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MATHEMATICAL MODELING OF BIOFILM
IN AN ANAEROBIC FLUIDIZED BED

43 W mEEST - fkam”
Tsuyoshi IMAI", Tetsuya KUSUDA", and Hiroaki FURUMAI"

ABSTRACT; The objectives in this study are to develop a layered model with attrition for the growth process
of biofilm in a methanogenic fluidized bed reactor, to discuss the possibility of existence of "dormant” biomass
in the biofilm, and to estimate distributions of active biomass in the biofilm by the model. The model expresses
characteristics and distributions of microorganisms inside the biofilm. Each substrate consumption activity of
attached, sloughed, and remaining biomasses is measured by batch experiments. Comparing their specific
activities, the possibility of existence of "dormant” biomass in the biofilm is indicated. Dormant biomass is
inactive in the biofilm, but its activity recovers by the supply of substrates. Based on results of the experiments,
a layered biofilm model is developed, into which the concept of "dormant” biomass is incorporated. The
accumulation process of active and dormant biomasses in the biofilm is expressed by simulation with this
newly developed model.

KEYWORDS; Anaerobic condition, biofilm, dormant biomass, fluidized bed, modeling, simulation,
sloughing.
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* FUHI K T H#ERIRILEBTH T 2F ( Department of Civil Engineering, Kyushu University )
* MK FE T LA >~ X 7 A T#% ( Department of Urban and Civil Engineering, Tbaraki University )
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Table 1 Rate and mass balance equations

KRIERBEOFEY LROLWE

ETFTNMKREATIEIR LD, & asl (asl) R.R=< _ 1 dXy

D IERE G K EHSAT O T WA RE Yy dt
BEFUANEHBAL, RRERL ?ﬂ(mriﬁﬁﬂxwﬁ@mxngyxd

kgyps sy zORLENE HS)=-1 when §;>5mg COD-I

wat L 7o ax, H(S;)=1 when §; < 5mg-COD-]"!

SR =HE) Ky +Xu { Ky +Ky) +Xg

2. REEMBET N ——d:‘(tll=Km-X.|+K:u°Xg| -{ Ka +Kg) « Xy
EMBORMEN L BREIS | g ek
MUTzhd— Fo e ae | d -0 gy s Xu (Ka+Kn) <Py
citky, BERBTEBNT, i = A(HAc), P(HPr), B (n-HBu), H(Hy), I(Decay ), or Po (ECP)
brRiCBYAEYHEOREEL

¢y
(2

- 3)
c @
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NDEAIEEOEZHEILOES
KELWwErL®DE, LoT, YK
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Fig.1 Concept of the biofilm model and sloughing forms
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AKEFVEHTIRELEG 2T LD EUTRRTEYITHN, ZHBLIUEZEREOIER % Table 1
KRTo 2L, CORCRLAEZNEZRN R, BRI 2AMENLKRBRREOEES T CiItaith

T3,

OpElsn-8BErhFRIc BT 2 RERET -HTH D,

@ ko B it MonodZR 122D 6

OEFEHEEOETHABEAR )~ -2 &KL, F0ARBREFEREEOBE AT 5,
BEOHEABCHBALTHHEENE,

@ MEEB L TN EY < -

OHABRBNIZEHICRKD LN AERREEL T 5,
©H K ITFEM(HAC), 70 ¥4 YBR(HPr), n-BiBi(n-HBu), ARKMH)D4HETH 5,
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HHERELZ TLIOREEETNOBHBIO D HSLETH S,

