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Abstract

A detachment of biofilm was investigated in an inverse fluidized bed biofilm
reactor(IFBBR). The biofilm thickness, & and the bioparticle density, p, were decreased by
the increase of Reynolds number, Re and the decrease of biomass concentration, b.. The
correlations were expressed as §=61.6+16.336.-0.04Re and pp=0.3+0.0275,~ 293x10°Re by
multiple linear regression analysis method. Specific substrate removal rate, ¢ was derived
by F/M ratio and biofilm thickness as ¢=0.44+0.82F/M-5.1x108, Specific biofilm
detachment rate, bss was influenced by F/M ratio and Reynolds number as
bas=-0.26+0.26F/M+ 2.17x10Re. Specific biofilm deachment rate in an IFBBR was higher
than that in a FBBR(fluidized bed biofilm reactor) because of the friction between air
bubble and the bioparticles.

Key Words : biofilm detachment mechanism, inverse fluidized bed biofilm reactor, shear
stress, liquid circulation velocity

.M B2 olgigt  AETY  FAAYE  Trulear
Characklis(1982)= t&# e 23, 384,

AEY AL FRAHE ARt vAES AESA FHY B ddegtn d9stn 9
o] g8tE FA usld, wAEo] 1A HHo o DR7IEZRS 4z BEHoRe APy F3F,
Hats o “] AL 72 (micro-consocium)(Flemning, QYPARHo ] vAE AP )Y FHA A9

1993)% FAFCEHN, RERE FYFH 7 o ME 23 ARAEANA g Ay B
3} ‘*‘%014 %7 &} (shock loading) o 7% A E(exopolymer) ¥Hlo)| 93 MEuto] A 5)
Bk opda Wil v E FEE =4 AXE Ao Hdge] o WETLY REH @I 5
e FHo] o], B2 A7y o] H: 3, o] 571A @A FoA AETe g24e {A

1t (Heijnen et al, 1993; AEF4 £ 491, 1991). o] AgEe wol] &3l
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AETo] A Qe 1 AEL W37
(fixed-film reactor, FFR)o| ®l3] AE%L &%
A7l %% A& ¥9H8-71(fluidized bed biofilm
reactor, FBBR) & 4 #%35 AEY s
(inverse fluidized bed biofilm reactor, IFBBR)®l
Me A g o3t AEue gioy
biomass®] R4 w3719 dAG WL 1
o FAF AAZ A4 HE. aPex EFE
3 el gZol} biomasse] FAd #E 7
B2 2247 AH Ao o3 AEY ¢3S
FHOR NG A 2UA §A s

AET HFEEE §A 559 T8 A
2h, AAET e 2 media®l B4 9 B2
FEgS e Ao 4yA glen(Chang et al,
1991), Hlm A @Wo| ALREI Qe AET gR
48 A5 gL Est AT FAS FAA 1
Adeoz wHIUE 3N o]FoiFY
(Stewart, 1993).

Speitel#} DiGiano(1987) U4 ST (GAC)9]
FAE 4F BN v EY] vF2 T ol Wl
e HAgEEE Z33d, old WF 4H
2dg AA3YR, Stewart(1993)= EAHLE
wol AHEEI Qe oY d7AEY ZFHA A
B HALTIZREY oA 2dS AAG v
At

o fF

AEu w37/ (IFBBR)E draft tube

ofie

5.

$57

HE AHFA 3719 FFol Qo2F ) annular
tube FHoAe] FA o3 ATSFHMu oy
2} draft tube @HANA F7]9be) vlde] M=
B2 AETY "o YAHnz JE HF53
RAET 37 3A3F AETL w3rjoN ALE
Y 3ty mdof e Zdsqrt

B sfdMe 9 §5F A5 vl f
A FFERAT F718Y 27t AEL g3%
To} mXe JFL BRI, old WP 483
2d& Ngstana g

g F5% A% W37)(Kim# Song, 1993)%E,
draft tubeZ §8 3719 FFo2 Ax e &£o]
HAskE, HEE air-lift ¥-87)o Hejoln] AF

o AtR-® ¥-371E3 media® WY& Table 19
71& 8t

AN A ALEE mediat styrofoam (ex-
panded polystyrene; EPS) Ate] AF(perlite)
& EXANA HAE] A BAHRE FF Aok
Hye Bhg7] AR F9AHT, HEss u
7] 3R d&H o2 FEAHT

Table 1. Specification of reactor and media in IFBBR(R1,R2,R3) and a FBBR(R4).

