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The Characteristics of Microbial Community for
Biological Activated Carbon in Water Treatment

Plant

Soo-Ae Lee

Department of Environmental Engineering, Graduate school of Industry,
Pukyong National University

Abstract

This study used a pilot plant with a treatment capacity of 300 m3/day to
examine the organic carbon removal efficiency with different activated carbon
materialand and to investigate the microbial consortium in BAC by analyzing
attached bacteria biomass, bacterial production, dominant species and by
performing FISH analysis.

According to the experiment results, in the BAC process, HPC and bacterial
production for each activated carbon material were 0.5x107-55x10" CFU/g
and 0.7-3.4 mgC/mSh, respectively. With respect to the correlations between
the bacterial biomass for each actlivated carbon material (HPC, TDC,
production) and the AOC removal rate, the activated carbon of coal-based
material possessing a higher level of biomass showed a relatively higher
correlation than the other activated carbon materials.

According to the results of identification of attached bacteria for each

activated carbon material, genuses were detected in the order of



Pseudomonas genus, Flavobacterium genus, Alcaligenes genus, Acinetobacter
genus and Spingomonas genus. In addition, Pseudomonas vesicularis was the
dominant species in the coconut— and coal-based materials and Pseudomonas
cepacra was the dominant species in the wood-based material. The SEM
observation of the activated carbon surface also found the widespread
distribution of rod form and coccus.

The consortium of attached bacteria was investigated by performing FISH
analysis. In the case of coal-based activated carbon material, a group was
dominant in the initial stage of operating period, but with operating time
passed, most of bacterial groups were evenly distributed. On the contrary, in
the cases of the wood- and coconut-based materials, agroup was mostly
dominant throughout the operation time. These results led to the conclusion
that the diversities of attached bacteria on the activated carbon were

depending on the properties of activated carbon and environmental factors.

-.vi_



A1 A A in

o

Q=g FAA A28 e(biological activated carbon: BAC) A2 A& 2
F71E AATS G dFo] BT FAHLE o|MFE - 2ol Y
s e AE4 A 7Igelth (Servais et al, 1992). BAC ¥4 & dWrdow ¢
=30 @A ApgEY, o&d o AAd" AEH 715 e #7]1E H(biodegradable
organic matter: BOM)°o] 2 BAC &4l AA=™ (Carlson et al, 2001), 7|4 &
A A5 (microbial regrowth potentia) ¥ A 5%AHE AT AZdd: 3430 34
o2 48 i (Langlais et al, 1991), o= "B TAHN 2t M2&
Ay F4o02 F4x1 Yot (Park et al., 2002).

BAC #4& 2 FAd £43t= v A &5 (indigenous microorganisms)©] &4 gholl
Bak . qAsty 59 HA 7] E A (natural organic matter: NOM)2 7| A2 o] &3}
71 gEo 1 FAle]l AAskE vAE FEO sl dEAY. B, £
2 pH 52 22 fFdae Ay 2490 AHd wepd e B E e
- R AR g B Ao)g Fdste] BAC dAH9 & B2 9
A 9t} (Fonseca et al., 2001; Kihn et al., 2002; Melin et al., 2002). wglA,
BAC #74& Aoz g3tz & o FAvgEe] +A4E} AAF A4S v
Fog 8oy, ofrid digk Be AFAF|Y Hirwi o (Moll et al, 1999;
Langmark et al., 2004).
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&5 3 ok WG e vt ot #RE widdtel 543t heterotrophic plate
count(HPC) ¥-& 44 Wl ¥ E7H53 At (viable but unculturable bacteria)©)
& A& EAE] WEd dAZ 248 7 v JHAls Bu @A SA S
o wA™o]l 9ol mitAH Wy sHAE ol Utk wlujdA W ow A
Aol 93 A =49 DAPI 9 835242 ¥2" rRNA-target
oligonucleotides A} &3 in situ hybridization ¥ & #AdA Aefe] A +37F=x

7b A Agret A JdERd 5 dE A 7F21 31 itk (Kogure et al, 1979; Staley and
Konopka, 1985, Amann et al, 1994, 1995, Yu et al, 1994; Langmark et al., 2004).
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U} (Amann et al., 1994; Alfreider et al., 1996; Falkentoft et al., 2002; Bouvier and
Giorgio, 2003). =g fokollA F=2 3 - A5AHe ¥4 5 WETLH Hyg3g 1
e 3 B FISH 71¥ S oj#RyH "ol o]&stx glem (Wagner et al,
1994; Kampfer et al., 1996; Snaidr et al., 1997: Falkentoft et al,, 2002), <% 2]
ofoll A= F2 ul - Fgdgol A o AE A F(regrowth)oll os FAHH A8
HEA (Manz et al., 1993; Kalmbach et al, 1997)3 = o3 F3 F = EBolA
e Ag st AR SARAMS Al AHEsd Tt (Horsch et al., 2005).
E Ao 1Y 3008 M &% pilot-plantE ©|&3tq BAC &AM &
AEZ $H7¢e b2 §F718 AATH vAE AAZE ANE 5 2F
HEol BN E FASHY 3, 3 FISH WS o] &3te BAC a4 e #3+

"{E
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8
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2.1. A AN vYE EX 2 L4 SH

e Aol AEA 54 Fe) sue A, 278 9EAL 2E RoEA olE
AF, A" 5 Adedds g, 58, 4B YERAZ SgeA g ae
A AEAc A MR BHS 5 stetste Ae slEsEoA B
el gAEHe] BAHANME W Fasy, AR FH TR} Py Y
How olsaly] 9 wele nAE Austl o} ANA THAGm T & Ak

FA AgAAMe] s FHFEHY A7 ATH hEA W vuigH gy
of ApgHh A wRFRY AFe wYe] HA ¥t Al (viable but unculturable
bacteria)o) A w72 95% olF& AA e whE vl A W FAIE THAgTH
wEt, gFdn Aoz Ay Agsie Wi SdHAow, Al e AYE
4o g4dn, A9 #A4E AFE 5 AP, FAdEA Hyes Fdste] B4
2 ol =& Al vjgge vve ok o 2 F94g 4 AAT
P et e oekdt FAAE e S8 AR, AT
27} %2 Ribosomal RNA ©o]§& AXuf t}=Fol
rRNA #4122 F20o] &ojgt 3 o FHow dy A=y gvh (o] &, 1997).
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s wujeka  wyloew A Ao o AT SAH 0 WQ
DAPI(4,6-diamidino-2-phenylindole) |2 ¥y HFEH=Z A"  rRNA-target

]
oligonucleotideE AF& 3+ in situ hybridization W8S e AF 3 F25 7}
A AgeiA vebd e AREE HA dew, gt xe ol A W
ox #HA AAH: vt (Kratzer and Brezonik, 1981). Fluorescent in situ

bridization (FISH) 719 <& th93d oligonucleotide probeZ o] &3te] d A HHAH o

2 AMg3}E= B35 7159 Bacteria, Archaea, Eucarya®l 374 % BacteriarP9 & §/ &

A st el

-

Bacteria Aol A= of ) FEo] EAsFAIRE Gram (+) bacteria®}t Cyanobacteria
“1#) 31 Proteobacteria’} %2 F3ES x| 3ta lv) Gram (+) bacteriay™= THA] G-C
o] gher(ek 50900 Wt high G-C 253 low G-C 1§ 5 2/09) sh#atg 7t

proteobacteriat® Gram () bacteria % 7} w827 2w, Aoz 7b3F bt

e

m{u



Eubacteria “128 92 F&Hdud w7 RS x| 5 FH 59 71F, = a-
B-, ¥-. 6-, -1 F % 7HAY, ol S AR M2 FAGES 7HA7IE skA g d] g
AU Aodx ZEo] EAst}d (Madigan et al, 2000).

Table 1914 Table 5% a-, B-, y-Proteobacteria %2 ¥ 5F ¥ Gram (+) high
G+C content bacteria, 1811 Cytophaga-Flavobacterium® ®FTS e o=
oligonucleotide probeZ ¢]&3% FISHW| ¢& &0l 7153 a2FE°lt}t (Madigan
et al., 2000; B, 2000).

shxet AR AAA ojE 1
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W Aok §71Ee] R Rl FYEF
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A A 7wl W B

g Arbsh B-agolA y-1goE $4
Fol uhH ™, 2%¥ Tl A Eubacteria®l AAYW FHTEE BRolE y-1F, oo

= a-1Fol $48ta, 712 HoE Eubacteria 1E2 Hl&o] AujH o g vol other
EubacteriaZ?} $3 3= EAS B g v o} (4 5, 1999).

Proteobacteria “1§°] H iz Aefzty =
A7l Rhodobacter — sp., 2713 F5FEA AR
Hyphomicrobium spp. 5 ©W3dt Ed Az todst el g 7k Moot g 233t
W, AT RUE ol&TEoel tE Mool vlE €& Aoz RuFoew (H
5, 1999), B-15-& Nitrosomonas, Thiobacillus 5 chemoautotrophs& ¥ 3§sle] ¥l
Addeiel T4, viol T4 A, GdsdAdA AU g AEHEU
i, A FAMMRE It Rasd (Gophen, 1990; Manz et al, 1992;
Alfreider et al., 1996; Kampfer et al., 1996; Glockner et al., 1999). #71&3 &34
Y-ILEE vl Aol Rz &l fUlEEHS o&ste] whel A Al
copiotrophse] 32, A A FAAehANA = 4% vlvke] vl &2 A3tz Qe (Manz
et al, 1992; Glockner et al, 1999), o] 52| <7 (2002)° %= 10% w|wke] w&
AAsAr wusta stga, Fad-a9 $%57F FES A ¢
AFS AFFd EAGe ST n@A 229 Fajo #Hoste Ao
dl (Gophen, 1990; Glockner et al, 1999), Bl® %, =38 T2 virie} vio]zt 3
Y 9 5 el el C-F 1ge] a-1F Boh @4 Bel 49929 (Glockner
et al, 1999), doi AL olet FAFSHA a-Z1Fo] ol A& Aol HiH

th (o] &, 2002).
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Table 1. Characterized species of a -Proteobacteria

(Madigan et al., 2000; park, 2000)

Subgroup a-1

Rhodosirillum rubrum

R. photometricum

R. molischianum

R. fulvum

Rhodopseudomonas globiformis
Aquaspirilfum itersonii

Azospiriiilum brasitense

Subgroup a-3
Rhodobacter capsulatum
Rhodobacter sphaeroides
Paracoccus denitrificans

Manganese oxidizers (2 strain)

Subgroup a-2

Rhodomicrobium vannielii
Rhodopseudomonas viridis
Rhodopseudomonas palustris
Nitrobacter winogradskyi
Rhozobium leguminosartm
Agrobacterium tumefaciensa
Rochlimaea quintana
Rhodopseudormonas acidophila
Pseudomonas diminuta

Phenylobacterium immobile

Subgroup a4

Erythrobacter longus




Table 2. Characterized species of B -Proteobacteria
(Madigan et al., 2000; park, 2000)

Subgroup B-1
Rhodocyclus gelatinosa

Sphaerolilus natans

Pseudomonas testosteroni

P. acidovorans
Aquaspirilium gracile
A. aquaticum
Comamonas terrigena

Thiobacillus intermedius

Subgroup B-3
Spirilflum volutans
Nitrosomonas europaea
Neisseria gonorrhoeae
Nitrosopira sp.,
Nitrosovibrio tenuis

Nitrosococcus mobile

Subgroup B-2
Rhodocylus tenue

R. purpureus
Aquaspiriffum dispar

A. serpens

A. bengal
Chromobacterium violaceum
Chromobacterium lividum
Alcaligenes faecales
Alcaligenes eutrophus
Pseudomonas cepacia
Thiobacillus denitrificans

Vitreoscilla stercoraria




Table 3. Characterized species of ¥ —Proteobacteria
(Madigan et al., 2000; park, 2000)

Subgroup ¥-1
Chromatium
Thiocapsa
Thiocystis
Thiodictyon
Thiospiriflum
Lamprocystis
Nitrosococeus oceanus

Ectothiohodospira

Subgroup y-2

Subgroup ¥-3

Fluorescent pseudomonas
Xanthomonas

Lysobacter

Acinetobacter
Oceanospirillum
Alcaligenes putrifasciens
Pasteurella multocida
Aeromonas hydrophila
Bacteroides amylophilus

Enterics, vibrios, photobacteria

Legionella Halomonas elongata
Flavobacterium helmephilum
Leucothrix mucor
Beggiatoa feptomitiformis
Table 4. Characterized species of Cytophaga-Flavobacterium

phylum (Madigan et al., 2000; park, 2000)