EPWREOEAXKB LIV OHMERBEFig1CRT, RIRL2 L), APHEOFAMBRBIKRE LG T2
Ohb, 1 OREYEREASOH VFTHINOGAL L) —FHEATELIRAHETHY, b 121
EPROTEOBRMUSL TV FARELIRIHAMTH 2, REAM L BIIARISLEFTIHEOELON
2, REAM B CLEING, 250, BOHAMI TV V2 BUPLZORMEFEL L L H
b, EEMOTKEVEHMNKCBLHBESAEL, WhHIFRTMAME L BIFMESFLFELCwIRBLEAL T
BTCEIZLLTHD, AETHEALAZFRBRZEERBIELTBY, MEVSSHFIZ—FLhoTd
HHVSSHEBHMHER CH2 L HWE Lo EROEYEROMBPE L2104 m, 2HEOEFEE OB f#ILE
BREGHOREELTHVTI00gme Lz, IRLALI REPROERIC L VBEEFIPES 24, 23 Y
0umiSELARCEOERELETRSEL 12,

3. AMBARICHSUILBEUIBOEIRVILE

AEFGE T, SRR THRERIC 25 L E X6 Twa 2y VEARMAKRKEICERL, BAMAT (HAc:
HPr:n-HBu=2:1:1) ¥ BWIHBIROEELTL o 720 £ OBOWARLKIMEIT 1000mg-COD - 17, KEZ M HHE
f9130.25dayTH b, WARI I kg-COD ' m?-day'& 2 5 & ) ITEBH I EBE 2 A L1z, WHENROBBLE % Fig.21c |
EEMES L CEESRMF L Table 21077 T, F 72, BEICIEAES0.29~034mm O AT+ 54 b Fviz, BRI
b7 3 EETEEIKBICE L - HENEEWECO W, £PEANC B 2 EE0IHSHOEEEEN L L T,
UTOEREITE 072,

SP : Sampling Port Table 2 Experimental conditions and

TC : Temp. Controller

RP : Recycling Pump compositions of mixed substrate

FP : Feeding Pump

Reactor Volume [1] 1.80
Liquid Phase Volume* [11 1.60
; Linear Velocity [ mehr -1} 94 ~12.5
Water jacket Expansion Ratio [ % ] 20~30
HRT {day] 0.25
Temperature [ °C ] 35+1
Influent VFA [ mg-CODel1] 1000
Ga
la:k Component [mg« 1]
v HAc:HPr:n-HBu=2:1:1%*

Influent VFA : Yeast extract =100: 1

NaHCO, 4250 K,HPO, 4250
(NH,),HPO, 700 KCl 750
NH,CI 830 FeCl,»6H,0 420
MgCL «6H,0 815 MgSO, « TH,0 246
CoCl, +6H,0 18 CaClL+6H,0 147

Fig.2 SChema.nC (!1 agram of * : Including volumes of the circulating part and biofilm.
anaerobic fluidized bed ** : Based on COD concentration.

31 EAAEEMROBEEEREREOMUESE
HECREL-RBEBT 24 BELAOLEHBERLUET A L2 B L L THRBEAGLHWT
Bl EBET R o/, COERRTIR, RICHEICHHREIS00mg-COD 1" %23 &) B —%E (HAc.
HPr. n-HBu) % 2N ENHA L., HREUKH (VFA) BEOERELIHEL. COERPLEEEOW
BEREET RO, 8, I XTORSERICHO7-EEIZCODES * KR ETable 2R L-HEEEFA—Td
b, TLERCHASTEVSSORES TR o7z, 28, TORAFERFERIIE K> 72,
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Fig.3 Sampling method of attached biofilm on media

32 FRHMEMB EHRAEMEOEEHRREDORES &

OB AE M BEE Y KOS D R CH B EYEO TR T o XANBREE L AE
Lo Fig3l RFR TR o R EWEORMF R CH T 2 MAME R T, 9, WHKRAGD 5 #HE L RN
L, ZRIEMAZVE ) CBEEZREDITLF S, REEYIRE T I ABTHREL TSI LL, COHKR
BonN,-FHERERE I 2D TANLTIVEVIRANR, SThEF YTV E LI, COEKICDWTRIES
VEx#RnEL., SEBMCNEEYELZAHES S, BREOY Y 7V % 3 DT oMK L 12, HBERETNRICSE
VB AR W I o E R EE S B % Photo.] (a), D)X R T, CRONDEHERETFHEMBEEE CH LWL
POMELHKZITE RV, HBERERSAYERTCHELZ2LMPR AL 0T, EYEOEKETL S
EIZIEFE L BRICHEETEX - EEZONE, ThLDF Y 7V RIS ) EEBCIIT, BRELCHBK
BICL7%, EOEREITRo7, T2, EREROBEEAAERBTEDIR OV TOIERKBLCNNATIVEY
FEHWCHESERS T o770 BB NATNVEVERVEASERFER. ABLOFEDITHEL,