IFBBR FBBR
R1 R2 R3 R4™
Reactor volume (L) 5 5 5 11
Annular tube height (cm) 100 100 100 210
Annular tube diameter (cm) 8 8 8 89
Draft tube height (cm) 90 %0 %0 -
Draft tube diameter (cm) 46 3 3 -
Temperature (C) 22 22 22 25
Media density (g/m’) 0.13 0.13 0.13 2.65
Media diameter (um) 903 903 903 320

* (AT 9] 39, 1994)
** (Jang, 1990)
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dHS71E(RI R2, R3)9 2 2+1TC, 59
8t3 AFAZHRDE 5A%eR n43 deol
A, R1% R2 ©3719 frdde #7189 =8
Ztz} CODZ 1000mg/L9 2500mg/LE Y43
sta, AANEHEEE HSATIEAM AR B F|
AET eF&xd A 9FE nFdAT o)
“H dAcTET Bigte FYHE 3719 F%F
?J_Xés}ﬂl FAT FeolM HA 27FAE
Ao zH ol FolHTHAFTAH 2 4%, 1994).
¥H-37), R3AIME #718 Fa7t AEY g3
FEE Hony] Ystd, 2r1FHAS 4
1SS AT AN, fU1EY Fa)
A 71EA A, ¥HE7], Rd(Jang,

THEY) B4 /55 AES BE72
B H35 dASA A dEdA oA
Ao THAFELEEE HIAIIEN 2HSAT

Rl, R2, R3, R4 ¥hg7159 A4 A¥2AL
Table 2 JeEP ATt

rE. rl
fr 2Lz
i

FE. 0\'-5 rir

My W=

1990)
A, 771

° e

22 AgH % % biomass

Ao ALRH HFE glucoseE: F @490
2, ureas F AL Yo E AESHeH(AEN 9
491, 1994), R3 ¥rg7loA #FAHSFY Frte 2z
Aleke] vl HQl F7lol] o3 o] FoRT. BAHE
212 FA 9 wEEeAE o 15Y ol §HHAS
o] £3}47] &, styrofoams mediaZ &= &
5% AEY ¥gUld AR 234 FYddo,
AErte] PAHEE QT

o) B AT 265

a
A g

2.3

3wy

AT
Al

AE ST (ba) HEL FAHG), AES
AZUE(py), bioparticle YX(p), shear stress
(1), Reynolds number(Re) S°l 9&& vz& A
o2 4#A vk AdE HFL£E9 "3“‘” F
A APHoE FAAG ALsds, HE9
HAZY %, bioparticle Y%, shear stress, Reynolds
number A& £ 2 HE AEH)

1) H MZ9 &g
(specific biofim detachment rate)

H &9 934 by mediad] F&d A
A biomass FA 93t €25= biomass %
o HizH, 4L o] A

b = total biomass detachment rate
a total attached biomass on the media (1)
XX —X)+0.X.
WX,

q714, Qv FYFH(
biomass &X(mg/L), Xt
(mg/L), Qv 190l ¥Hg-7] dh3o
715]&  biomass #HL/day), X, H7|sE
biomass &X(mg/L), Wne W27 mediad #
A FAg), Xo' TY media FAO F AE
AZFA(mg/g)el .

L/day), X.& #&5+
friddle SS Fx
A=l 4

Table 2. Operating conditions in IFBBR(R1,R2,R3) and a FBBR(R4).