Flavobacterium subdivision
Flavobacterium aquatile
Cylophaga johnsonae
Sporocytophaga myxococcoldes
Cytophaga lytica
F. uliginosum

. breve

Flavobacterium heprainum
F. ferrugineum

F. elegans

Saprospira grandis

Haliscomenobacter hydrossis




Table 5. Characterized species of gram(+) high G+C content
bacteria (Madigan et al., 2000; park, 2000)

High-G+C subdivision
Bifidobacterium
Propionibacterium
Actinomyces
Arthrobacter
Micrococcus
Dermatophilus
Cellulomonas
Derskovia
Nocardia cellulans
Microbacterium
Corynebacterium
Brevibacterium linens
Streptomyces
Kilasatoa
Chainia
Microellobosporia
Streptoverticillium
Actinornadura
Streptosporangium
Thermomonospora
Mycobacterium

Nocardia

Brebivaterium ketoglutamicum
Corynebacterium
Geodermatophilus

Frankia

Dactylosporangium
Ampuratiella

Actimoplanes
Micromonospora

Arthrobacter simplex

Photosynthetic subdivision

Heliobacterium

Species with gram(-) walls
Megasphaera
Selenomonas

Sporomusa




2.1. AZ x4 gF AA FE3 (Fluorescent in situ
hybridization )

Fluorescent in situ hybridization (FISH)AF Al AejA A& MEo FHL L 5

59 F2 HAHQL, Ao A9, AEF 34 sl vy FEE W] A
Ay st Qe Feol A - Astetd SHoR 2R sbssdn 2y 5
F e

J Al ujek 7hs gt MlitE acridine orange= HMEte] A2 Zhel 1% | utel
Bdst o Al S Fdetsts AE vzt flo dAlz gt & &
¢} in situ hybridization®. & A3 A3 ul§ AeolstA YElY Sl 2
FAaeh ditsts HolAdg JHAa o] AA e g Ads bt
otati=dl e utsl A5 E A &= fluorescent rRNA-targeted oligonucleotide probe
b saAdAe] A 2 gets AT HZE A HIHer AAHNY (3

S, 1989, & 5, 1997; ¥ 5, 1998, ¥ T, 1998; 7 &, 1999, 4 &, 2000).
Fluorescent in situ hybﬁdization(FISH)ola} B8 e o] e AX o tpFog &}
Ha] Wol 7} Aekx] &L rRNA9 gene probe 7, o9 2t# A ¢+ rRNA database®
o] &ate] A 23t thRE AT single stand DNA (oligonucleotides probe, ¢F 17~34
nts)& 2 Fhybridized) Al A WS FabA @ Ay @SN sin el AT E T
sk W olth o) AldS et o Ad HHE s vERE F QA B E Ald S
2 HEE g Adg W ootdet SAo] 4ar idkate] whE Akell ofe] AejA el THEl
Z | e S debd vk AHE BRI aEn R H o]lE o] get

chersh A Al Mt at R WekE Bele At 2drs| el Folnt (Lee et al, 2001
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Wl n A&7
165 rRNA S| 4R A3t £ S

A7t ol F25 YERo] thekdt B atel 4% ulag 7HEskAl dheth Ribosomal
Database Project(RDP)oll A 2] F-3}= 16S rRNA databaset= A5 /34 #d oA vlar}
ZFestien dulse] deors 54 e Aqtstr] $18 probed] M A7} 7HsskaL, webA
16S rRNASF 23S small subunit rRNA gene probess Alitd 31 & £737] d% 3ol

2 TF (Lee and Fuhrman, 1990; Felske et al., 1996).



kbl 8] F & A AEE probe® 3 genomic DNAY| A A& A A I probes]
AAE &oleta A BRZ ¢ A rh AFR A & probe A3 B Aol

W A dejel] wel chdg AE d8 Uk MEE FHae A fAE
AAs) S8 ot FAA ] fufdolu} Fof] G A FiolMel FHxEe] =oH
B $1AE #Hrbeted A gk

outa o g 2oli= AL P A W o 2 reporter(biotin or FITC)E probedl] i
A 7150 MAAIZ & A7 AR DNAC ZAFAIZg 83 329 Az H
Sta W& o] &l AFE probed] HAE FW AV Eow A¥H MM HFY
oA, g, AHHA By AE 7hed FEEL S probed EAAITIIL WA A
2 F AAAIZL G4 DNAC ZFA71H Z3td A3 E Ay FFdv|der A
st 4= 2lth (Amann et al., 1990; Mittelman et al., 1997).

Fig. 1. Principle of detection by FISH.
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2.3. A9+ 7]E 4 (natural organic matter, NOM)
2 humic substance®A EE By £ @74 o EalshH 4
| R RRE fAsE WE 44D FEE AW 7 SRl

(MacCarthy and Suffet, 1989). =3+ humic substancet 2 & F A A=+ lignins

il

7} tannins® BA7 $ZF Ao 98l  phenolic polymers?t A HTE e
phenolic polymerst Aol A F& v A Fo dAIE N ddbste #|AFFHdHe 11
2 F71838 84434 @9 Humic substancese A Fol A &EF 716 4(DOC)
o] 50%& A&t glon Fazk B WelE 500~10,000 dalton(Da)el HHE A
Yi oivh, Humic substance® ¢tA =& 2Hgz&7]o HMaldwe] ofste] 495,
FEoA Y YR EAdnw A FA49 AAT AHH £, FAY T4
off A d ool WhS & Tl AENAES JAeA g} (Krasner et al, 1989).

Humic substancetr FAH A pH H3bod wt& L= EAd <) fulvic acid,
humic acid®} humin©.2 ¥ #F ¥t} Fulvic acide EE pH 7oA & 434 0]
31, humic acide M S (< pH 2) £ & g &2 E&Aolvt 185, Huming
ol pH ZzoA %= Eol &3]t F=ch Fulvic acide] ¥x2e d8x o2 500
ol A1 2,000 dalton®] W %ol humic acid= 2,000 dalton ©]4el & Ex}l=e 7pxiv
(Thurman et al, 1982). d¥A 22 humic substances®] 80%+= fulvic acid® 75
H 20%% humic acid® Fg%o} ok stAvt ol2|g {718 FEe Abgste o
T FASAG wel vheds A vE 9o

ekt A B 84 7148 F319) humic substanceE FAAEHL A AHE
71o] thgk AFsF wol o] gt (Miano et al, 1988; Day et al., 1991; Aiken
and Leenheer, 1993; Korshin et al., 1997). A Z oA M=+ soil humus®t peatd
T8 F2olm ARowRE fFdE A FAel 54T 183G E o fuw
t} (Hall and Packham, 1965). #& 2 &% W2 humic substancer cellulose$t
ligning EFste HEo] BH2RE FHdT (Malcolm, 1985). shdolyt w4 &3t
2o AxF R de DOCE T2 49 ue BEdeN fFYHE
allochthonous®]th. ©] 2] allochthonous F &4 Zolv 54 FolAd T2 EA 8
7 9PH autochthonous FH &AL 74%sh 5ol H%E WA (Steinberg and
Muenster, 1935), &= A &2 & 256 {23kt (Malcolm, 1985).

L Al feeh FEwUel wel ggsie Al

r_l..,

ITumic substance®] 44

of £F%o] i humic substancei= o}vr| s bx} i AubE 2 wkEkE AkA] V) o}
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5350}l 9lom (MacCarthy and Suffet, 1989), *£3F humic substancet CH3F
#o]lLolt} HE, aluminium¥ irone HFAHe s EF BAste  wEEgr

(Thurman et al., 1982).

#10
i
Jim
ox
2

wel A Fopol M ki ARE
AFsoh wek ket #A 4 Wy 534 V142 F @ humic substance®| 574
st3t7] Yt AFs L doh ©]21 3 humic substance 733 542 WS JES
AV om carboxylic acid, phenolic-OH, carbonyl, hydroxyl groupg #4i 3l
t} (Thurman, 1985). ®3F humic acidyE WaIFEH HES &dH&o] 29 phenol?| 7t
H Wo) el o fulvic acidE carboxylZl & © ol 3t k. ubelA
humic acid®l 79 fulvic acidel Hlste] 444 Aol ©f Zst7] W&ol FFolA
e ol WA depdth 2Rz ARkAd AxFe 540 AelA fulvie acid A%
o] humic acid gl vlate]l f gol EajstAl H= ZHolnh

Humic substancee] G4 A E2

F

231 AAF71E4 AESA FHkd g2 P H

AT & A Fo EAFe JdAR7IE2H(NOM)S A &3 = (biodegradabi
“lity)ell giate] @ide] FH I Aok FE el NOM2 AEsfed ot 5 7HA 2 o
Hojzlth, &, v A 2o QlojA o grAadow ALRE: AR e F71E
) (biodegradable organic matter, BOM)3} A28l 57] o wheg|o}o] Aol
d38 n A A FE 7572 A(refractory organic matter, ROM) <]t}

Al Foll £ e BOME Fad el ey weelol, F35

Nt

M

% & (macroinvertebrate) £ 322 ok7|sto] A, Ak 2 M EF A (biocorrosion)
59 oy 71x EAE Susict (Lee et al, 1980; Levy et al, 1986; Huck, 1990;
LeChevallier et al., 1991; Miltner et al., 1992; Geldreich, 1996). ]‘31 3 BOM2 4%

Fd e ot HZE AEA BEE AMdEE H o] o duA g gAado

o roh

2 ARG oA FEGF veolt BY A ABRE Mkl A%
qae s, 448 Azve Bl £ AT, B RS &)
o5 g sacts adlew 4880 (Videla, 1996). @A, F5FY e elo}

GHRE FA ARAA SAHTE LA, 4TS LTS LERaEO o4
Aol t@ AWL FUAIIL 58, Ashde) F@ feldiet B pe) W

olvh zhF  dabdol HaE Aarel i avEdrh w2 dew ded Uy

(Ridgway and Olson, 1981; Norton and LeChevallier, 2000; Berchielli et al., 2002).
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b, e BFAL FE sA AT SAHE Ha, et or MY E Feg9
Twol Fastrhe el wobAa vk

BOM2 dubsow ghstEa 22 242 24%s /I ddess o4 e
L}, ROM< humic substance®} 2 X g&E=tetar FAF 1 Ao, v, FE A4
ol A= ol9} Zge& EFA A FoAE a3 vt (Amon and Benner, 1996;
Volk et al, 1997). =, BOM2& A&# gte syt 14 dg2ss 2o dFsta
Qdow mg wdol AR FHFEEL AMRAE Y3l vz AMEHAH F5 Q1Y)
df Folth Volk et al. (1997)2} AtelAds FoEde] 27%7 A& Hbiofilm) e B4
st wtelEolel] o3 FlEHE Ae HoAFAd E3 ddHeor FuFA 75%
7} BDOCZ 4% 9li1, BDOCS 30% AX7F 100,000 Da ®op & HAEZ 34
wo] Ak AT

FEol EAEE #1ES ERstel JdEWY Figo 29F Zvh Fig. 2904
AQC(assimilable organic carbon)®t BDOC(biodegradable dissolved organic carbon)
2 fLAES 4 F otk (Van der Kooij et al, 1982; Kemmy et al, 1989; Huck,
1990; Ribas et al, 1991). 28] 3, NOM3} o] BOM Al vt sh3hgo] S3A=
EAE] wio] A Sl wg ol ol FAEY] YA e bioassay W
Me ol gste] F4o] ks sty (Amy, 1993).

AOC+ Pseudomonas fluorescens P173} Spirillum NOX #& 4 g gjo}E o]
&3l ANggF T "HEAZ F 0 dHEele HFEE 2y
ATP(adenosinetriphos phate) % E% & FAsto] w7 st Aoy 43
(Nma)9F  acetatett oxalate 22 BF #F7sgEde] ws&E
calibration curveell o}z ¥ zlolo] HFES o]&3td AOC L& Fibdto 3
r} (Van der Kooij and Hijnen, 1984; Kemmy et al., 1989; LeChevallier et al., 1993).

£ BDOCE AlgFe o5 Fo SAste F774 WH ot &% ofgAyef
ol F o} ol FA whglgole} e 3o EAjsie dreEH glolr A E M
HEES ol &3t HEFS ¥, HF37] Mol 27] DOCY M7 &< ZAHE=
HA4 DOCee] #olz 38 4 Atk (Servais et al., 1987, Mogren et al., 1990; Frias
et al., 1992; Kaplan et al.,, 1996).
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Nutrients =biodegradable
organic matter

Dissolved organic Carbon(DOC)-mg/L

Non-biodegradable Biodegradable
(refractory)
DOC - mg/L

Easily assimilable organic

Easily and slowly carbon(AOC) - pg/L

biodegradable
compounds - mg/L

Fig. 2. Fraction of dissolved organic matter.

