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Respirometric identification of hydrolysis kinetics for the modelling of anaerobic municipal sludge
digestion process

R BE RE SR M ot FHE ST KE SRT RE BT

Hidenari Yasui, Shigeki Fujishima, Kazuya Komatsu, Hideaki Igarashi, Akiyoshi Ohashi, Hideki Harada

ABSTRACT; Kinetic modelling on the hydrolysis stage of municipal sludge, which is considered as the rate-limiting
step in the anaerobic digestion process, was studied using anaerobic respirometry. The respirograms in the batch tests
revealed the composition of primary sludge and excess sludge could be classified into several fractions having different
kinetics. In the degradation of primary sludge, a spiking gas production originated from soluble readily biodegradable
compounds was detected in the initial phase. The once dropped gas production rate increased again due to production
of slowly biodegradable compounds throughout the solid disintegration stage. Respirograms of the excess sludge
digestion showed consistent zero-order rate-expression of Monod type in spite of conducting tests with different F/M
ratio. The rate of gas production in the phase was proportional to the amount of excess sludge to be digested. This
result suggests that while endogenous respiration by microorganisms in the excess sludge a part of internal cell material
was released to the bulk liquid as fermented low-molecular organics being major source of the methane gas. Based on
the respirograms, kinetic model for primary and excess studge digestion were developed according to similar manner of
Activated Sludge Models and Anaerobic Digestion Model proposed by IWA task groups.

KEYWORDS; Anaerobic digestion; Gas production rate; Hydrolysis; Modelling; Respirometry
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ADMI Ti, EREEML. (DIRIL. QOIIKSFEETEL)., GV EMEEEREE. (DA X VBl DRBEL
B LU TERICORREIND LD LRESND, ADMI 25 ASM L B A 503, FTARIGIROCHRSERSIIE
& LIS E S EAORNERE UToTo, S BRED S R % &l R A RIS U RS T 5
FHARENTNDZETHD, ZIT, HREFEELIIEDQG) & DR, FEASIZ Monod BIDGT
ERLOLEZ LN TEY, £, SESEREIYE - LFRERPOEEOERNH LN TWS, —F, ()D
WA LD S FR(RIA L) DA B, RUSAMUEEBRIBIRIC L > TR E S BB Z L 3TN E -
», ADMI DFERICH T > TRHCEE L2 ile 52 0 # i THh 5,

ASM THE, WPRGERESH A - TEUKD COD mrdysydl - BB ENDY, [FUKD% COD RSN, AWy
HERTT UEEICIR U T, Sy (Readily biodegradable substrate), S (Inert soluble), Xs (Slowly biodegradable
substrate), X; (Inert particulate)> & 9 (2% 315, Bl &K< —EDHITIZ K 2T, FNFNLOBII R0 0
BROENPRD 5D, ZHUIRt LT, SR o A CIEREPEE OB CE /7 —8an Ty
BF, BIDH 22 ZA—F Il L BBEDIEE -3 TH D,

B EORIE R IBIE T 272 DI LA A SN TV D TELL, BELAZ T AZHEL
THARAREIET S BMP 72 MA$H A%, ZHUIHEARFER, ASM TR B MR & kT 5
b BN BERINE 0D T AREROMEE )6 A2 SRR ERARD S A I0BX R
VY ASM TRV DFEEGREEH T, [E5yECBERBIUHRE ORREE AN < Ek T2 b OT, ZhZE-»T
IR U2 R 9 2ot e 2RRT S ATREIC 72 B, BREIS72IR % MR B s H (W ARAEEE DR F-TRIL L D
WHHET BI013, A ¥ VT AORERE L HRESCTENOELCBEX B OBRBIIET 2 L ANELED
NTNB, 0 &5 RFEE BT, BEEHEEUSICR T 2 RBMORISHHE L BT 5 - L 48F
REIZ72 D, 72 Th, FRGIROEEHEE LD X 5 [T EOTBR 2B+ 2 7 0w A CiE, M EEEHT
S o THEERBGOBFECET 5 7/ 2t AT LV EREH UL, VAT LMEEOR LBk 2 &2 % BT
KBTI OTHD 5, BANLEERD L 2 HERITEMRETH Y . A ofbaE R R 2 13T OMEE
DEFEHIEE & W5 S U S WETOEESHMERS CHI SIS, —J7, SRENVBIROKIL. ASM 127
S & EETODBNRT T YT Xy & EOFFEOBERE SND, 85T, ZNLHDVERTHEL $Z — 1 13h
RVELRBLOLTHRIND, EE, FTABROSIIEMERC TR, BREBONHEE KRS TERTS
O AT ABMERINAC LN TODE HOD, ZhEH-> TEElERET 5 2 L I3RS LR s TV A%,
IO EEERIC, TROBANLBIGIR & KENGRENENO SRS ETT/UET D Lz Ui, AR
Tk, PSR MEEORERNE & B SN O3 O)DOBHIERIG & QIR S RFTE LR RIS
T, MRS OGRS L BRSSO HE L BIIFEROMBE B 2 2o 7,