i i

Photo.1 Microscopic photographs of before-sloughing operation (a) and after-sloughing operation (b)

33 EMEFEOHTE

WENRAKENRL TVEVEHWESERDE R % Figd (a), DICRT, 72720, MEYEL A0
SEBERECOVTIR, HACkEH &L LEBARO2WTOARRT (Figd (b)) o HAMEMBO BRI OMR X
OB HE R KD, BRI ERE % £ £NHAc : 0.26day's HPr: 0.19day's n-HBu : 0.60day’' ',
IN# % < C0.05mg-COD,,'mg-COD" W& LT, MPEREAEXaCRA LW, L L, TOXaTdhih
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VSS = 33000 [mg-CODA)

C HAc
A HPr
0O n-HBu

@

TIME [hr]
Fig.4 Determination of substrate consumption rates in each batch experiment
(a) attached biomass and (b) sloughed biomass

HAc [mg-CODA)

B B B B § B

o

O 1st sloughed biomass (S1)
A 2nd sloughed biomass (S2)
O 3rd sloughed biomass (S3)

VSS (S1) = 1035 [mg-COD/I]
VSS(S2) = 912 [mg-COD/)
VSS (S3)= 711 [mg-CODA

o
-
o

83

TIME [hr]

A BB TE VD, BHAE (VSS) 729 OfE (Xa/VSS) ¥ HEHOBEL L THWAI LKL
720 35 N7zXa, VSS. Xa/VSSHIE % Table 310k 3. MEBROBBIE BT 2 HREKBEEPBEVESIEYE
HATHERBREOBEFHEETHILEZELAORLY, FERBOLEYH., AW S L-AYEB I UREEY
BOoBEHHNEo 20 0RSERTE. WTFAIRARTRRES TS LB, BEAKERIER TSI L2
AbMb, £oT, TRLOERBREOUBILERNLBEOAROLBITEZ DT, £WEHLKIE
REFOFEOFELHATEIZLELIOND, HEWEHET S L, FigSlRT LI, WFhoAHHY
RERSHBEOBRM L E-o TRETLTE Y, £PEORII EERFETLIwR I L bd b, TRIEH
HEAEN IR o TV A A MBEEE CHEREANS CEELTWA T LERL TV 2, BHEARERAL
BWHMEECEEY Y2 LTBY, BAEUBMEEREC L > TELET S, L Lads, GHEABIERHOE
RETELL, —COWBEE (B VIIEYE) 2 H- - HBEOHEMETH Y., F-HSTH RN

Table 3 Specific activities of substrate consumption by biomass in methanogenic fluidized bed

Sample name Attached biomass 1st sloughed biomass | 2nd sloughed biomass | 3rd sloughed biomass Remaining biomass
Substrate HAc HPr n-HBuj HAc HPr n-HBu| HAc HPr n-HBu] HAc HPr n-HBu| HAc HPr n-HBu

X, 1362 305 600 96 13 21 59 10 1 34 7 10 657 269 253

VSS 33000 <+ «— | 1035 605 611 | 912 495 526 711 427 453 | 18000 <+ -
X,/ VSS 0.041 0.015 0.018 | 0.093 0.015 0.018 ) 0.065 0.020 0.021 | 0.048 0.016 0.021 [ 0.037 0.0!5 0.014