A Aol AOCS BDOCE dHl - a5 3ol A F&53G delejolse] A4 A
gelztz g3ttt weld, AOCe BDOCe FAH2 vl Fastdxn & 5 o
(Bourbigot et al., 1984). BDOCY: FZ% 9ok ubglz]o}o 2]3] 7|3} (mineralization) ¥
1 DOCe 3 p¥ozA el g4 ol AgsHow asEold £ v
F1erAE YelhilleE Aol (Huck, 1990). 18]x, AOCE BDOC FolA A =F
(biomass)2.2 A#HE 3 &S detdle sloz mtdEole] el i &
He =43l Zol7] WiEo] AOCe BDOCiz 8 Aoz o7t v & 4 qlt}
(Huck, 1990).

ol M a5 FA flo] AMdE &5 disl AOC F=7F 10~20 e
acetate-C/L ©]3t, BDOCS 7%= 200 pg/L ©)8tYd A fol oM HEITA o=

ebA sttt o372 vt (Easton, 1993). 2e]al, 25 FHo] Hr7hel Ao o] 50~

i

100 ug acetate-C/1. o)slold AW Est4 o= <tdsictnr Barstia ¢rd (LeChevallier
et al, 1993). &3 zé AN e EolY daAedd s AOC FxE9 F7hel 2
& FgFe shiE BOMel 93lAde] sk Aa4ds due W AFdAns vt

(B0 %1097, IR 5, 1998). whebAd BOMS FA o m A Abg ol Ade] w4l

_14_



A gl digr Frieh v g o kg FRFE WAt AT BeAy A4
o] Hrto] FoF AEZ FE£F 4 vk (Prévost et al, 1992).

BDOC3= 4F3t%s #8sHdegradation kinetic)oll 28 3 7FA(S, H), H»ZE Fig. 33
Fig. 49l A ¢} o] B7d 4 vt (Langlais et al, 1991; Servais et al,, 1992b). St=
AOCet #& wrelglole] & vtz F3lslold + Sl WA 7] = (monomeric

substrate) & 131, 12 dtgglo} A9 8 A (exoenzyme)Eo] <& w27

o
y e
L
ul
2%
P
o4

=g At f71EEES WEd Aotk

#HZodl= BDOCE ti% AR3AA wezs Aiaide T34 =4 AR
HEoZ F#3t9 aldehydest #& 7] &EFA4E, BDOC ¥ d4 &5 E A
TEAY AAd THAQ AFIFAHOR MIEAHAHBACOTH 2 AEAHN TS
olg3tn, F71E8d AATE HAsstuA s HHoz ofgsta AUvk (Hozalski
et al., 1995, Wang et al., 1995; Carlson and Amy, 2001; Liu et al.,, 2001; Rittmann
et al., 2002).

-

0
fil{e]

ol

L ]
Z\ aN
NBDOC
AV 4
PN ya
H»
DOC
BDOC -—%—
H,
i AOC
SZ < <

Fig. 3. Hypothetical fractionation of DOC according to biodegradable.
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ads/des @w
@ A death
anachment | I

vV : O
@ hydrolysis > ®>up1ake grow( J CO,
1

%
@ T bactena -
CO,
Effluent
v V

H; = Fraction of BDOC that is rapidly biodegradable, 11> = Fraction of BDOC that is

o(v) @ i
'\U Influent

Uv

slowly biodegradable, S = Substrate directly available for bacterial growth, B, =
Bacteria bound irreversibly to the GAC, B2 = Bacteria bound reversibly to the GAC, Bs
= Fee bacteria, Death = Loss of bacteria through decay and predation, ads/des =

adsorption and desorption of bacteria on the GAC

Fig. 4. Conceptual model for the utilization of BDOC in a GAC contactor.

AEoa 248 FHAHe zPor AAsAY Fdstua & uf, =252 DOCs} %
< F71ERE AAe L&A 9l AP E= BDOCA &) A ghe o] At (Carlson
and Amy, 1995). &, w24 AR} = BDOC wiairi= AE oz FAHNA A
2 AAEA"E 4 s BDOC, 2ej1 =4 AfaiE= BDOCY] dafjris AEo
A oA AAHA G o - FFAYeRE FEE 7hsAdel e BDOCRE H7tH
o}zl (Carlson et al, 1996). 12l g &/ AMEoy I A3 & NOM
AA S A xoldx & FAEeY Ao f2d 7tsAde] e BOMES
Hojz Fole Aolrk rela, AEA FAHAA A7 E # A BOME FHuj
2 A7, W FERgeR §FE3E 5 T BOME HAR AAAIE Aot

st ak A 7pA o] Ag A o F/ Byt TAel g&o gt Hrbel AelA DOC

rl

ﬂ‘r

o BDOC 2& F94< el Hauk o) Folfrk o)g g Awstd ¥HE §
fere 7ol o, W slae] ARAEl s R A2 Hel st Lol
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23 AT (Allgeier et al., 1996).

232 oA g AA{RVIEA AR5 N3

LEAY o FFe HIAFVIEH FoA AEFEMT AL FEAH
(refractory organic matter: ROM)o] REEN7I 753 & 7]& A (biodegradable
organic matter: BOM)Z H&3le He AL o AFAEo] o 2asAqrt (Van
der Kooij et al., 1982; Servais et al., 1987). &z o] s} 52 HAF/1EAL
hydroxyl, carbonyl3 carboxyl ZZEE2 57} Al (polarity) ¥ # 4=A (hydrophilicity)
7t we gAdetel didt &2 F(adsorbability)e] 7, ¥ 2% A 2 WEA S
71 FrlEde] #A, A fU1EE ARA EEARY 18 o] U (Amy et
al, 1988, Glaze and Weinberg, 1993; Owen et al., 1995).

Q&R oA el BOMo] A s e Zog vewon, QEAY A4S

o}

Hej g we AFgolA A4e BOMel ofsf wf - Fgelr] dheleele] A4
A beAde] w& AoR dEt 53, eEAe w4 Fobel g g4
fle Agols i ole] Aol A ks Aow o] ATl Ma

2tt (Van der Kooij et al., 1989; Price, 1994; LeChevallier et al., 1996).

S EAT o dARVIEHA YEAMT FUte nEA FUIEHC] AEA #
ZlEd2 daHe] vehe 23R AR FEES 184 g3 EE wBu 44
nMAEEe] MEMs Fdstd, vAEEe AdddA A giAL &4 (metabolic
enzvme)dll 213l FA et (Leisinger et al., 1981). E3, Uutd o g A& Eajd
sl HAES 714 &2 2% 248 2 434S 7B f7184Y dax A5 QR
o F7hE ofm gt

A TN 22 S AQs Ao BE Ao i B gt vYE
el AgIAE Agehe, ol wihv mAEY AAFAAR FE g uera],
QEA YA o8 Hd® BOMES AEA3} FAHAA VAR FEE FAZC
{DeWaters and DiGiano, 1990). 28l 2.& A glo] 9& 4" BOMe A AEd
A FAHANM AR oEXe] oMo FFog robx]l i (Harward and Croll,
1993; Hacker et al, 1994), A& &4 Aol 54 wel BOM A7 &
o ix zto] & Mol ANt AE] A FAS AxH BOM A= We Wsh vt

.
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o] ¢lov(Xie and Reckhow, 1992: Najm and Krasner, 1995), ¢|&-& BOM3¥} 4 &
Ad3do] 9o biofilterol A 75% ol ¥ AALESL BHoAYn B UH(Wang
and Summers, 1996).

Table 6& 2FHelol o3 A= AOCe BDOCO swet 44&S ved 3
otk fgel wep zpol HolARE e EA Y od AOCT 692~900% % BDOCS
152~175% Bt 453 & A4 E&ES Hole AL=2 Yeiuin Qo kg o2& %
=¥ BDOC A &S Yeld Table 794+ && 5% L7t F7184E BDOC
ol &) ok HA DOC % FToAe BDOC7 A8t Hl&o] F7teta 3l

= A d 5 A

f

il

Table 6 The effect of ozonation on biodegradability in several drinking water

treatment plants (Langlais et al., 1991)

Biodegradability
Percent
Method Treatment plant . .
Before ozonation After ozonation increase
(mg/L) (mg/L)
AOC Kralingen(Netherlands) 0.025 0173 692
AOC Weesperkarspel(Netherlands) 0.012 0.108 900
BDOC  Choisy-le-Roi(France) 041 0.71 173
BDOC  Neuilly-sur-Marne(France) 0.32 0.56 175
BDOC  Choisy-le-Roi(France) 0.46 0.70 152




Table 7 Effect of ozone dose on BDOC and bacterial growth Kkinetics

(Werner and Hambsch, 1986)

Ozone dose BDOC/DOC Homax K’
(mgOs/ mgDOC) (h™) (mg/L)

0 0.10 0.20 4.2

05 0.25 0.38 6.2

1.0 0.32 0.61 7.7

15 0.37 0.61 55

+ . Apparent K, because this is not a single organic electron dornor, but rather a

mixture of many organic compounds.
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A3F-d & FA (granular activated carbon, GAC)
241 3R w F2
2401 F2 AAIE

drh, FFoziE §718 A7 B S b 83 84w #AER
E
-

ox,
=2
32
o
kil
e

EAe 294 wgt 284 &F2(physical adsorption, physorption)¥ 3}stz &
ZH(chemical adsorption, chemisorption)©.2 ##3ted 24 &g Awste &

% van der Waal's forceo]l™, 884 F&& Aujste & 74e o243
Y FRAT S9 3ed Agelrt B &4 A4S A4 w244 3t
of AA7F FHEA @7l wio F2EL 49 BEAI 0¥ Z London forceol 2
[olol Aoz B33 Aol FAAXA wrth ol @A ok

|
49 BAE $oe BE Way arkx k4 B 2% AU +37) 5o

oy
FA e Az A A" Y] WEel sheAeleta wu) djiEe) JA4E
o] olo] sigBTh =, T FAA} 49 Bzhel AHE FF A FAo| o
22y ofslth. = ul=FAgd HEFAA ] FEA FHEHE=Y o)lE A5A A

KLE]LJF b ol &8
7 3 erA 3 Eo] § Al

oA AR AT S HEFAIAC st diR R AdERe] oo sigE)

-1 ha
seta) Fae FAAC Edeld 3 FAAe wwiztel THAFoE Ad vy 2i
= O
o=

oft
oX
Ol
o
5
Tioh
2
>
1o
o
aid
)
i)
F‘p
ook
i
2
lo
oy
g
=2
i
2
ol
ol
e
A
2
1o
Ao
ﬁ
L
N
)
oo

N,
2
=)
o
e
Kuf
o=
o,
uo)
e
>
N
(o]
o
X
o
o

=
7] WEol geta FEe APk 2y By X9 A9E vy 2iEs
A8t o]Zo| . 1 olAe] =71x] A LA FFo] Ao
S =dd F3 ek Fabe] sAldl Aol FS-7t
548 vt} etk
Zgdeke] Fabol Qe n A= kSR N WA (specific surface area), Al & &
A(total pore volume), M3-=17], F2A Hz=zv) Farzae #He B4, o234,

pH, 429 W 287] So] Qlon o%e 7 . 7hHHo e Fase dae Foh
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Table 8. Composition of chemisorption and physisorption

Category Chemisorption Physisorption
Force of molecules Chemical bond van der Waals interaction
Reaction rate Slow Fast
Electron Transfer No transfer
Heat of adsorption High(~100 kJ/mol) Low(~20 kJ/mol)

et

gt eke]  AMF 2 A (pore diameter)oll 2 BHE 4ayrd [UPAC(International
union of pure and applied chemistry)olA & 20 A ©]dt& " MAF (micro pore), 2
0~500 AL F7HA & (meso pore), 500A ©]A42 A F(macro pore)o & olef e}

o] BHF3Fa vt (v 1997).

D20 A oldt: o] MEel MA G Fae] wrelshk= AF el A Aol
s A,
@ 20~500 A : thEa el ol FAE o] AEAA A 2 1 olake] A

ol olal Aujlo] 1 e Fael molai MEel Ftel 4

shA #oh

3 500 A o] @ o] MEFE FFHAE BAE oFoA A U= AEHIA 55
= 98g s Aoz E<9l(admission), #HAH(diffusion) i
&% A & (transport pore)o]zl 3t}

e oA 5o A =

pu.