2 EEAE
21 B XERRERT

ERGEREE RN, 3436 CICHI S AU7-1BIR%, TEIRERNICHRE SN - ARVARE 400 mL BOBEEHESHE, 15
BAE G LT U AR E A OERF, BRI O CO, 2RETH Y —FTFA LB T A, ZOHT LHA
WEERE U2 D L —(AP-52A, Keyence ), BL U o —HAEELTERTH L L LICERAOEES
HHT 52 Ea— DO END, [EAOHENE, [EAY o —0ORHEEREEQ0.] kPa)k v HFEMICHE
LVERRERELVBELLELSRLARVWEIICEE L, SRIFOM% 6.0kPa, % 05kPa TRBZ 25 L9
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22 HEFEE

EREEMETREEZREA LTS N BN syt o 7 — OB B, WHIEERD S RIIDEETR.
RBNVEIE & F N ENEIR U=, FEETRIL. [RIMER P ERE Uiz A v o MR LIEE ) HER L -,
TS Ty FEEN, BANCIESTE(39,700 mgCOD/L) & ARITETRE(55,800 mgCOD/L) A AFELL T 112 DELS
THEAL, SRT % 58 RICERE LI I EAY v FOEEFT 10 » AU EOEFEGREL B2 T A LD TH
B, RELETABERPEBER CpH £ 755 ICHBT D & & BICIEDREICHIR L, BERE & bicgRl
ATV LT, B U CHEGEEH O CRISER 2B 2 hofr, I LERYIERETRE & KEVSROM
AR & PR O BER S % Table 1 1R L7z,

Table 1 _List of sludge composition for the respirometry test

Primary Excess Anaerobically Respirometry test**
Sludge Sludge  digested sludge

pH(-) 6.00 6.65 7.49 Primary sludge Seed sludge
TS (mgCOD/L) 36,000 46,500 25,300 | Runl) OmgL : 10,400 mgL
VS (mgCOD/L) 27,000 35,400 14,700 | Run2) 975 mg/l. : 10,400 mg/L
COD, Total (mg/L) 39,000 56,000 22000 | Run3) 1450mgL. : 10,400 mg/L
COD, Soluble (mg/L) 1,800 2,700 944 | Run4) 1,950mg/L  : 10,400 mg/L
Acetate (mgCOD/L) 610 730 Not measured
Propionate(mgCOD/L) 560 370 ditto Excess sludge : Seedsludge
Carbohydrate, Total (mg/L) 19,000 6,800 ditto | Run A) Omg/l. : 10,400 mg/L
Carbohydrate Soluble (mg/L) 120 260 ditto | RunB) 700 mg/L  : 10,400 mg/L
Protein, Total (mg/L) 6,030 16,600 ditto | RunC) 1,400 mg/l.  : 10,400 mg/L.
Protein, Soluble (mg/L) 150 340 ditto | RunD) 2,100 mg/L 10,400 mg/L
Buffer solution NaHCO;: 4360mg/L, K;HPO,: 400 mg/L, KH,PO,; 400 mg/L, MgClL,-6H,0: 100 mg/L

23 HRERSDOSE
() ETFIEE

AEFZE TRV 7 e AT AR Figure 1 1R LTz, ZOET L, BIFIORT 4 B
TERENC BRI ERISAETe & O L ARE L. ADM ICHHMCESE 2N Z 5 & & SITHK I RIEY) & A Kk
BEORIGE ML LI b O TH D,

BB 1 (P(b)

