison of equilibrium parameters for the adsorption of PCE

and TCE on powdered activated carbon

K, (pg/mg)(L/ug)"" 1/n
Purewater 3.14 1.04

PCE
Groundwater 0.59 121
Purewater 1.29 0.76

TCE
Groundwater 0.25 1.09
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ruggw 4437 g FA4548 gopsty] Astel 2ugdd gaars
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Aunw Mg g7 4eeE AT MAE dEgE oy FAEE me
A debdrin dwE s gl ol AR abke] wFAAe] Falel ol&HE FHI

Hol A UH 9 wAF S (micropore)] FE 3 o) Foff 9} == 7) 7}
watrels ZAehyre viaESe v aude JdAstry] s Eoltt. Randtke and
Snoevink (1983)2] AAtel v A el o212 Ryalz &2 GACS ol &3 5253
Ay AT drpzvle W Faee uvbuAl ek datskgdeh 22y Adham
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A= ddvte] gaave] g&o] o 2 A du X ey, Faust and Aly (2000)

= ol "isted vgat 2o AES g vk dsa 22 AEAF B (S

HA=52A%8 B WY R T3 428 5 v dEd Fage ayw
u

((FAPF WA =100~ 280A%) 0 FA%50l U)ol e Wwid ol o A 24

geiatel A5 mAdF=e] HE FE/F He 12u4e] el =EHY 7] dEel

=23

1000
o
E
g 100 1 PAGC size: 15:m ~20n
- q,=3.6326C," "
=
=)
T
2 10
[
g . composite PAC
© q,=0.5879C, %%
=
3 1
E
<
0.1 T

1 10 100

Equilibrium concentration {C ), {«g/L)

Fig. 4.3 Adsorption isotherm of PCE in groundwater using different
PAC size.
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’J’ PAC dose: 10mg/L

€ s

o

o

=
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- 0.6 -
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g h¢ -0 G value=150 sec”
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Fig. 44 Batch kinetic test data for the adsorption of PCE from

groundwater under different mixing intensity.
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Purewater

10

—8—— PAC dose: 7.5mg/L
Q- PAC dose: 10mg/L
——-—w—— PACdose: 12.5mg/L
L’ — —g-— - PAC dose: 15mg/L
0.4 —— —& —  PAC dose: 20mg/L

PCE concentration (C/C,)

Contact time (min)

300

Fig. 45 Batch kinetic test for the adsorption of PCE from
purewater under various PAC doses (PCE Cy=276u1/1).
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Fig. 46 Batch kinetic test for the adsorption of PCE from

groundwater under various PAC doses (PCE Co
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Fig. 4.7 Batch kinetic test data for the adsorption of TCE from
purewater under various PAC doses (TCE Co=422ug/L).

10 Groundwater
——@&—— PAC dose : 7.6mg/L
0.8 . wonQo o PAG dose : 10mgiL
o —~——y-—— PAC dose: 12.5mg/L
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Fig. 4.8 Batch kinetic test data for the adsorption of TCE from
groundwater under various PAC doses (TCE Co=340us/L).
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BargAele] 2252 DEte] vl a9, TCER v PCE?| Dsgkel v

@o) FUuE
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Table 4.2 Diffusion coeflficient of different PAC dose

Material PAC doselmg/L) D.(cm*/min)

75mg/L 29x10 "
10mg/L 50%10

PCE 12.5mg/1. 7.0%10 *
15mg/L 1.0x10°
20mg/L 1.8%10°
75mg/1. 1.2x310 "
10mg/L 25x10 %

TCE 12.5mg/L 40%10 "
20mg/L 50x10 "
30mg/L 6.0x10"

20

s

D_ {cmP/min) x 10°7°

T T T T

0 5 10 15 20 25 30
PAC dose (mgiL)

Fig. 49 D. value for adsorption of TCE and PCE from
groundwater using different PAC dose.
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PAC dose: 7.5mg/L
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PCE concentration (C/C))
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Fig. 4.10 Effect of PAC size on the rate of adsorption of PCE from
groundwater (PAC dose: 7.5mg/L).

_79_



1.0 l
PAC dose: 10mg/L

-g 0.8
=
©
1-; 06 —&— PAC size: 45:m ~T6um
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Fig. 4.11 Effect of PAC size on the rate of adsorption of PCE
from groundwater (PAC dose: 10mg/L).
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PAC dose: 15mg/L
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Fig. 4.12 Effect of PAC size on the rate of adserption of PCE
from groundwater (PAC dose: 15mg/L).
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0.8 — . HSDM fit (search for D, using K )-PAC 10mg/L
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Fig. 4.13 Batch kinetic test data of PCE adsorption from
groundwater by PAC.
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Fig. 4.14 Batch kinetic test data of TCE adsorption from
groundwater by PAC.
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Fig. 4.15 Changes in flux by the PCE adsorption UF membrane : Effect
of UF membrane materials (hvdrophobie UF vs. hvdrophilic UF).
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Fig. 4.16 Changes in flux by the PCE adsorption UF membrane :

Effect of PCE concentration.
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Fig. 417 Changes in flux by the application of PAC onto UF
membrane (PAC dose: 50mg/L).
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Fig. 4.18 Specific flux varnation during ultrafiltration of groundwater
with and without PAC pretreatment.
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Fig. 420 Specific flux variation during ultrafiltration of groundwater
with and without PAC pretreatment.
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Fig. 425 Specific flux variation during microfiltration of
groundwater with and without PAC pretreatment
(PAC dose! 15mg/l., contact time: 15min).
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Fig. 427 Effect of PAC dose on the MF flux (Hydrophobic

membrane, contact time: 15min).
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Fig. 4.28 Effect of PAC size on the MF flux (PAC dose: 15mg/L,
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Fig. 4.35 Specific flux variation for ultrafiltration of groundwater with PAC

pretreatment (PAC dose: 15mg/L, contact time : 15min).
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