J
Aoz FHAL} S 4T A

Baw 2o gg 2A0 old gEdHel SFAAL AANE AL vheel

o
A AR ool A= Ao defA qlow] Fig. Holl el AT

ol ekt WA o] A

o
lo
op
i3
1o
o
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gholl olal H4A o] FAF (bulk solution transport).

2 2 9A - AFAA FRoR R FAA R EHOR oFde HPOE
oAAgel gojst mAgel FAA Aelel o G F3kel film
transfer?} WA (external film resistance to transport).

3 3 A R Eate] 93t 2AdE Ao w HFAAI FEAAY dRave

st @A FHdel FHA AmA

Kol
@ 497 gHY WEEdA uFAAe FAA EWg TAE functional
group Abolol £ - s}ata Aol olojqt wAm Huw Fi
2 Wate] shald A we ATl 2ade
2 F&HY, o dAE s wEA IPF (Adamson, 1982)

(adsorption).

Path
_Pore of
diffusion ‘,T— adsorbate

molecule

By s

Buik-solution

ol ]
Adsorbent phase TLiquid phase—r Bulk solution

Fig. 5. Pore and surface diffusion (Hand et al., 1982).

N

el 4 A F o) b =" AL Ao FHAELE AAs HH, dw
Ao FAWAG A 2 - 8 el o ExtAoz A Buy
_‘6/—_

v Avale vz selsa) @b e §F4wl A 2 9F e
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#, gol 5ol ¥ FF AAFe wd Wwel weh vermz | 2 WA
A nefaol dul &AL glAe] wW elME Tem ANFIA FAET ol
| =]

Ml lofuA gt o] Yol geAe ulqEFe] mHAd ) W oo o}y
]

242 %3 =4 (Breakthrough Curves)

st A A E FaRHAAMY &R 542 Fig. 69 YeE el Fig. 6
(@9l A& Bd9 % 4AHconcentration gradient)d& et ATh HEFH &4
S Az FAR AEFFY FFdl(mass transfer zone)oll A AAX 7| Al Zatod
FAAZol Aol AE Rl X A FA Tl AXHW FAUE I
TS wet s F3 ols g FAAUE A sFFE ol g4E S o9t
ol wdsiA HH gAge FHAFE BT AadHY, oAE w4y
(breakthrough)etil vk @& FAHNA waprh Ay 952 540 {345
= orit JE 78 HM(Fig. 6 (b)), EAd%te}] kA3 #ale] =deld f
B FRCoe FEHE 249 vECwE HolAT HPAHC =gt
(Cio=Cou). FEH= TS MY Foto] et} yepd 2= E &4 8o
s} 3} 2 M (breakthrough curve)el2t 3t ol mapi M EL HF 2 B2 FFol ub
2} of7bel ol glovt AHAQ SA A4S dEin. gapEadd
5 BYFE film transfer ¥ internal diffusion As7F Ade A& 9jv|sy E+
Freundlich 52 & 2ol A 1/no] AAt&= AL on 3}

obyl E3® Bdol BAW FAWCT FUW AL FH 5ol A

LULE W

1o) I
vl Edo

o 1271 &35 G S2dAA Al
A7 Az el FA o] W kST i AFAEAE ST

Jo} 2ol WE § - ge] A%Hor Uojyt}
Fig. 73 o] el shupayeld e@dwdel AAEe FHol F3U% FEof

T
Wek §EF FE(C/C)R tEhlE Aol Qubsolth, ME TOC % Qe §4
W7 g3 e 49 Fabeln], webd shabE A e Co/Co > 0914 AR F3

Aol QISR FAES Boett RES ANAOR 5-20% PR ¢

2] DOC ¥%E2i 0.05~05 mg/Ls G0l HE2AIF otoll o] 58 Fatal7|o) iz o]l



FHEY FAEEI U =27 dZel ofdval dEAd AT (McGuire et al,

ADSORBENT LOADING (x/m)

TOP
A
X
g
(=]
Q
)
|
BOTTOM
TIME T=0 T/4
B IN
P4
o
25y A
W o J
o B R TR y
- Z (o]
oW
we o
8 < ideal Front
B
c
out
Breakthrough

TIME IN OPERATION

I'ig. 6. Typical adsorption column performance.

SAzToE vARe A FAGe H3st BAl A, bed volumed] %
Aol we sagest QASA FAAY ol AAvIne|gn sn, HAFa &
AR RS A (steady state)?t @k AAGHel £U WAX Aud £
JasdEe] §3 g@ow ey & gon B 4AsldAE Fie 949

:
Ua sbgeie, AEstd 4718 Raldgol AuHeld. Fielt 4B o

s AARY AeliidEde AARES Advle ofelwe] dew, DOC7 F &3
B ol o) Al7IEE o]t Wi AdS Fig. 7ol b 40 vk Qg e
Tl Alol e E Aol oak G718 Al AV diRNolAnl s Ee] =4 S

of awgl Foly el o F/1% Ak Awerd ezt AulHel vhy
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1 —
Biodegradable
o Fraction, or Slowly
é Adsorbing Fraction
5
s
D
£
g
[
5
g
o
&> ~~ Nonadsorbable Fraction, or Fraction That Adsorbs
Too Slowly to be Removed in the Available EBCT
0
0 5,000 10,000 15,000 20,000 25,000 30,000

Bed Volumes Fed

Fig. 7. Theoratical breakthrough curve for TOC removal by granular activated

carbon.

A g2 Al Ao o] dAEAErS Hrslrl Y b3 dubF QA A
Adatge s fehe Ao A)e AFARE /A F oiES e 4ol o] 2
5 o)43l] best-fitE Fatrh

% =a(l—e™+c e 1)

of e 49e ol 9o HuAA 458 HAIHARE HEFT 5Y W5
= 4188 bed volumes] oM FHEMF(C/COE ANLES ofvjdeh B4
o, AFEE P ™S Wer 1olth mebd Co/Co= st 2ovl Fig. T4 nF

AR&S vebdrh skl Aol Eo A (bed volumeol 71 o), A
Aol 0o mwgheh o] A HelA o] 8% bed volume? Frhel Wi AMALEE UA

alm (a + o) 2l QR BEge 10~(a + R #o]7l vk M b A2

71 Weg Adet A4 Axol,
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243 €9 A FA17 (Emptly Bed Contact Time, EBCT)
4BYE FAze] A AN A FRE AxE £3 BBCTY REsE 7

FA|zbolr}, Adwbzl o EBCTE A(2) £y A(3)3 2o vk = stk

. %4
I 2
EBCT 0 (2)
_ Lpa L peg S 3
EBCT = Q/A approach velocity ®)

A71A, V= JF M JAES FIEH, Q - HEEZ 7%, Lpea = AT

~05 Ao =¥
8§59 doew o7 o

Y

2
o A lAFEAd EF A 2) o] (critical depth) @b Z29) &3}
= #HA EBCTE Z#sjoF 3tvh. EBCT7E F7hsk¥ A& Zo 349 dAdete] 9
(bed life)?} &2 7]7H(service time)ol Zold Zoji, A€ o] & &(carbon usage
rate) Zo1E Zolth olE £9, Fig. 8 (a)t Zold da] dgdHez FrsiAE &
ARE Zlo| 7} F7hgte] uhel Z o] g 7|7olu o] & AIFE FUhE Aolrh o] HAHE
elutd 0 82 hed Zol-o] & A7t 34 (bed depth-service time curve)o]2t Y21 18 o)
LhERL Q1% o] A Zlol & AR st=dl o] &3ttt Fig. 8 (b)x= Zlo|u EBCT7F F7Hel
wpe bt ejel] webe wirhx AnE Zd o 2] WEgo] FEE e
AT 2REEV} FUbstel wE el 9 dHd AN fUEY AZde Tk
vh weba spabAbe] o] A 7bAl 9] bed volume HWE F7HE Aleolth
AAF Ge]ehd Rat&old EBCTY bed Zel2l F7h Azb Az vl ol daS
Atk (Wiesner et al, 1987). &2 217] o Alzdle] f =27 A weh 1448
& Z718m, A e o] & & (carbon usage rate)¥} iAW % (replacement frequency)”}

ghol e A @ uE dadch e HA el HEAZE FEE Aol A
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S L (a)
o 3
° 2
EE L
s %
28
= o
ss
8L
© 3
o L critical Q = constant
© fott— - e
2
§ (b)
] 0 S
£
-t
=
S 5
|9
)
S
- 50 =
0
®
E 5 Q = constant
%
i | ] ] ] 1
1 2 3 4 5

Carbon bed depth

Fig. 8. Bed depth-service time and percent exhaustion at breakthrough versus

depth.

&S A4 ¢ EBCT 9o o2 aEx aelEojof o %% 4

FEAoRTRE ] B FFE AL o vuwA He gIFg vwx ] o

Agol el & FFE FA= FAT FIp&ol FHE

of wet A FAFe FAle @4l Cover and Pieroni (1969 &d3h

EBCT® & +dts Ragz &35 F2xdA offgd o]zl dA ot}

Zz ek ghatel wddk w7zbx] o] bed volume 47 ZWolA e FAET AaE yeldRl
]

U Fges gabgol FARSS FRedel AAmL ouAuE nelsol s

e &= e 2 BES Alsked ol & url BHa) 7)o
et reka o] dE R adsiol divt
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25 AEA3} FA (Biofiltration Process)

AEAue] dox dE §He B3] FEVEL L&A

o fhale] F7heta v Aol thH(Huck et al, 2000). HEo3 $4& 9 &&
F7lEE FEE GaAA d4 Agld 93k AENAEY] AN dahe e g
Azl u) - FaEgel e vAE AHA A s (bacterial regrowth potential) @k 5
A A 5 (corrosion  potential) S #AAA7l= Aol ok (Rittmann and Huck,

o

1989). 3, olFn fEEd, A%y drjdoer s Fe nFERIIEEEY A
A% &7k glvkar @A loh (Elhadi et al, 2003).

FHolle= HEY < T4 bio foulinge Folv HA o2 WHyRl T A
2] 3oz RztEa 9t} (Park et al, 2002). o] A7 MESA Az @we AH
ol AaAel FAAAM AdestA Aeld o A JAHAen ok
(Rittmann and Huck, 1989; Bouwer et al, 1995; Rittmann, 1995b; Huck et al,
1998).

AT S ANES A% AEdd T FEAHL Ad 3043

HolA HZFHo] 251 ¢lem (Sontheimer et al., 1979a, 1979b), BEH Ao M=
HE AEdd 4L o) &bt SJAY BHY A7G AR kA 859
Akl 37t 1SS Baagdud (Huck et al, 1991).

587 Aol oM AESH EbHAS fEsls EEERE AESHor B
M7hs s #7182 (BOM), NH:', Fe”', Mn™, NO;, £&42 5°] 2t} (Rittmann
and Huck, 1989). A Zejx} F AN biofilm el 2 o A(media)ll FH o] Qe &
4o ok A (heterotrophic) ¥l g]ol= BOME AHgAlAH Eba diuyr oz o] &3k},
ek AOC % BDOCY #& UdAEL #8£3 BOM surrogate® 87158, o]
T2 FHEIYE wEgete A% A@A R 3%6}71E gt (Huck, 1990). o] gt

ol m HZell= ol EdAE dig #ale JTH2 coly 24dE

fif
rl

d = Fy
4, ol AbE, BFHER R 0F £EHAEO a;m ol BOME Agois @

goll M BZE AAZNFE Fake] AAHAAHT (Booth et al, 1995).
AaAeel ol &5s AEodd $ANM 2= FE(process)ES Fig. 99l e

i)

Wolth el 23E BOM, ¥ & mAESN} FrIdaE, &8 44 3 &8 o8
fol Amolaba A FdEe] ofFE ubet ]?4 3} A me ey Fa E
of Pl vhelvjob= oA oA KA o bipoebab s wbRelma o4 gy
of FAu5 BOMS o 32 wel Al5A o felevhd BOMa 22 7]del it
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sfel A Eel A2 bulk liquidoll Al dojdt A= FH rdE A Gy g
vl g9 wil(decay)®= 1% &9 A&, £F Zgo HAdE(shear force) 3 A A
Hof| ofa Al WAy M EHA A LE Y g e RS G A

YHe T Yog FEAn

BACTERIUM

FILTER MEDIA GRAIN
BIOFiLM
ATTACAL R E
DETACH“EHT
BIODEGRADATION
GROWTH
DECAY

BOM + O,
+ BACTERIA

e
BIOFILTER LIQUID

SUBSTRATE
CONC.