IFBBR FBBR

Rl R2 R3’ R4™
Run Number 1 2 3 4 5 1 2 5 1 2 3 4 5 6 1 2 3
HRT (h) 5 5 5 56 5 5 5 5 5 5 5 5 5 5 b 24 24 24
Influent COD 1 1 1 1 1 25 2525 2525 03 05 1 17 2228 5 5 5

concentration (g/¢)

Air Flow rate (W/min) 6 6 6 6 6 4 4
Initial Liquid 8 79 77 75 73
Height (cm)

8 78 76 T4 T2

4 2 2 2 2 2 2 - - -
78 78 78 78 78 78 - - -

* (FEFH 9 39, 19%)
** (Jang, 1990)
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2) ME9 FH(biofilm thickness)

AEY 77, b= HMZ 3 AHmicrometer)
7} €¥ #vu]7(Nikon Labophot-2A 40X)& AMg
o] ZHG A o2 £33 920, bioparticle
o] 77 media®l 7L 5713337 (volume-
equivalent length)2. 2 A&3 t}8 Sauter mean
diamter’ (Bailey$} Ollis, 1986)2 A}&3td T3}
At

3) ME9t Hzx=U T (biofilm dry density)

AEY AZYE(biofilm dry density), pre A
9 R digt AEY AZFAY HZ Ao}
A THRogt Neething, 1991).

biofilm dry weight
biofilm volume
(2)
Xom
Y -1

O =

7N, e mediad YE(g/em’), XE media
o HEAM g AIEoe AZTA(), y=
media®) & 74| 3l bioparticle®) 27 nBi(-)o]t}.

4) MEZ} 25 (pbiofim wet density)2t
biopartice 2=

e 34U % pye, biomasst 80%2 3
A 1 E(volatile solids)® 20%2} W1F LA 1
E(nonvolatile solids)2 FAE Y Yz Eo s
T bioparticle®} F-3jo] Hl3] FAIE H==2 At
(Chang et al, 1991)€ 714 o 2HY td3} 3o
T3 ATt

g(biofilm + H,0)
cm’biofilm

= 1.0+pw/0.8 (3)

[

Bioparticle® ¥X%, p media®l FAct Al
Zute] 28 Bd @2 mediad Fuo HET
o] 239F g #og UE AL oudig

-BEZ . $5F
— Vmpm + prbw
Pod Vo + Vs
-3
= ol + ) @)

+ pbw[ 1 -1 + %)’3]

o714, Ve media® ¥3, Vis A2
9, rm media®] ¥H7olt},

4

5) Mch3H(shear stress)

d §5F HelA9 A 283 nj$ 2
AZ #AVE Jeoeg e go] BTEY £ 9
tHChang et al.; 1991).

'g— x( T,,+3)3(91_de)g
4n(r,+9)° 5
(01— 0,)8(7,+9)
3

I =

(when ol opd)

A71M, g2 AA ] Poln},

2t

3. Zn ¢ 1

o=

¥r8-7] Yyidl e bioparticle AR X F
Hale S%olUolB2(AFH 9 49, 1994),
bioparticle®l =79} AE Z=AE Fdiitdn
7HE s ot

Fig. 1€ Reynolds number?] ®#3}o] @& A&
ot F7A)9} bioparticle ¥%2 W3E Vel 219
ojty, HA&EI} FUlstH AGgEo] Fvlsim
2 dwrzoz AT FAE 74AsA "o o

9] #AE Reynolds number2 YERNATH

i

& = 760 — 0.8Re (r*=0.86) (in R1) (6-1)

8 = 695 — 0.9Re (+*=087) (in R2) (6-2)
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Fig. 1. Influence of Reynolds number, Re on biofilm
thickness, 6 and bioparticle density, o in

R1(@®) and R2(O).