IV X N D IBTROBEI AR 5 (X, FINOBEDIZ L > THMRIN D) & At Shzn
TIEMEZ RS (X) TR S5, X RN CIERAY « AL 3N 2, BMEDOES WV NC L - T,
BT AMSES ORFERFIENT S 2 L B2 o5, Xp TR Z WERMEZIEE L TRY . JiudE
I X DMK E ST, a4 RROMGI)IZ2 D,

B 2 (A AR -

T DEFETIL Y Xs BN RE S TR DR F(SpIZ 72 Do RIRDIGIRRL D D EMER AL,
BRSO XoR° Sr BB X DLENHD, ADMI Ti, Xs 2 HEHOREIRAKIY - BEE - IRE)ICER L
TR L, ®G LIRS Sp13, BHEE, 7 3/ Bk, (SRAEEE CH 5, ZHUTK L CABIEDET /LTl
LR E (REBERTRE/RARSY Sp) & —FESEICHMIL U, ZOBERIE, ARFEOREHENED Xs Do E T
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Xp
Organic Solid (Biodegradable) | . _ dXp _ e Eq.1
- Disintegration dt
2 ¥ (Physical & Biological) dX g Eq.2
X T Txp xS :
Hydrolysable . dt
Hydrolysis (Non-growth)
ris 1 . daSg 1
4 *Presumed Rate-limiting Stage —d—‘ =rxg = TKS'F Eq.3
- t
S q
Fermentable das¢ 1-7 1
Acidogenesis (Growth) bt 4 Vs~ h Eq. 4
(1-v) d Y M
e se d H L%
Yy 7
‘ Decay dSy [ 1-Yy " Eq.5
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I Acetate Hydrogen Acidogens Inert dx Eq.6
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; a P
(1 Y ) P s | Methanogenesis (Growth) ax
Yar H Eq.7
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Sy Xy at
Methane Methanogens dX s
=y
@ M Eq.8

Figure 1 Model structure regarding COD degradation in the anaerobic municipal sludge digestion
(Left: Process diagram, Right : Process definition)
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Figure 3 Evaluation of kinetics for rys and X5 concentration in Run 4
(Left: kinetics for ry, Right: X concentarion in the reactor)
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3 RERER Figure 5 Resiprogram in Run 2 — Run 4 (Primary sludge)
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Figure 6 Estimated X concentration in the reactor and its production from the

degradation of X compounds (Run 4)
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Figure 7 Logarithm plot of time and X; production from the degradation
of Xp compounds
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Figure 8 Suggested sludge composition and its degradation (primary sludge)
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BB BIR OB LB 72 & DN R LB DI RSET /L% Table 2 IZE L, ZOEFAEEST
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Table2 List of the composition of primary sludge, rate expression and kinetics

Composition of the Rate expression Kinetics
primary sludge
Xg fraction 21%  rxsr = Ky Xy Kyy=0.18 day”
_ -1
Xp fraction 49% Fxp = prXpotn Kﬂ’ 0.66 day
n=0.67
. = X N Km_)Q’XHmbe =750 mgCOD/L/ day
X s fraction 0% rxs = K- x5 Kg+Xg Xy —anaerobe =130 CODm: g/L
. Sk Va5 X =2,000 mgCOD/L/da
9 rse =V, max— X anaerobe meae-SF4\H.cnerobe > y
Srfraction 6% SF sFK L b K= 150 CODmg/L.
X; fraction 24% Nil Non biodegradable
1000 1000 1000
i Run 2 Run 3 Run 4
800 800 800 &
600 600 600 F

g
&
5

AN

Measured ¥ 2
. Measured

CHe production rate (mg/L/day)
CHs production rate (mg/L/day)
CHs production rate (mg/L/day)

200 200 200 F
i i - —y Simulated ™
 Simulated - Simulated
0 — . ) N 0 . . . . 0
0 24 48 72 9% 120 0 24 48 72 9% 120 0 24 48 72 9% 120
Incubation time (hr) Incubation time (hr) Incubation time (hr)

Figure 9 Simulated gas production rate in Run 1 —Run 3 (Primary sludge)
(Dot: measured, Line: Simulated)
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Figure 11 Resiprogram in Run 2 — Run 4 (Excess sludge)
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Figure 10 Suggested sludge composition and its degradation
(Excess sludge)
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Table 3 List of the composition of excess sludge, rate expression and kinetics