(co, + BACTER'A) FILTER MEDIA e
GRAIN FLUX

BIOFILM

LIQUID
FiLM
LAYER

Fig. 9. Schematic diagram illustrating the processes occurring in a drinking

water biofilter.

AEolax el £ 27158 BOM¥} &% AAd disf #2Es RS Fig. 100 o}
RSl T "= A, 54 &S gstel o s 2HeA & W9 UM AE
ApAE FAstool grt BOM AlA &S +4d 27|58 F7tetol gaadedd w
crekd ol BOM AlA&e & %21, &, GAA =1 5 dodd ansol
ol JaS wo] vk BOM Al714& treRd 2706 BOM A7 & ¥

oy AR ol W glal e GAC/E Y} anthracite/ Rl E 2 A3k combined A& o o 3

g5 0] gl
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o 4ol BOM #l7%el Wsh: vehiln sleh F Wasael & ¥ doas
By 29g wd Ao g v4E gA%e sz BOM AAge) AaHg

thrh A el slE o2 Qlste] ThAl Al o] A
o] patterne] & A o2 Harm glon] G Mo o] Wl el Wt
Ao AA vheRva ok ol 9 Al combined A2z Ao n|AE A
o] 4ol Atk AL ougr}. waiAM, Ao FAHES HAsE7] EiAE FY
e patterne] RbEEE BE Fr]e] AEAdxe] AFES F wFEn Hrtsol

ol

s o] wRYWA FU o

M , ~L_ -7 Combined
; PN P filter effluent
~ Ve <
- 7
s
BOM hd s qn
Removal %‘};y
% Summer
Winter '\
Perturbation
5 Diff
Backwash .
dity = 0.1
Time (months)

Fig. 10. Representation of biological filtration.

A FAdA AZeE Ao dis] FrolA W& AR ofe] B A
AAol Azt WaAEAdch =Yy dd@md A slow sand filtration, bank
filtration, ground passage & o A5 Ad-fxglom xEgroles 2Ev) H
ghat s 24 EHBAC) A7 E el A-7h xSdvh

4o
FRYE ol TP SIgBArel Ldv|cro] Fobatel nlAEel T, ARu

< [e] [¢]

ﬂﬂD

Op

g4

o&
r"o
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S dAstel g S RV AR A Fal 5 7 wEo] AR Vg Kt
A FFe] {UlES AAHoR AHelshe Alagolv of ¥ 1970 =9k
Sontheimer and Hubele (1987)ell ez &gt o by Goj A A& 2go gk A
TE V2 dHEye g o Zdu Azl e 9 g84dde F3w
AR Agls ol &3 BAC &40 g
e g 5t we BAE F
w7h A Ed olg RSEET AA F2 FHA ol fFrlEe] AAHY FHA
{tol Zoj el whet v AEC] 7] Ho| SE&HUA AR FYHERE vPE] 3
ol ot A FrlEo] uAE o3 AAHE v &l FopXn
AEGYee ALY G S o83 FAHe WHer AdvHow AH4AE 34
POl Al AMREE, AESHA AR d FEAAE S Waldch o] AROR FF

o &FA F71Ede FF o AAHL YA 7o d wrlEde nAdEY &

A 2w gl o g o Aelg FA FAFOZH F/EA AW F
S ol B4we] £UL ARANA AFAY NES Y F A Al o

v}l (Siddiqui et al., 1997).

251 RAEAHY FAHANA oEA2 4F

eFA ] ojg HARrIEH] AR5l Frhe A Frlede] AR
NEARZ 1o Jehvde Aottt &, AEa dEEEe i IEEE 20
A4 wAES] AMELE Ty, nAEES AUdA ADHAL & A (metabolic
enzyme)oll o3 gA Ba@ct (Leisinger et al, 1981). 3k Awtz o7 A& R o
csf S 7hAlas 'hA 2% A W U S UHY el dAax A AR

vel #7hg elvan,

QFEAU: ol EAs HARvIE A #dAdeked o) dk 52 F (adsorbability) €
MatE kel 5o HAfrIE Aol o Ey whgEAl W S H5A
(hydrophilicity)el Z7tate] A8 Fzho] A4 38 v x4 Wbl HAR{7 &
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do] @Eard gad 7t S A AR G T LhEbdbth Kim et al. (1997)2 2553
A8 & Agg Fo dARVIEHe] LEAYE A ¥ HARTVIEE B &4
gho wigh Fabgo] Brp v ox Rustgdoh w3 052 2 7
EHol AETA AHE A Foe 2F2HYE stA ¥ AARTIEEH A9

O Fatkg shAvka R auskgrr ey, DiGiano9 Harrington (1989)-&

rlo
to
i
2
A

A dA 1A ABEA AP o LEAAS A B WAR712AN A
glol gk F%S Hlad 2% LEANE X @S AARIBAANM DA ol
e FATol U A e B4R S A8 eEAel raRE JBe

o=
A4 FW BFE EASHA N, *3%%*3% FARNME 2EAMY7E TOC 2 THM A

el o AAL FA BHD AENNSE AAIE FHHQ 2

Aty ¥ aska ok (Kim et al, 1997).
BEAY AN HRE AT A RE Fool] Fart 9w gt vidE
el ARAARZ Agste, o) @i wgEe TR Agant upehA

d
FEAHe o8 AdE BOME AECH FAHNA wAE] 5 gE FAZY
(DeWaters and DiGiano, 1990). 18]l 3, @ FAzld os 44 ¥ BOMe Z24$ dE
B FAANA AAES] eEAHE oM FFo wolx|il (Harward and Croll,
1993; Hacker et al, 1994), A E£943= F45 422 54 =t BOM A A @l =
7ol E Rolxnt MEoy TAHE AW BOMe Aot @& W37l veld

252 A= FRANA o A (media)] 9F

Bolut ¥AHNM oA (media)e AL 4 Zu)st WHI B o] A7) wjFof
3% Qaolth QB FAHANA GACSH o] 7tAo] y7zlo]AA FEsol
OWH(adsorptive media)$} anthracitett Eel$} 22 7F2-& vlud 7ol H A
-0l 91+ o A(non-adsorptive media)E AH&35Fe] BOM A Aol thst A gAcl
A Eo] AU} (LeChevallier et al, 1992; Krasner et al, 1993; Wang et al.,
1995). A+ A3}, GAC #™e] e 500 A o] Adiale pjAE M F
i ﬂ”“’: Alg skt GACE wlAlAl ol e elobEo] 7o) MyatA e A
o2 vhepytth oi= whelEjolel Al A7I7F 200 nm o]AkRldl wlaked GAC] mA|
Algrel 2715 1100 nm g ieof A wrejgfobEe]l GACS Algz Fo7h A8 5
b ql7] wiitolvh (Werner, 1982).

oz

—

==

o

1

32
r\‘

ol
N«
o1 F

- 32 -



et GACS Z$ dregjolel R zbo] o]g= 4= e W] EWH (specific surface
% FaEAel GAC 2} 27] wiEo GAC Brp= 2
o A ubelejole] el ol g 4 i nlEw Al v wA yedo A GAC
boaza) Zeh g2 vreglobe] Mol gt @de AlEstn, A4
gt bl dd e (shear stress) 2 25 GAC WA HHH 2
ofe] el & Wrgth AAHA] et RAE ndE T gy vAEY HA
#e HE HA vAE AAGF F 4-8% A= A dem (Servais et al,
1991), vk ofAet vlwste] GACIA = wAEe] AA=ZF &dgo) 24 &7 W&
of &dd AATe] 35 A Yol o] Fol
Aol M FrlEe AAA AESH Fallot 294 FHAL FIEAAHL 48S
gttt (Andrews and Tien, 1974). W &A4 S 717 F718F Eolvt daAgd A=
Frlststes 58 AEEH Ralmrt @2 vk, vuF f4A #dged F3eo] 7
o] F2 Fabel o) AZidrh ey @R Fy obrlsAtat o] v Ee] 71A
2 AbEE g Sl EAEES &Ade] wol ¢ did F&5 > "o A AR v A
ol ojg MR Fol w7 "ol BENH FalE AVEY. g8 F2
= N AEF o 2= Pseudomonas, Alcaligenes, Bacillus, Acinetobactor, Aeromonas,

Chromobacteriumz 5o} 93 A7 B E 3 drh (Stewart et al,, 1990).

R
o
o
Ho
b
Y
N
N
2
=S

_V}\g

)

hd

78 Rogdel THFY A FoE AUst FRHAW AL Bgwel A

gdete] Fa5#EHS AAAIIE 9 i (Ridgway and Olsan, 1981; Chang
and Rittmann, 1987). =3 A Fo] Fzs v|gEo] £Fo EAss F718S
el owmn o F7E FEE 49 dPY {718 vE 2o 2olAA "o
Al v AAFd FAE Y AW §71ES G EH uAE o) v o] Fo
thoolep 2 A gy oE viAE AR AET AHYdde B o ol A
S8 FARte] THA = 5579

LeChevallier et al. (1992) AJE o3 gHNA a2 BAC/Z# 2} anthracite/%2
i ALE3le] EBCT 758, 2 35T, #0949 AOC F% 780 m/Lef =244 o
Aol apolel whit AOCS] AlA &S FAFsSth anthracite/S e el 25 B AAE
o] 75%, BAC/Wele] %= 86% = vFERLE BOMe| Al A= BACZE % &34 o

_33_



2 wastgdel Coffey et al (19952 1579 ¥t A&7 4o #d& 98
& Aol Aapel o)zt mlAEe] Aol nlAE QAE TAMSATE o AR, A
S ANetA-S Aol anthracite/= e Xt} BAC/ZHE AA42 43 YESAD T
oA BOM A A&ol wial] w2 31583 vebdidithy s =3 Maloney et
al. (1984)& anthracite/ el 9} GAC/ZHE A= A&t TOC AAEE R7kgH

Aol Al FE59 TOC F57F Aol Hole AL AZFA Hal7l okd GACS
Fso] 71ofste] e Zatg Bbskdth

Krasner et al. (1993) anthracite/ 2 2 ¢t GAC/ZHE FIF pilot plants Y=
3 AL ol gt WEYH 2R aldehyde AAE AF3ATH o] 3, GAC/E
oz &2 AFZ-E biofiltero] A1 aldehyde A7 &o] =7 velxton AdAH<Q RP‘""-%U\
o] #3lely biofilter A FAlAl W’ e] anthracite/ZHE AA = A& S biofilter
Bty Zet Aoz Jepytth 3, aldehyded FAAAME HlwA AEH o] L&
glyoxale] AANME GAC/EHE AA=Z AR 497F anthracite/2 e Rt
glyoxalel AAH F83 Aoz FAEAY. L3I Prévost et al. (1995)%
anthracite/2 2l ¢} F250] 238 GAC/E AEAZ APE o] g3 Aol
o] 10CY u formaldehyde?] AAE&S wlwd A3 anthracite/Zad A Eoixe] 7
T AAEl 50% AER VeERd vk GAC/E A BB A 80% o]l
A& S Yetdiol TS Az g3t A7t 25 st o WAde] of 2%
e oAt

253 AEAH} FAAA HZF A (contact time)o} B3

BOM AAE §gk AEAIN FAGANM JEFAe] oA daide 82 A+42
w7 dnE Qe (DeWaters and Digiano, 1990; Huck et al., 1994; Zhang and Huck,
1996). HE A1 &3] EBCTZ T3 H™, EBCTE 43 dAe 83 Adx=z &
&gk}

Zhang and Huck (1996)% HEAS T7HAZESFE AEAT FHNA AOCY A
A&E AR stk E=d, e AFAES HFAEAS g st
(hydraulic loading)© 1% EBCTeA AEA oz BOME AAst7] 913 o8¢
Aol BOM #AlAxE Felds] Fepole sd4oletar B sttt (Sontheimer
and Hubele, 1987; Carlson and Amy, 1995).