Characklis(1981)= d&# & IHE P4 EY
|4 718 F3lel dAE&ETE UM TIHA A
o] ZHATE FFIPed, /718 FIUt
FE AGLHL ABY FAY 433 & I
vjg o Z1AAT AduoA HAagHL HE
o FAC A9 dFe vAA fdvn Bag
b QA B Ajdye EF {78 FHEs
BkgCOD/m’/day ol4eg Hm#d & ddol
Reynolds number?} ®3}lo] ulel BEY FAe
e e we Aoz eyt fddE
H4e COD ®=7F 1000mg/LY Rlol ®i&ty
2500mg/L?} R20A w]AE2] F2lo] §Usn g
Reynolds number®} W3lo] tig HEY FA9
H3rl ozt qA dEhrle ddod, 2tA
2 ol ofUtt ole o9 H55F AE9 wkg
e A8 AEEREUIY o A8
1o Bt 71Xe] o3 HATGFEo] HIFO
ZH, AtgHol AEL FA mAE o]
B =27 gEd 49 7159 FE/ £& R2
AN F¢ #7158 sx7F ¥ Rld vls) AEw
o] &£ w7) Hol(Fig. 5(b), AFHo g HEY
o] A& A 743k B ez BasHA

2

tlo my md

.

®%, Reynolds number7t Z7}gd] oat
bioparticle] R A¥YHoz FArdRoey, 1
AE 7 Ak

1.4 — 0.0012Re (+*=092) (in RI) (7-1)

Opd

o = 1.4 — 0.0015Re (*=0.81) (in R2) (7-2)

dwrH o2 Reynolds number’} Z7}31H $73
Al Ao thE vAE ARSI fA
oz AET W & & 59 ojfE Aew
AzxYx e F7F8cH(Characklis, 1981).

ady AETSY mediavt A nEEHE
bioparticle®] ¥X+ Reynolds number®] =7}
g2} 7484k £ Reynolds number?d 273
of A& FAZ #AASA Hzu, HEL AL
Fagd mat AEL ) g FasiA H
©], bioparticle®] @9 #3T FA7} FiFoz
A, bioparticled) WEE 7Adld FIFHoge
media®l FEo HZ3HA €t

T3 AEY FA9 wae} rhaiAE F9H
= #7718 F57F & R29A Reynolds number
o] W3}lo] @& bioparticle ¥E9 WEE tha =2
A Jdeudrie sdged, 2gA & AHolg e
Wz RaAd. ol AEY Fr9 HF A9
e mado g AT 5 Y.

o} o] AET FA9 bioparticle YEE
Reynolds number®] 9%-& & ¥al olyz}, 6t
7] W9 biomasssZoE B Fgg woonz
(DEA9 491, 1991), hAZF 3] AR (multiple
linear regression analysis method)(Chapra®t
Canale, 1989)& AM&3t] Aejdld o doz
HEH U

I

o w

8§ = 61.6 + 16.33b, — 0.04Re (*=0.87) (8)

0.3 + 0.0276, )
-5 2
~ 2.93x10 °Re (r*=10.85)

Ppi =

287 (991 Reynolds numberE Z7HAjZ
FE QA FolAe AL F75(Table
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3, AET FAE Z4AHI bioparticled] WEE
ZolA M ¥k2-7] ] biomass ¥E7t BS54 E A
. F7Rk(AEA 9 49, 1991
bioparticle RE% Z7188 & 4 g

Fig. 28 AZ% A4S FA% Ads
bioparticle 958 =9 (8)7 (9)E o]&3}d
A& ZAET viag 2o BET T
o] AN A& g 5T Fe 8% ¥
AEE HYL, bioparticle BE9 AFE 85%2
YAEE A
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Fig. 2. Correpondence of experimental resuits and
correlation model for biofilm thickness, & and
bioparticle density, o pa.