BEESARBERE A TERB KOS N IEYT
b, LoT, R b HEFRECBVWTI—EOEY
PR HOGHELEL B CEZEZIOND, &
EESBEICOWTHET S L, Xa/VSSO K& &1
HAc. n-HBu, HPrZBEONEII/AELL o TV DB T L
Fhbd b, HACRIAERHESE LR TVWEBHET
$i2% CHEFE L. HPr, n-HBuBE M B CORAELR
BOEP/PE Vv, HAcOW ABRE FHPr, n-HBuD 245
T& Y. HPr. n-HBuD 3% 5 bHAcHER S N 5 72
W, HACFIHBE A SN2 RE0ERIE 2, L

VSS : Values are expressed in terms of COD using 1.22 of COD/VSS ratio.
Xa : Values are estimated based on the kinetic method.

0.10
S1 biomass
21 S2 biomass
0.08 | B S3 blomass
[ Remaining biomass
- 0.06 | Ml Attached biomass
» Xa : Estimated based on
g the kinetic method
~ 004 |
9
»
0.02 |
0.00

B o T, WHRELECRVEB L OBMPHES 2K

BBCHCEL ST IEI LR EFEZDNE,
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AXHBEFFRL ThHHHPr. n-HBuFREBEK DWW TAYERBH CEMEL L 0, BMEES LUHKED
NHEEOEFEELTVI0THILELIOND, T/, LOEEAHBREC Wb EHEROELEES
BREARCABELZRETOEYEL DB I LEVEOFFIRKEL Lo T I LFb2 b, TOKE
B, EAYERNBCBTA2EMHEOEASEFEREZ ) —ROCEHEAKREL T3 EWERN 2 KRIRIKEE
HETAHTEREERLT WS, £7/-, Table 325 b3 L) CLTOERTFOSHBIEMESED 1 Hic
b v, SEAEARFAHEOEHERELHEL TV i, TOETERLALELTOAYERNICS
WTRERERB L UMBA R v - RIS AIAEREEABYO S0 285 R KET 2 LR
D,

34BAICS T BRLEAMBOLHEN ,
WEIRN O EEMFHVSS, HENEEYEOLBABB L CHEOEE» SR 5 2 MERTHK L v
T, EMBEOFHEE B0 mEBES N, AL, B (F454 1) OBKEREEE L, LB
OEYMEMNEBRFEOLTRER04L LTV, A TN FRIB S AP EEOREBIRE»OIHCH
40, 10, 10umTH o7z, HESAEYES L URBEYEAOFUHEARORN & HANEEWEADIE
UHERBZHBELZSOFFigeTH 2, COMI L, FORBHEBH OV TLAMI S EYESB L URB
BEPYERNOFEUEREORMEHEAREEYENOBERERE LV A Z VI Litbr b, COBEE, 3.3
THORNA LI ERE, BREL L CHRAR) v —ofbic, EUBEARBCBWCERAEOBESSER
EL ) —BRKESBEBEL T 2EWEN R KRRREESIFEL TVWITERHERRL TS, FBEY
BESLUREAVEROGFHEREORM L BEGELYEANOEHEAR L LT 2 L. HACKIHEE#H
1.34%. HPr, n-HBuF M EF ¢ h ¥
LU E R o T Y, BAGEE
WEANOLSEBREERO1~28ICH 7
2 EOKRIREE FEWIER A

HAc

LTwaeEibhs, SEFMs  HPr $1 biomass
‘ $2 biomass
w-EPYEOEF T, EAEYE S3 biomass

OHIBBETCHLI-OBBTE R
Dol SLRERHKOLYE D
TRERKBERBEOFLAEHET LB 0 . ) AEnr

Remaining biomass

n-HBu Attached biomass

BEEBENA

500 1000 1500 2000
{2HBERVLD, EWENOE Active biomass [mg-COD/I]
RIRRBEOBKE ST 5 ARE Fig.6 Comparison of the sum of active biomass in an attached
HbhHbI XN FHRENL, biomass with those in sloughed and remaining biomasses