LeChevallier et al. (1992)2 05~1.0 mgOymgTOCR 958 S.EAYI

ith]
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GAC /E el 7o A TOC2 AOC MA &S EBCTY T= #Hrtstd. o714 ol &
S TOC AAZES EBCT 5814 29%, 108 E 33%, 2084 E 51%2 7}
sRon w3 HUd EBCT HeolA AOC AAZEE F718F Aog wusdch
Sontheimer and Hubele (1987)2> VA& &4 GAC oA ZH-FAHANAM AFAIFe] 5~20
wow Zzhge] wel DOC AAZEl 27~41 %2 F7F% Aoz R
Merlet et al. (1991)& EAE 73 F HE33 &4 GAC AFFAHdA EBCT
5 5874 F7HAAES W BDOC AlA&&e] Frtetthz dASA fFAHeE oz
Hastrk, debror AOCyE AR 7tsd TOC Bu ol F&3tA AAHE
Fd& Holedl, Prévost et al. (1992)& AETH F4 3oz AOCE 62~
92%7bA A ABEH 2w AFAIelH FE3y BDOCE 90%A 7 st=dH <« 10~
2099l EBCT7F 289ty K3t th LeChevallier et al. (1992)2] -4 3ol M &=
FEI TOCY AAE 8= 152082 EBCT7F 2t AOC A7l oA
¥ o] 4% EBCT ¥W9le Y¥ Aok B33t}

254 AEAF} FAHAA A= (back washing)?] 9

AdEHY AEdd s FH48 flEiAE FH7IE 2t oARA W mAEe] A
Al Z(biomass)& AAs] #Eske o] Fastth AEAdHA ddMe= £3 vdE
of TAF % AR Y FUEHER AL AF do ZAAG. qebA, &
NEFe] ZF7hE ols] AAHG sokstm, M HA] FM(air csour)tt o} e WA A
ol wpeh mAE e gejakd debA Aol deod g HAAgd vAE o
ke Atksr B st Qo) (Chipps et al, 1995; Prévost et al, 1995). =3 o4 A
Foll EAstE AHFAAE FF £ BOMO AA o nAgEe A n A= o
ol Avka A Yok 2ela, Y= AEATHA] Yol EHFF
Al ol sty AU VAR FERE 9] Hote] orAor ¢
iz AMgE AR5 gk (Urfer et al, 1997).

Ahmad and Amirtharajah (1995) 284 1529 AEAQAHRZE ol §3to A E
o H-zup eraof] whaf AU [1ECl Aol BhHiE]o}e] HPC(heterotrophic

plate count)t} A3 2] ATP(adenosine triphosphate)® ¥21sto] AAA vl g8 <lat

=
2

(hiological particle) Xt} 5719 2} (nonbiological particle)E ¢l g2]7} @y wWol] 2o
vh o FvelabE el AAE Y3 A e HAFzH o AMHS sl nAlE S
AHhiofilm) e} eFe] s deebAl dojub ekvhal Haisk v Ahmad et al. (1994)
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collapse pulsing #7402 AMHS slode AOC A& TAe #ESE 4 gl
3 3andtgdoh. ey Lu and Huck (1993)3= AlXZ @ £ 23t phospholipid?] &
e FAsd Aol AAgd nAl= AFE AUzl collapse pulsing =3
2 AN ES o de A AAge] HAavE dejwvar Maske] oke] A4
S¥te AolahAl LrEbskTh Prévost et al. (19952 Al 38 YA dhe o}

o] BAEE Walsty] wiEo dAFHe Ao FAH AAREN oJFHE Fuhal

255 AEAH} FAHNAN 29 I

olE4 AEAY FAHINA BOM AARES F2°] *
AE 588t (kinetic) ¥ & F WP (mass transfer)o] Aoz =& FRA ¢ whe
7] wj&olch AT Aol FTH web ol PF A4t Krasner et al
(1993)# Coffey et al. (1995)& glyoxal Al ANA F&0] 20~25Cd w7} 10T ~1
3CY W ®Hrp AEdHx] g&o] FAAtud wmoh we] =dsiglow, ojefd o
F& GAC/R e Kot anthracite/E el A dAoA A dERE T Busg. o)
3 938re BDOCS A AANNE FASHA vElstew vl s o Az Holes £209]
MEA FA] AAEe] vAE FFol ¢ 2k AFEAE U} (Servais et al,
1992a; Wang et al., 1995).

B A4Fe) TOC A2 Table 9ol thEfLE QReol A B A o3 A
S W] e ol thdsbe], =3 TOC7E #Ad #alFgel doAEe A AU

7] o] AR A e A Uk

¥25% FobAr], o)t ol
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Table 9. Experience with bhiological processes in drinking water treatment

organic carbon removal (Bouwer and Crowe, 1988)

for

Full scale {(advanced
wastewater
treatment for
groundwater
recharge)

Soil-aquifer treatment

Full scale

Full scale

Full scale (bank
filtration)

Full scale (dune
infiltration}

Full scale {dune
infiltration)

Orange Country, Calif.

Garonne River, France
Darlsruhe, Germany
Rhine River, Germany

Castricum, the
Netherlands
Amsterdam, the
Netherlands

3.6-5 mgDOC/L

25 mgDOC/L

2329 mgTOC/L
2545 mgDOC/L
5-7 mgDOC/L

1317 ug BOCI/L™

19 ug/L Yoranic
nitrogen compounds

Process Location [nfluent Reduction
Concentration (pseudo-steady state)
Aerated Biolgical filter Annet sur Marne, 3.2 mgTOC/L 38%
Full scale{upper France
layer of GAC)
Fluidized bed
Pilot scale Medmenham, 3.7 mgTOC/L 54%
Great Britain
Pilot scale Medmenham, 2.8 mgBODs/L 29%
Great Britain
Pilot scale Colwick, 10 mgTOC/L 10%
Great Britain
Rapid sand filtration
Full scale Mulheim, Germany 2.9 mgDOC/L 10%
Full scale The Netherlands 23-500 1zgAOC/L 3-84%
Slow sand filtration
Full scale The Netherlands NR A3.1 mgTOC/L
Full scale Bremen, Germany NR 0.7 mgTOC/L
Full scale France NR < 40%
Microbially active GAC
Full scale Mulheim, Germany 1.8-26 mgDOC/L 75%
Pilot scale Choisy-le-Roi, France 244 mgTOC/L 30%
Full scale Jefferson Parish, La. NR 30-50%
Full scale Bremen, Germany

2117 mghOC/L”

20%

60-70%
40-65% "
75%
84-87%

92-94%

NR = not reported.

* BODs = 5-day biological oxygen demand.

** Employed preozonation.

*** EOCI = extractable organic chlorine.
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A3F As R G

31 A=
3.1.1 Pilot-plant 23§48

B ool o) Abgd pilot-plants 300 m/Y AgPgor deE $-IAH-g&
7, F0F BAC #A4o2 FAFEAA vk $2F AYE 1 mgOy/mgDOCe &%

eFES Blalga, HEADE 208w nAste] AR AF1e 2002
12955 2004 12974419 F2.& AHggo 443 Table 100 vhebi et

BAC ¥A2 A7 30 cm, 5 ¥°] 250 cm?! 3702] ol=d Aol A& A(F-400,
Calgon), oFAHAI(A A7 1) 2 EZ€-7(Picabiol, Pica) @4 & Alg& F23do F&
A Al Hempty bed contact time: EBCT) 15%, 2|83 X 3}& (hydraulic loading
Jate: HLR) 10 m>/m’ - hr2 $Asgon, Ao dqxe Ay F 13 A5z 3}
At e dEe AH8E 27] JAdEAdve] EAAE Table 1ol YeEbR AT =3
Ao AbgE 27 i EY AFEES Fig. 110 YERY AT

P

Table 10. Characteristics of post-ozonated water

Item Data
DOC (mg/1.) 12~17
BDOC (mg/L) 07~1.1
AQOC (ng/1) 230~410
Temp. (C) 4~25
pH (-) 6.8~75

Table 11. The physical characteristics of GACs used in this study

) Coal Coconut Wood
Species . . . .
(Calgon F-400) (Samchully) (Pica)
lodine value (mg/g) 1016 1163 937
Specific surface area (m%/g) 1100 1230 1350
Total pore volume (cc/g) 0.548 0.495 1.031
Mean pore radius (A) 23 18 28
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2.0] T LI AL AR | T T rrrrrrg T LN S R

—0— Wood base -
—o— Coconut base
—e— Coal base

1.5

1.0

0.5 |-

Desorption volume [cc/g]

PR T A L Lt bd d Lt

10! 10?2 10° 104

Pore diameter [Angstroms]

Fig. 11. Distributions of desorption volume with pore size.

RE BAS Standard methods (APHA, AWWA, WPCF, 1998)° wt

1) DOC (Dissolved Organic Carbon)

T3l EAste FEAF FUIEEY vs=E AEEst7l 94 £E2H KUEHx
(DOC) =5 ZA3Yr. DOCE 02 m HE A2 =ZHE (Sartorius, Germany)=
TOC analyzer(Sievers 820, Sievers, US.A)2 B3t &
5) A G dolE FollA Hdgd HAGS A v 3749

>
Al
it
£
i
e
-

2) AOC (Assimilable Organic Carbon)
AOC F¥ Spirillum strain NOX(ATCC 49643)%}  Pseudomonas  fluorescens
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strain P-17(ATCC 49642)% American Type Culture Collection(ATCC)ol| A E<F
of Ab&atglch Aol AFEE RE zaAV|E ¢4 AAR o W oAH &4
o2 MAste] Al 32 FHFE 3W ol Aojdle] ggtRolA 550TE 4A15F &9
Axajesto] Abgatsitt

1A 0.2 um membrane filter(Sartoriusilt, Germany)= A1zl Al &4 600 mLE
A Fel A BZA4sE sl 70T w8 oA 308 wAsted A @z &

bl

Ll

m ] w3 Pseudomonas fluorescens strain P-173F Spirillum strain NOXE A
of HFao 15TolA 443 AHAx widsdd. wjgd AE+E  Leb-Lemco
Agar(LLA 80, Oxoid Ltd) wi=lel HFste] 25TeA 2~3Y wistel A€
colony® A3t B Ao Al49 Pseudomonas fluorescens strain P-17%
Spirillum strain NOX 9l & 7A5% 27F 41x10° 12x10° CFU/ug of C as acetate®
3ttt (Van der Kooij et al, 1982; Van der Kooij et al, 1989).

322 Al# AAZF
BACH R &Ad 459 AT Azk(biomass)e BAC 5% | g& dxA7l
¥ 37 kHz, 190 W& 3% &<t =53 A2 (DHA1000, Branson, US.A)8t Al#S
] 2171 & ReA agar(Difco) 3 2l Als 1 mLE dAIdes 84 T3 3
25T wjekzloll A 27F wjddte] 5% 1 g colony A AF4E TASAUL
& Ad+E FISH #4348 4838 £ nucleotided AFdsle]  Ads:
DAPI(4,6-diamidino-2-phenylindole-2HCI, sigma, US.A)E GA&to] 2H A=
DAPIH S o] &3t &Asd . DAPI® fluorescent oligonucleotide®] dual strain
Hicks & (1992)% #  (20000e] ¥l Fatel  HAlEgArh Aol cold
paraformaldehyde solution(4% in PBS)E Als el v/t A Wi, & 4L & 4T
AN 1641 FF W3S A7) 3, vEEo] ¥ AlRE 4T, 12000rpme s 2087
Aielstel AP AE A AT PBSE A HE & PBSE A9 A3 nA49
A5 1 volumedl o8& 1 volumeS #H7tsle] 20T AFAste A¥-e 2asR o
o, 24 ® A® 2 wE silane coation slide glass $loll "Wojwa) i DAPI (1 pg/mL)
E 50 we F7reto] St dAet 3 oEw FRTE A Aol 33 En A (Axioskop 2

_Jrr

&
\ ==

plus, Carl Zeiss, Germany)¥ scanning confocal laser microscopy(LSM 510, Carl
Zeiss, Germany)i AR&3dko] x400 Hi= <1.0002] &l A fieldo) e Mre A
Fakelom, 200 o)A whEElo]l f1 Hakgto R b Qlch
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323 Ald A4EE (bacterial production)