Composition of the excess Rate expression Kinetics
sludge
Koeae x5 Xt cerobe’
¥ Run B = 170 mgCOD/L/day
. _ s
X; fraction 49%  rx5 = Kpae-xs FATA X b - aerove Run C =340 mgCOD/L/day
Run D = 500 mgCOD/L/day
Ky=20 mgCOD/L
S, =
SF (SS‘?) fraction 1% rsp = VmaxﬂS'F —r _x H —anaerobe VWSFXHWW 2,000 mgCOD/L/day
Ks+5F Ks="70 mgCOD/L
XtrceronetX; fraction 50%  Not identified Not identified
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EH L EEER A Table 3 ICENENFE LT, Xoid, REFFROELTRSTHY . MEBOHBWE S S
WITHIIREO—HTH D, Spid. Bhe LIEREIGIRIZE TN QOB O BEM RIS THY . Th
TR L CODRIICAERR L7 b D e EZ LD, BELL ZOMSE. AR, FiffARERIC
HEENTOAROTHA V0 Xiawoe 1. RENFRFOAE TV BHAEDTH D, Xid, ARROZ &<, Wk
SNRVRNEEDRS TH Do BT Xiraerobe DIFEITLFRE 72 PH R 2> TOHERTE B2, 22
TIEX & KR EFMER R LT,

WIZ. RunB-~RunD 21 DA Z o HADFERE LY I 2 L— 3 » LIRS Figure 12 1071, &
FETROUMES V7275272 Run B TR, DEOEANEHRZAVZ Run 2 2REL, ¥ Ral—vg
VRERITRIEE L T NI TR L T,

1400 1400 1400
Run B | RunC Run D
5 1200 w1200 i
kS k3 3
= 1000 S 1000 E 5 1000 Measured
£ E Measured E
2 3 2 800 2 | i
g Measured e / 5 800 Simulated
= = =
=3 =1
'% 600 g 600 Simulated 5 600 /
= = =
2 Simutated 2 2
o R o o
g 400 5 400 & 400
£ E =
© 200 © 200 © o200 |
.
0 0 0 =
0 24 48 72 9% 120 0 24 48 72 9% 120 0 24 48 72 9 120
Incubation time (hr) Incubation time ¢hr) Incubation time (hr)

Figure 12 Simulated gas production rate in Run B —Run D (degradation of excess sludge)
(Dot: measured, Line: Simulated)

4 ER
41 BROEBER

B OB BT 28R DEF AT, SIEEELY BEICHET 5 —KEGE LTET LD L OREN?
Mo ZhuL, TAREEENBROBAITELE . KEICE T A E6 2 ERNICERRT 30108
LImEFAThD, L, SEOSMTTELNEL 512, HARAREIIN R b CEEcE L TR
V. BEEICIE, 2FE—RERE LTRETERNI LI O THD, BZ. LRI DB TH A%
EEEN—BOC LR TAHE. ZOTFATIRERTEARY, ZO—BLEEEFHRATIEL L LT,
IS %% T 5 M O 2 0 =—BSEFMEE CREIET D LIRE LT H 55, ZoeF L,
HARAED FRE a0 =—ORIEEICHIGT 5 & R L TEY ., MiENEBRE 4 B HE T
BROH AREFENGOND, 2L, 2D &, HRREEO T RE T, #f
BUTTE U LUK D H A FEAEREE DL, BRREREORD LRET ALENRH 5, Ein, HAFAEEIL,
— B L THIBEDTRNMER B RE IR DI IEMBIT 2 Z 212725, UL, HINERORE B
Tz 7= Run TiE, BEWO LI ERZ T MNIMBEE Thiotz, 20206, EOEFAM, ARET
BRINT-HREBUNHATE D L1322y, —F, Figre 9 DY Iz b—arTRrLEL ST, B
EHX) 2 & PRI BICAER L, ZHSEROEBE SN ETAZAVS L. Lt urs I aenk
D LLEATE B,
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Lien 7S LD G X OSBRI KD Xs DERMHEORIR L L HICBERTH I LISREINE,
ZZT, B OBEM Xt eV T &2 T Xp BIKGFRE T T Xy ERR LTe b D E R L. Zoof
DA OREDNTMNTETIL, AREEN X OFEEAT S LEZ NS, BYNLBERE R 2
<720, ZAUS K > T L B C X ARSI Uz LB Ul BEDERA S5 £
HTE D, BEfND NDha TP ~kbhd &, FOBEIMET L, BB EI V2R3 T
H5HH, ZOX LU THHHEIE S 4L, REEDBRRAITENLIZbDEEZ HRA,