Ri# R2olAM A& FA9 F/M H7b vl 7]
AAALER wHe FdFE nE&Ed Fig. 30
Vel Sk Agu SAV F71E4E B 71EA
A&EE a9 ed(Fig. 3@), ol 443 %
NEg sxoAA AES FAZ F7tg ot A
2 fEe Eddde] Aty BEl
2 ARHEY, fYHEE 771EY et 1€
v Z1AAALEES A Vel Fig. 3(b)el
F/M v19 wigte] wk2 n7|dAALEe Wa)
verldt fdEe 189 s 4 W

4> i ook

N e sk lo

oA dAstgor} dxedLTe] Wstd uet
g2 5= biomassy o] WEFoEN w-E7IY
biomass®] @] W3}atA oy, AZele F/M v
o HsE zdsA HAD FdHe 18
FEatole] BAQlC) F/M wld] wal v 7)AA
ALEEE A¥HA F/HE BY:, 1 BAE
q=0.88F/M (*=99)2 Jtebygch.

25
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Fig. 3. Effect of biofilm thickness, & and F/M ratio
on specific substrate removal rate, q in R1(@)

R2(O).

ol

Fig. 391X Hl 7|AAAS == F/MBI9 A&
FAC EgHoz QP Lorg, ofF THHF

AR O 22 g Ik
g=0.44+0.82F/M—5.1 X 10718 *-099) (10)

21008 A EY Fig. 30o0Me mAAARE u
NAAASEE F/MuS Anlge @A A,
AEY FAde 9ngBAE HEE FAF +
ATt

AEF v J)AAALEES EdA (100 o) &
o &g v NAAALZEES vadte Fig 4
o Jehied, 45 &3 A5 32 99%
YA E BHY.

AET g3 B3 AP L 53 FHH S
Ak ALY ¥-g7] RI1, R2, R3, R4°] ZHEL
Table 39 A3 YER ST
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Table 3. Measured and calculated parameters for all experimental runs with the IFBBR(R1,R2,R3) and FBBR(R4).

Liquid Specific Biofilm Biomass Reynolds Shear  Bioparticle F/M  Specific
circulation biofilm substarate
velocity  detachment  thickness  conc. number  stress density ratio removal

U rate, by H be Re T, Pt L. Tate, g

(cm/sec) (day™) (um) (mg/L) (-)  (dyne/cm®) (g/::jm‘) (day ) (day )

1 7.4 0.119 107 5550 827 10.87 0.404 0.94 0.836
2 6.7 0.106 131 5230 781 10.32 0.452 0.91 0.810
Rl | 3 6.2 0.093 150 7530 746 10.21 0.481 0.70 0.634
4 57 0.085 174 9625 713 9.92 0515 0.53 0.460
5 52 0.061 223 10050 701 9.35 0.576 0.40 0.350
1 583 0.660 % 4690 638 11.33 0.366 2.82 2.350
2 533 0513 140 5680 631 10.59 0.452 2.20 1.980
R2 13 483 0.223 169 7100 599 996 0.509 1.78 1580
4 433 0.162 200 10647 564 9.38 0.559 1.27 1.180
5 3.83 0.138 220 11000 514 9.21 0.580 1.04 1.080
1 2.83 0.037 11 4434 262 7.90 0.222 0.32 0.260
2 2,83 0.062 25 4780 270 7.00 0.341 0.53 0.450
R3 1 3 2.83 0.109 30 5194 273 6.74 0.375 1.03 0.900
* 4 2.83 0.139 71 5336 296 507 0582 158 1.400
5 2.83 0.229 91 6268 307 428 0.665 1.76 1.640
6 2.83 0.282 114 7000 320 297 0.780 2.03 1.600
1 0.61 0.042 340 7067 61 4,65 121 071 0.270
R4 | 2 0.89 0.050 224 7335 68 6.54 1.36 0.77 0.350
#* | 3 1.17 0.057 191 5613 82 7.34 143 0.91 0.300
* (AE4 9 3%, 1994
*+ (Jang, 1990)
IFBBR(RI, R2)9| M Reynolds numbere] ¥@s 7. . [ } .
L //
of e W 4ge UHEE buE FBBRROA S 2
Wl o) 2 ek IFBBRUME 3207k ¢ | e
q9802 BAYE duft wbert U, HE 4 L .
43 bioparticle2 draft tube W2 FUH], 71X : .,/
gte] HHHA HZo| o3 njES WA HEE £oEr e 7
S5t AA o) S8 o5 APE WA e E s
FBBRYl Watdl, 453 ¥& vl 4% ez 10p ® .
£ e, &7 FAE A o Wy F = .,.
#% Hoz Bos A 2 o5 @
- [ 4
IFBBRA A= Reynolds number o] v] A& 5
% ogard P e /XY dgg vesd L ‘ 1
5 0.0 05 1C 15 2.0 25