A5 9] A (bacterial production)¢- *H-thymidineo] DNAo| &4 5= Am@ It
st} (Fuhrman and Azam, 1982). W& BAC %% 1 g8 239 A@sto] M
2 2e)Az AlE 2 mLel 200 nM [methyl-"H] thymidine & < (specific activity: 4
0~50 Ci/mmol) 1 mL9 200 nM cold thymidine £ | mlL& H7bst & wyl wj¢t
71l A in situ o F 442F wjekEtd k. ATP 9425 g/1.) 100 Lo} 1 N NaOH
2 mLE FE7bete] 100 TAlA 1A12F E¢k 7bEste] DNASE FE8 & A WzhAl7)
5103000 rpmeilAl 10EZF AAFEERE. AAAA 1 mLel  ice-cold  10%
trichloroacetic acid 5 mLE #7lste] wE&-& FaA7|3 168 A% Y7422 F 02
im HWEHQ HHE AFHsAY. o] oA E vialdl Y3 AFAIZ] & ethyl acetate 1
ml¢ 10 mLel scintillation cocktail(Aquasol-2, Packard Co.)& 93 liquid
scintillation analyzer(HP, 2500 TR/AB, US.A)Z WAMAMZEHE ZAH3A. Aol
DPM(disintergrate per minute) at 2.2 4-E] Parsons et al, (1984)o] 2§k 21& o] &
sto] incorporation¥l thymidine®] %< AlAsldrh. A4 AFsE A@dAS 20x10%
cells/mole thymidines ©] €391 (Bell et al, 1983), ©Aagozo HFo=
20%10 ¥ g-C/um’e] AT AAG @rFd FF ALAH 00865 nm/celld FE
1.73%10 "' g-C/eell®] A& AH&3tslth

324 Al 34

At 542 49 colonyd] HHA 5AS #Este M2 hE colonyE ReA
Ao HAH  wdste E4 ®BYEdnh FF ded Ade API 20 NE
Kit(bioMerieux, France) % A3}g-A A& & A A5l Bergey's manual® #5737
o wel & T TH7A BF TASSAY (Kreg and Holt, 1984). API 20 NE Kit

AHEAL 95% 017 Aol sk Fo 1Aske]l A skl

ox,

325 Al #8+%
3251 A5 AA
WA BAC 5% 1 g& 312A & 253 Aefste] Alg 22fr)z] oF As
% 0.2 um polvcarbonate #H )2l "-é’fi(Milliporc)f%’. oAzfslict. o3 F
5

1 xphosphate bufferd saline(PBS, pH 7.4)# Al &3l a1, t}Al ethyl alcohol& o] &3
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of AHsta 71 FolA FEHE Az=AZAH

3.25.2 F+4A &3 (Gene probes)

2 Aol A2 % probes-E Eubacteria®t A gsE EUB338, a groupd Aghshis
ALF 1b, B group® ZA¥sl= BET 42a, ¥y group® 4A3ste GAM  42a,
Cytophaga-Flavobacterium(CF) group® Z &3t CF 319a, 1g]3 Gram (+) High
G+C Content®} A¥stE= HGC probeol®, o] & probe?l sequence 3 specificity &
Table 129 e A

3253 dFxA0AM 3 AA JZF3H(Fluorescent in situ Hybridization)

Gelatin coated slide glassoll e E &85 Fo| probe 1 uUL(HAF %= 5 ng/ul)
9}  hybridization buffer(0.9 mM NaCl, 001% SDS, 20 mM Tris/HCl, X%
Formamide) 8 uLE #7sted 46ColA 90% 4% ®¥H&AlZl ¥ water bath (SB-9,
Evela, Japan)2 W& 7}E A7) washing buffer2 48°ColA 158 F<F MAso 7]
Zo A AFA AT dFA0 A (Axioskop 2 plus, Carl Zeiss, Germany)¥} scanning
confocal laser microscopy(LSM 510, Carl Zeiss, Germany)Z& AF-£3Fo] 8008 2 400
gio] ujgollA fieldllol YERG At 5& 200 o) Agsted o Adae A&
=
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Table 12. Sequences, target sites specificities of rRNA-targeted oligonucleotide

probes used for Fluorescent in situ hvbrdization

Probe Specificity Probe sequence(5'—3) Formamide Reference
. ) Amann et al.,
FUB338 Eubacteria  GCTGCCTCCCGTAGGAGT — 20(0-50) 1960
a subclass of o o o , Manz., et al.,
ALE b SRS O CGTTOGYTCTGAGCCAG 20 oo
Manz., et al.,
BET 424 P subclass of o oeceACTTCGTTT 35 anz., €t a
Proteobacteria (1993)
. Manz., et al.,
GAM 42a  J Subdlass of - coopqcccacarcertT %5 ane, & d
Proteobacteria (1993)
. . A L al,
CF 3190 CYWophaga Flavo ...t rarercAGTAC 15 rann €t a
bacterium (1994)
. " We t al.,
HGe O ) W A GITACCACCGOCGT 25 agner < 4

high G+C content

(1994)

EUB, ALF, BET, C-F Group - Fluorescent Dye, BET, HGC Group - Rhodamine Dye
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A4 243 2 nF

41 S4G A28 &

)
)
#

ZHo] meE §EF71E

e
i)

AA S

g4 Add FH7IM ©mE DOC AAE WstE Fig. 126 veb Aot +d
z7lgANAe] DOC F#5 MaA AAe dddo] 7 8, e
ofxl7A, et oz Jebytth E3 bed volume 20,000 ¥2¥E 3 7FA] A A
A A A E (steady state)oll E238E Ao R AL QT

SeA dgwte Bev Aol AR gAEE T AE&AI vEHAH] v}
FowA ety ey TT7]D FAEE vlg @A 2ARE QA o)y #Fe frlE Al
7}A) &= M3Hcharge)9t FAE Ao FwWAstet WHIT BHol g Aow

Bjelopavlic 5 (1999)& ZgA A&A< Pica®l 4% %9 pH/F 4 2= &4
B oAge] A 0 FEoR2 VERRIRE SFe] pHYF F7ESE Zdee] st
A FHE A€ Adda Bass dow, oAy MekAd gAdee] Aew
¢ pH/}F Aol e ddstE ww, pHZE $7184 % EWHsMe] Ao Egh
gdde Hops Fop pll 7 BEoME EWAS) 0 BEoer HY) wi o2 3
Ak webA, chloroform® #& FF°] {72 dES FA P29 pHAAN= Sd3)

£ wa 9ol BuA Aol BAlME BHT Buxele] £F f72 e

FrATAEA g Frieade] Fde] Holjuos AS vy, friga

wol T3 v e s nAEe] Axg 4 TR gUdd Ao oy
of 2y qAY gdAgetEd tis] FAdHe] L <9 bed volume 30,000 F2Zol A 2z}
zhol et ZeoA EES AFHEY SEM(scanning electron microscope) 2 &t
A% Fig. 13°) debliich SEM Abddshas SA4s v 23y A s e
of @Al S veRdl 7] wiiel] e R e AN okaA Ao &
HEWES #HG3 Fig. 13 (S H¥ Fig. 13 (a)e] AetA adel @Aets} Fig
13 ()] St A2 dAete] vlgte] dra g A - AL fAFE A
AL kel 4= 9ldr) o)A el Ay A (Krasner et al, 1993, Wang et al., 1995)¢]
gyt iwle] B2 Ml FellA mAEEe] R - A AEvd FS #2500

A o)akel A1t Al imacropore) 0.2 W Ekar vk AekA el EebAl gdEkel 49
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DOC, C/C,

A%l 500 A ofte

| 7 Al & o]

| v 1
o %0 4
U o
{c) Coal
P L 1 i i In L L L n i L i
0 10000 20000 30000 40000 50000 60000

Bed volume (-)

Fig. 12. DOC breakthrough curves for various GACs.
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%dl

(c) Wood-based

Fig. 13. SEM photograph of attached bacteria on BAC.
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42 B4 AAd A7 e FERAA FAFH L= A3

DAPIE Aol Azurs %33le A Xd] DNA oleuid 5 AT @714 gl B
minor group3 AdEE Y B ol Aoz FEA HPS WA Il E
3 FISH: 54 471 Edqt o)Al Adst= gene probeE o] &3t Alxd e
s adE FREUEA dite AEE #AFJY 5 3, AFH £ 7ted 5AE
7k 3 gl b olth

Fig. 14 olejgt W& o)&ste 4e AQdadd=z FHnPE £2&

A2 Mgd A gAdgo] o2 A A vla) AA Lol oS dAnE A
A A F AATH

A QAW LAV g FAAF AAF W E Fig. 159 JeEp AT
RATe AAFS 71E HAuFHHPC), FISHE o|&3% eubacteria(EUB) %
DAPIZ o}&3 TDCE #H7}ststh

Fig. 15 (2o ueld Mg A2 Zgee] A9, HPCE 0.95x10'~524x10
CFU/g ¥91E Jehgigden, EUB 2 DAPIE 77t 3.8x10°~134.2x10° cells/g 2
70x10°~250.2x10° cells/gel ¥ H9E el HPC 2t EUB % DAPIe] g %3z
Aol Aol 10° A% e AFE Jehdc £, $A7|e mE F715A
= HPCY EUB % DAPI 2% bed volume 20,000 ¥ Z718ls 43¢S 2l

obt A9 =EhA A Aol A HPC, EUB 2 DAPI| A4 % @352 Fig. 15
(h)ob (c)oll vhEhllth HPCO 4 ¢ obatAl A2 @Awte M= 021x10"~16.0x10"
CFU/g, 24 A= gagel s 1.0x10'~305%10" CFU/ge & JEelyon, EUB
W DAPIS] A% obxbAE 7hzb 1.8x10°~56.1x10° cells/g, 3.1x10°~100.0x10° cells/g
o vegon ZeAE 2z 56x10°~1105%10° cells/g, 9.7x10°~160.1x10° cells/g
S 2 ERR T

webd, B4 F5Y RAAFe AATS HPC, EUB 2 DAPI 2% Aubd A
e guelA g e Ao dehgon, ggew SuAs oA B9 &
o ZAE¢TE w38, HPC, EUB ¥ DAPI R%¥ bed volume 20,000 o] 3HE 24l
TR Ao AT E Frtste FAE YERHIUTL o)A Fig. 2004 ¢
7+o] bed volume 20,000 ] %€ BACZF 477deiol =dste] A& &do] &

]

AW 7l Al abel Al BabAlate] Al gko]l A A gkrtal B o4 Uk

=8
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(a) coal based (b) coconut based (c) wood based
(d) coal based (e) coconut based (f) wood based

Fig. 14. Photograph of DAPI and EUB for attached bacteria on BAC
(a~c: DAPI, d~f: EUB).
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DAPI & EUB (cell/g, X10%)

300 T T T T T T T T T T T T 60

B (a) Coal

200 mem EUB

—e— HPC

100 20

120 T T T T L 1} \J T T ] T T 20
(b) Coconut
15
80
10

40

300 T T T T T T T T T ) T T 40

{c) Wood

200

100

"l

0 10000 20000 30000 40000 50000 60000

Bed volume (-)

Fig. 15. Variations of bacterial biomass according to bed volume.
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Al 3t (bacteria) Al Woll A= o] #(Phylum)&Eol &A8HA % Gram (+) bacteria®t
Cvanobacteria 1¢]31  Proteobacteria?} %& XFES A&z Ug. 1 F
Proteobacteriay Gram (—) bacteria & 7t #w=27F Aw, Aoz v
FA e RES AA s At (Madigan et al, 2000).

eubacteria 1H 0.7 F&£9Y
& vhekdt A AT gt HEE bR At S ¥

el

FEubacteria 15 % a 21 ) A
el Ay el {718 ol&FHol v Aol HlEle ¥2 AoqE (H F,
1999), B 2152 NFF e 3, AL FAAA S
et al, 1992). ¥y 15L& 237t %Oli fF71E8dS ol&std mE Jddes /A 2%
°]il, CF 2§ AFFdd &Aste vhdgt 1 49 o #od3te Aoz
a2 A 2t (Glockner et al., 1999).

ol BAC FAdAe &g QAAdH Addyd 72WEgE FISHE AN Ao
Fig. 167 2t} Fig. 16 (a)ol Yebd AMgtA A2 S4dete] J9 A3 =g dd
bed volume 20,0007kA1 ¢} FISH 2+ Z1gE° Hvt ¢3W&S A A3 a 2F0
33.5%, other bacteriaZ} 26.3% = YEbW O™, B 15 0] 87%, v 1F°] 14.8%, CF L
ol 105% % HGC 18°] 59%2 X3t e Aoz yetstew, a 2§ 7}
Z @we vgs B¥sa i, HGC 28°] 7b3 wA B ¥s gt Fig 16 (b)e}
()l 49t 2ol Al 2 @<l bed volume 20,0007kx 2] A= ofatAl9} =gt
A Ade gl MaAle FARE dES B

w3l BACZF A4 =9 %2 bed volume 20,000 o]0 A= Mgt & Algto
A9 a Z1go] AT vl &o] 343%(bed volume 20,266)o A 24.9%(bed volume
58560) 2 7438 a1, other bacterias  25.8%(bed volume 20,266)°1 4 3.4%(bed
volume 58560)2 7Z+A St $d@n)go) & ZTog 7r4dget 18y B 287 y 1
%9 4% bed volume 20,000 F2AlAM = 42%9 175%9 84 &S YERY o0}
bed volume 58000 ol A= 31.6%% 32.0%9 $3H&S vebdlo] $3u&o] =