F T, Xp DSFREE rp 13, Eq. 13 DR II—REEND, ZHUE, Table 2 TR rp & Xp DEISCT

HLELZHDT, v=lrtlkprr . m=2 ThD, k [TMKSIEEEER(ay). X IZHIRD X, 1

n+l

(mgCOD/L), m tEEFMOEN T S 2R T TEROZ FN TR T, AR CHW B UBIEIE Tt = 1.3,
m=04 Th -7z, MKSFECWHUY SR TUVNERTIL. « & mIIEVMEER T THA S,

rXP:KXPO{l"/\),(P } Eq.13

PO

42 REEE

RRENGRDO L L ¥R 7T ML, BANOBGROMEL 02 ) BB E— R LTz, R Th, Xs D5y
SRR HSESIN U 7= SRRV STRIB RS HF L. 2T O Run TH ZFANY o Rk RS T o RS 4 S 2 &3
BB Tholn, ZOIZ L EFHT AL, GOEBPREBEBEROREICHEEL, B, ZORSIE
Monod BICH#EL b O L RAATWENRH -T2, ZOZEMDL, RRIBIRHEDRSY X DAEREE re 3L T
Lot ENDd, T 2T, Kuxs IREVERBEDOERAICE TN D Xy DR KIS fHE
(mgCOD/mgCOD/day), K TR TEDBAERL. Xiraorone VERBNHIRH DIFIELAR AR (mgCOD/L) % £
FIFT,

XS/XH -aerobe XH "
—aerobe
K+ Xo/Xotgerobe

RBRI A SRRITGTRIT A D R RS M ETRIEO T AR R L 72 b O TH Y | AP
U2y AT AOPEREES T, WEWEE S STHERITITR D IZWY, ok, Lien s s A TH
EENT Xoid, ASM TEZRT D ASKORTEIE Xono(Bl 201E PHB)Y AT, KEVERMED OMIRE
TholwietbdH s,

HEBRROER L A LD TH ARENE o R E R U2 21, Xe 20T Xuerobe DIBEERZ
D TRE S B LR Tm 2 E2BWRT D, THUL. Xiese DRI OAHSI(X)E FRIZRIF LT 2
LT HIE L olofed EEZ BB, 18- T ZOHEIEERNT. £ & T BHEH OED T 5 “Decay”
R “Lysis” TI372<, “Maintenance” & EETHETHAS", HFKAVRERE T, #EDIT—EEE—
KIS CHRIET D LBEZBZ ONTWD, —F, BILORIEN Monod AR L Z &1, REVEROMA
YIRS BN TIIEEITIE, FROEE LR ORISR D WA w2, EBR, BN
RE B LIBE. HEIIARERREBICA D . T L3202 E NERIICH LM STV A, ik
TERREISZR L TOBEIL, EERBEDORIEDL LTEEZTNED L, U TELED LIZTD
HERIRIKER DD Liviavy, ZoZ &R, M5 MOINET Xygerone LT D LERH D, RENG
ROMEEISZ FICHYR T 57201703, SRT RV R T ADEMNRRR DR DOARIEREL L ¥ u 7S L% 5
ARBITNT, EERFRRBRET LS RIILETHA 5,

7xs = Kpax—xs Eq. 14
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43 R
A B AR AT AR R & O C TR DA EIE & £RR5 OB L Y r 7 Z
LERDZ, ZOLIERTT Ak LB S AR RBSEORIC A B L. IROBREH.

1. RACENER. SRIEROBEHE - MRS 28 E R SR E I > TERT
Sy

2. EANHEEROMBETIE. BROMHEIZ X > THEERER L, TSR R T A Z L~
BEESND L RARTI LT Lk nd S ALEBET LI ut AT ABNELNL,

3. HRRFEROBL T, BRBAEB ORI L o RN O— 803 RFICRE X5 EL
O REF AR LIRSS LS L,

5 itEB

State variables: S;: HH(mgCOD/L), Sq BRBEATHE7 e B4 B HM(mgCODL), Sy KFW(mgCOD/L), S FRfEIEE