3SEMBETILAOKBRREBEOHA

AEOEFMEEBCT, KBREERERFORBOREREF S LMEUTI 22 LEREOFERKC
LT —EhRTERELOER SN, D2R-EU LRI TRETLITILREL, 2B, XY 312
L=vavZBvTiR, COXREREPBEAZHICH L TTHFENEWEZE L LR 55mg-COD 1ML REL
oo WBKREHIZ—HKCHABMOREEFOBACH T IREMEREF R TEL., FrEAHo®EE b B
Zhow ZORBEROBTLOEBREE L2 L NET T EXFREAL, Lo T, KEKRBE DR
WRBMKIZERFEOEFTHL LHEL 2D, $LKRBREFFROEHIBL CKBRB L ZORREY
EWREo THEESRDID T, KRFREZZOBREEERL C001day' EHE L 2o KIBKBELEAL -
HINZ % Table 1i2 7R T,
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Table 4 Kinetic parameters

s0  HRT pp Ks Y Ky o« Ky Kp, K D
Substrate 1 1 1 1 1 1 1 2 -1
[mg-COD1"'] (day] [day ') (mg-CODI'} (] [day'} [-! [day™’'] [day '] [day '] [cm”*sec’’]
HAc 500 0.26 20
HPr 250 0.19 20 ‘
0.25 005 004 03 0001 0001 001 10x107
n-HBu 250 0.60 90
Hydrogen 0 1.2 0.0016

* : The value of 0.01 day only used when the substrate concentration was below 5mg-COD 1"

L EMBETINICLZIERGROBAS®
F - ¥ .3
ATEROENE. UMEGL L THEBRKOAME

M.ME. FEEOMABEICREREY. BHE

ERCRABRBREACTHEL ZEYEHW

HEWHWAK/AT A — 4 % Table 412F LW TR

To SHARBOHMBYPMEIRZ., WTFhOoBIIBWTLHE

LWEIRELZ, YIab—YavilB2ERE
B, BOHEEEREVT170ume L7,

Fig TEHER R CH 2 EMEHNO LB OERER
MR ERT, COROERPEAERTH Y, A
WPEYERBTH I, HBO-OIIHRL -3
HENBLUCRALEDEORFEOERME T, 3%
SR ENFROBECB T ALEROFEHETS
2, DOV ialb—vaviERE, £PEFEEIR
RICELALZZONHI000EEREZEND DT
o, COHLLENREGES L UVRBREOE Kk
HERGEDEXRE»5H50umE CEBCBASL, ®
50pmp» SEYERBHIC T TP IEPS LTS
TeHbhb, REBLLEBT L, AYRRBAE
KBOWTHBBEEIENEI D P L) RKEL 2o Ty
2, ThEBHANAEYEY ~FEL (HES L THE
KMERELLELS, 2OHMEB 2 HGEEOTE
BEL LTL2HR2, BHROYLEBLP T2 2%
PofclbtilsddboltEAOND, AYELIHK
MrFMEETEOERTHET A ENTERN
W, SO ERLEBPTREE L2 EFZZONZ A, &
WERCBITALERIERER DO bRBFEVR
bELLAZEBMERLTVABS LSS, BIZEAED
HHEERACETCWIEEILND, —F. £YBER
BEBCBWIHEBIERHEL 9SS (2T
TEHbh b, ThOEYEE XS ICHMALL THER
rHIET A, SVERLZEBRFTRLE L EELDL

X/VSS[]

0.35

0.30

(Xa+Xg)/VSS [
Xg/VSS [-]
Xa/VSS [-] (Exp. data)

0.25 - |
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0.15 1

0.10 4
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Biofilm thickness [um]

Fig.7 Comparison of simulation results with
experimental data of active and dormant
biomasses in a biofilm
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2 B Dormant biomass
E 0.7 B Inert biomass
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f4 Extracellular polymer

140485790000
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Fig.8 A simulation result of each biomass
distribution in a biofilm
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