A dEstdon, CF9 HGC 1§ €2 10% wiwte] & 449188 Yepdo. ®
gk, opztAle} HetA ZAdwe] Ao A+ other bacteriaw 4 7]7ko] A -
Mol &eo]l ZA ZA23Y bed volume 58,000 Ftoll A= Zh7 9.2% 9 65%< EXE
Hepliglow o 259 A5 e Ao gdess vz e3ese] gy

7}ako] bed volume 58,000 <ol A= 2bZt 36.39%, 41.0%9 ¢ 8l& S VERSLT

kI
T
ki
4
32
o
=
ot}

g

o\
!

wah B gy el A9E Aol Adel BAwkal go) $HM ol S

A=
[¢]
o
of a8 Fsbeh Ao urhiboul olse Syuge MuA Aa 2
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dEkel 9 dnl g woke Al vERgdth B CFoF HGC 188 AeA g4zt v
A7 R e e guE YJEedision, 2 vlg s $A7I0e] A wet 3 as
s dog Jekhwd, gA4e AAER AFdH B¥e Aozt Y olfe 4 &
dekdl §718E FEsold MldEel AT & e AFe Aar] 2 &2 aoldA
I Ao gdHn) B OFgRve o g0l ¥ AeE vEhd frlE
olg% ¥ F F71% AAE F2 a aF & LS o 5 AUAYTH
w5 gAdet AfEd A wE M3 A4k (bacterial production)] 3 A
g AHrd M Ade] Fdve] A¢E 12~34 mg-C/m’hel WHZ Yege
™, bed volume 30,000 FZolA 71 A velbgdth ofxtAlel HEtA A4dvre] A
1.1~26 mg-C/m*h, 874 07~35 mg~-C/m*h2 Yebdth. ®£8 bed volume 20,000
ol F o Wit At A@ bele Ak A Al Aol g4 o] 290 mg-C/m’h, =
Gl A el FAgre] 258 mg-C/m*h R okAAl A F ] FgEhe 206 mg-C/m*he i
hEbLE A E e ol 3o Ml Ak o] A9E Aed AFe ZAde] g =
& Ao g YEth
Table 13ol& 287z F<tel EUBC digh 2+ 2FE< vE 9 DAPI w3
EUB®| H &S etk 27|zl mp& zbzbe] pAgu g S Az 2
Zpol g HolA = @, A7k wel EUBO ek a 1§9 v &(/EUB) 7
of wlszabA Jebva glom, EUBe digh Be} v 189 8 &(B/EUB, y/EUB)S %
Ztehye AgS YeEddt 2y BEUB Wi yHx 2§89 ¥ & (CF/EUB,
HGC/EUB, others/EUB) §&x7]3te] Zatgtel]l we} HA Zasdte Aoz ZAMY
At T3k EUB 155 & H9 480 /M4 52 15
&

e v%d $PeS wolv a 1§ UgoE w2 3

An)
< a 2Foiv, Bot vy I%

At
DAPIel dist EUBS] v} &(EUB/DAPD® 4 9% Ztzte] gAgtelA] & zolg =
o] Al Fgtoyt NekAd el A EUB/DAPIS Hl&o] 54%~88%E 713 &L A
o FAEgen, ggew ZEAG3%~65%), kA BAE(E2%~62%) o
FAPEIAEE, ZARZIZE E9E EUB/DAPIY Bl&S 625~805%% JERRom o]t
Glockner % (1999)0] +AMHAZ hgo 2 FAE 525~779%) Hls] 2h %o
R I

‘_rLr

i

FlO

ATk
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Fig. 16. Variations of bacterial communities and bacterial production according to
bed volume.
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Table. 13. Distribution of bacteria isolated in different BAC types

Coal based

Bed volume «/EUB B/EUB ¥/EUB  CF/EUB HGC/EUB others/EUB EUB/DAPI

10.578 32.7% 13.2% 12.1% 9.4% 5.9% 26.7% 54.4%
20,266 34.3% 4.2% 17.5% 12.2% 5.9% 25.8% 58.9%
30,933 27.0% 13.8% 16.4% 11.4.% 10.9% 20.5% 74.0%
40,232 32.5% 15.0% 15.5% 13.5% 5.9% 17.7% 87.9%
51,009 35.9% 15.8% 16.0% 14.1% 10.3% 7.9% 66.5%
58,560 24.9% 31.6% 32.0% 4.1% 3.9% 3.4% 53.7%

Coconut based

Bed volume  o/EUB B/EUB y/EUB  CF/EUB HGC/EUB others/EUB EUB/DAPI

10.578 31.0% 11.1% 8.7% 12.2% 14.6% 22.4% 57.5%
20,266 29.7% 10.6% 12.0% 13.7% 7.1% 26.8% 57.5%
30,933 26.9% 6.1% 19.9% 16.8% 9.8% 20.6% 60.3%
40,232 31.2% 19.0% 20.7% 13.0% 3.4% 12.7% 61.5%
51,009 35.9% 10.5% 17.6% 14.9% 10.7% 10.5% 51.6%
58,560 36.3% 18.6% 20.5% 8.8% 6.5% 9.2% 52.1%

Wood based

Bed volume o/EUB B/EUB ¥/EUB CF/EUB HGC/EUB others/EUB EUB/DAPI

10,578 33.1% 11.3% 7.0% 12.9% 12.4% 23.3% 57.4%
20,266 30.5% 10.8% 12.6% 14.9% 6.2% 25.0% 56.4%
30,933 26.1% 6.6% 20.2% 14.4% 9.3% 23.4% 63.3%
40,232 34.9% 19.4% 14.3% 12.1% 5.3% 14.1% 64.5%
51,009 39.0% 11.6% 16.2% 14.3% 10.5% 8.6% 52.6%
58,560 41.0% 20.0% 20.2% 7.8% 4.6% 6.5% 52.5%
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g el AAH 2 bed volume 50,000 2ol A &HE T2 AFHdte Fag Aat
58 TAS AE Table 149 Yep Aot 2zte] @@ Gram 54 A3
Pseudomonas #°] 53~65%% 713 ®ol BXd Aoz i, I oz
Flavobacterium %, Alcaligenes %, Acinetobacter 4, Aeromonas % %9 Foi
FAFERIY oW, Gram %$A ATl Bacillus %, Micrococcus %°] 4% HAEHUCG.
a9k 7~10%2 Mue FAEXA A} o] Stewart 5 (1990)0] ZAFSE AT

Ax & AEFAMEl)] BAag AFozs F2 Pseudomonas, Alcaligenes, Bacillus,
Acinetobacter, Aeromonas, Chromobacterium <5 S°| Ut Aoz 4 Axe}

58t AEgL BAth  Pseudomonas £9 7S okxAI9t ’51‘?}74] BACE

Pseudomonas vesicularis, %74 BACY Pseudomonas cepacia’} $dF 02 el
gk o]l#@ A BAC FF¥E R FAMFe $HF & olfv AT MF =7,
9 23, F58& 59 Aolo & Ade] g FAY F Qdv A xz319]

z2
thE v gl How wuHo
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Table. 14. Distribution of bacteria isolated in different BAC types

. o % population in BAC
Bacterial 1dentification

Coal-based Coconut—-based Wood-based

Gram negative

Acmetobacter haemolyticus 5 4
Acinetobacter alcaligene 4 3
Aeromonas hydrophila 3 y
Alcaligenes faecalis 2 4

Alcaligenes odorans 3

Flavobacterium breve 3 6 7
Flavobacterium indolgenes 4 4 6
Flavobacterium menigosepicum 3 2
Pasteurella haemolytica 5 3

Pseudomonas vesiculari 33 31 22
Pseudomonas aureofaciens 12 3 5
Pseudomonas fHuorescens 14 12 11
Pseudomonas cepacia 9 7 27
Sphingomonas paucimobilis 2 6

Gram positive

Bacillus spp. 2 2
Micrococcus spp 2 1

Unidentified 10 7 9
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43 e QA AOC AAEH} F-FAF WA Fe] 6

oA #de A AEE bed volume W3le) WE AOC AAEET FaA
AR FHPC, TDC) 2 Al Aitade] AdaaAlE A 4348 Fig. 17~Fig. 1990
Lhebi gl Fig. 179 bed volume ¥ 3tol] @& HPCeF AOC AAE&ETe g H
el A 3 7ba] AR el g ABAFC)E ZEA, oA W AeA ZAdgtel M
7tzb 0590, 0.127 2066622 AetA Zdwte A 7HY ddde] 2 Aoz vEyge
w, Fig. 18] TDC(DAPDS} AOC A7A&7e] 484 BrlMe FaA5a)7 &
Al oAl 2 MetA A e Fog 7bzt 0520, 0080 06672 ‘e MeA &
Aeto] 714 e AAAE HAE Acw vehwth 3 Fig 199 Yebd Ald A
o] AL ABAFC)7E BaA 0679, okzbA 0291 2 HeA 07622 v
MetA dgete]l A & AWRAL AT Rog vegon thgo g HEHA, of
A B o Jebyth

e

Moll & (1999)& F=u] A& A F(biomass) o2 vAE] AANYA5E Hot

A, AR fF7lE At 2T AudE gle Aer W
st ok E3H Melin 5 (2002)& =29 W} & AT A" 4%
(activity) % #7158 2tshstel aAdS AR Ay 529 st met YA F
Towahs v ekgkovt Midte] B Wol AdtEe]l {8 s At

grpz waeln v
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Fig. 17. Correlation between AOC removal efficiency and HPC biomass in

different BAC types.

_57_



250 T Y T T -r T T T '
200 I
150 I
100 |-
50 A
120 -

90 |
A ® Coconut |
6ok r’=0.080 Py J

30 .

TDC (cellig, X10°)

300 " : ' " — - W- ¥
240
180
120
60 |
0 i 1 1 n ] N n 2
0 20 40 60 80 100

® Coal
r’=0.667

T

AQOC removal efficiency (%)

Fig. 18. Correlation between AOC removal efficiency and TDC biomass in

different BAC types.
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Fig. 19. Correlation between AOC removal efficiency and bacterial production in

different BAC types.
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Aee AR tre] B48 $4S 2AstEA GAC $HAEH BAC $4

e HdF 5 GG ALdER frlE AAT AR SHEE 545 24 b

1. A48 QA 4717 b2 DOC 2% MeA Ade gddete] 7pa 4
sl x, Ydgog oA, S8 Fo2 Yew e bed volume 20,000 ©]FHE 3
7HA] BAEtE o] AAA El(steady state)ol] =835t}

2. A AFE AV mE FERATe] AAgS Hdd A4E EAddA
HPC, EUB 2 DAPIZ} 7}7} 0.95x10"~52.4x10" CFU/g, 3.8x10°~134.2x10° cells/g ¥
7.0x10°~250.2x10° cells/go & ZAIES] 713 &2 AAIFS By, oz Eg
Al kA 2 e o w vepylch £33 HPC 2tk EUB ¥ DAPIY) 948¥ 2 o
Aol 10° A% 2L A7RE JeEhAow, bed volume 20,000 FE Z7}slE A8k
S 2ok

3. 348 AFEY Mogdd FERRIE FISHRZ A Ao A EE gdedA

BACZ} A44e) 1&g A< bed volume 20,000 o] Aol a Z§Fo] 713 & gL

1913, HGC Z1g9o] 7v4 v A B X9 2™, bed volume 20,000 o] 3o +=

AMetA BAee] A% a Z1E¥ other bacteria 152 #FAadRod B 187 y 1

FE TAEo] st okAAlY A dAvt A g v FIgS
=

welowv a aFe 45 AeA Ade ddeas ddiz -3nlso Hy Tt

ol
-

4. A A" SAH4 wE AT ANES Med #ZAge]l 12~34 g
-C/m™he] HeE b =8 ASE VERWLL, Ug o s ofApAe} HEA gAdEe
Ao 11~26 mg-C/mh, €A 07~35 mg-C/m*hsl vhebstol S bed volume
20,000 ol F o] Wt At AAES AR Az Mk aae] #Adgro] 290 g

- j84

~C/mth, EEHA )" el gadere] 258 mg-C/m’h 2 ok Al Al Aol FAES 206 ng
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