SR E R I(mgCOD/L), Sy A ¥ L(mgCOD/L), SeB it Ei#(mgCODL), X 5B HEMI(mgCODL),

Kiturons: BB OWAEI(MECODL),  Xyoor: THILIBIR P OBBAERME (L), X ERIEIEMSIEREY

(mgCODIL), X,z VELIBIRHFD A & ARF(meCODL), Xy BEFAEESSREE A (meCODIL),  Xep FIFEOERE
W BB (mgCODIL), Xy BASYRIEAEMI(mgCODL), Xy BAEY SR (mgCOD/L)

Rate expressions: p: Xy xwon © B COFEER (mgCODAMay "), 1o Sp 2 & T8 Xy erone PHFEEE(mgCOD/L/day™),

g Ss BB &5 X, OBEFEFRE(mgCOD/Liday ), 1y Xp O FEEEE(mgCOD/L/day),  ris Xs DO FEEEE (mgCOD//day)

Stochiometrics Yy Xmmerore OUEE),  Yig Xy DULER(-)

Kinetics K: BFIERG), Knerst Xs DERKEMKIIBEE ay™"), Ko BIFIERmMgCODL), K Xp DMK AERE

(day’), Kyg: Xeg DHIKSHEERE (day ), m THC), n THO, tFHday), Vs SFOBRKESHEERE(day™), «©

Xp DI AR (day ™)

6 3IFHER

! Eastman, J. A. and Ferguson, J. F. (1981). Solubilization of Particulate Organic Carbon during the Acid Phase of Anaerobic Digestion.
JWPCF, Vol.53, pp.352-362

% Batstone,D.J., Keller,J, Angelidaki,l, Kalyuzhnyi,S.V., PavlostathisS.G., Rozzi,A., Sanders W.T.M., SiegristH., VavilinV.A. (2002)
Anaerobic Digestion Model No.1. {IWA Scientific and Technical report No.13) London:TWA

* Henze,M., Gujer,W., Mino,T., Loosdrecht, M., (2000) Activated Sludge Models ASMI, ASM2, ASM2D, ASM3 (IWA Scientific and Technical
report No.9) London:IWA

* Kappeler,J., Gujer,W., (1992) Estimation of Kineic Parameters of Heterotorophic Biomass under Aerobic Conditions and Characterization of

Wastewater for Activated Sludge Modelling, Wat.Sci. Tech. Vol.25, No.6, pp.125-139

IWA-AD task group on Harmonization of Anaerobic Biodegradation, Activity and Inhibition Assay (TG ABAI). (2003)

www.fins. wau.nl/mt/abai/

% Speece,R.E. (1996) Anaerobic Biotechnology for Industrial Wastewaters. Archae Press: USA, ISBN 0-9650226-0-9

7 YoungJ.C., KussM.L. and Nelson, M.A. (1991) Use of Anaerobic Resipirometers for Measuring Gas production in Toxicity and
Treatability Tests. Proc.84” Annual Meeting of Air and Waste Managemanet Association, AWMA

' Flickinger, M.C. and Drew,S.W, (1999) Bioenegetics of Microbial Growth. Encyclopaedia of Bioprocess Technology: Fermentation,
Biocatalysis, Bioseparation. John Wiley & Sons,Inc. [SBN 0-471-13822-3

2 Wanner,]. (1997) Activated Sludge Bulking and Foaming Control. Technomic Publishing USA ISBN 1-56676-121-2

3 paviostathis,S.G. (1991) Kinetics of Anaerobic Treatment: A Critical Review. Critical Reviews in Environmental Control Vol.21, No.5/6,
pp-411-490

* Vavilin,V.A., Rytov,S.V., Lokshina L.Ya. (1996) A Description of Hydrolysis Kinetics in Anaerobic Degradation of Particulate Organic
Matter. Bioresorce Technology Vol.56, pp.229-237

¥ Vasiliev,V.B., Vavilin,V.A,, Rytov,S.V. and Ponomarev,A.V. (1993) Simulation Model of Anaerobic Digestion of Organic Matter by a
Microorganism Consortium: Basic Equations. Water Resources Vol.20, pp.633-643

16 . -
ibid 12

17 Loosdercht; M.C.M. and Henze M. (1999) Maintenance, Endogenous Respiration, Lysis, Decay and Predation. Wat.Sci Tech. Vol.39, No.1,
pp.107-117

18 Kaprelyanis,A.S, and Kell,D.B. (1996) Do Bacteria Need to Communicate with Each Other for Growth? 7IBS, Vol.4, pp.237-242

- 302 -