of ngstojol v, J[E9 Ay 4 5 AA
g AR BHEIIL ofgls] £ =EdME 7
¥ 9] 93-S Reynolds numberd] E3AA 1F3}
Ao, v|xe JEgs westd e Ad¥E
At Aot

Measured specific substrate removal rate, q (dayAl)

Fig. 4. Correspondence of experimental results and
correlation model for specific substrate removal
rate, q.
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Reynolds number2] @3} w& A3y, 19
wgs AvE™ Reynolds number?t Z71gol
w2} bioparticle?] #3]= 743}, bioparticle?
Ux7t #AasA go2H AF 9} BxHojrt A
A, AAH O T bioparticled] FojA= AA ] A
43y SUskAl STk £33, FBBRAAY A
&g v [FBBRY AT-&Hol A eyt
4, o] AYX bioparticle?] FHAF7F =
9 o] EAEL YAE mediaZ 319 FAE 1
9% bioparticled] FFAFHET A A e
%7l g7olth(19). FYdHe #U1EY = ¥
& R29IMY AGSHol /Y #VE FEI B
& R1¥th Reynolds number?) Walo] wp& Ag
89 W3st A vt AL, 19 #7129
xr7l 242 YEL EA 9 bioparticle BE
o] WglEo] v% AA ey wWiolgta AR
=

Fig. 5= H AE% gx& oo g F/M Hl¢
Reynolds number® %#< &3 1HO2ZH,
F/M vl9] Z7ld} uja} R13} R2 ZFoA v 4
ot ga&ee A¥HoR FUlElga, 1 w4
£ ba=019F/M (*=084)2 JEbdoHFig. 5a)).
Reynolds numberE Z7HA1Zo w} ¥ A&7
2REsE 7ML, #9 #7118 FwUt v
Riel ®&l #) /718 F=7 & R29A
Reynolds numbere] w3t v MET @EF&ET o
g o] A deud. ot FYFEY F
7bol @& uAEe v FA&zrt AV HE
Ao 2 HAHAHFig. 5(b)).

8 AEY €345 E Reynolds number® 5
olUel F/MWox BE & woug ofgd
e 9L g AARHeRE Fdsd o
=3 2o

ro ofN

+ 2.17 X 10 *Re (r2=10.92)

2(11)& B9 Reynolds number$t F/MWE &
MNAFE o o 2F45EE JEAY. ol
Fig. 5(a)%t (b)9) Zztet A3t

A3 b YL @& vd11)S o

MET 54T

&3t o &g ¥ AEL
Fig. 6o Yeidsd, 453
92%9 YAE Ho, W]
4% 2" 9 755 HEY 7]°ﬂ/‘1 F/M
12} Reynolds number®} &3l -4 5) b e
24T E 9 Z7h5EA A

B}

Specific biolilm detachment rate, b (day

- o
0.6 (b) —
Q.5 -
0.4 /'/ _
0.3 / i
0.2 S0 N
yae —
o0 O /.H.,.’Q ]
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Fig. 5. Effect of F/M ratio and Reynolds number on
specific biofilm detachment rate in R1(@) and

R2(O).
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Fig. 6. Correspondence of experimental results and
correlation  model  for  specific  biofilm
detachment rate, bgs.
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