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STELLINGEN 

1 De door Yoshikawa et al. gepresenteerde redenering dat externe 
diffusielimitatie is uit te sluiten als de specifieke produktiesnelheid constant 
blijft bij een oplopende celconcentratie in suspensiecultures is 
fundamenteel onjuist. 
Yoshikawa N., Ohta K., Mizuno S. and Ohkishi H. Production of cis-cis-Muconic Acid 
from Benzoic Acid. In : Tanaka A., Tosa T., Kobayashi T. (Eds), Industrial Application of 
immobilized biocatalysts, Marcel Dekker, New York, 1993,137. 

2 De door Tyagi en Ghose gesuggereerde procedure voor ontwerp van 
series heeft met optimalisatie niets van doen. 

Tyagi, R.D. and Ghose, T.K. Batch and multistage continuous ethanol fermentation of 
cellulose hydrolysate and optimum design of fermentor by graphical analysis. Biotechnol. 
Bioeng. 1980, 22,1907-1928. 

3 Dat met de slogan "Doodt 99% van de huishoudbacteriën" een 
schoonmaakmiddel succesvol kan worden verkocht geeft aan dat er voor 
de biotechnologie op het gebied van de publieksvoorlichting nog een lange 
weg te gaan is. 

4 Daar het ecologisch gevaar bij de toepassing van recombinant-DNA-
technologie omgekeerd evenredig is met de omvang van het organisme, 
terwijl de weerstand tegen recombinant-DNA-technologie in de 
samenleving evenredig is met de omvang van het organisme, is enige 
publieksvoorlichting gewenst. 

5 De definitie van biotechnologie zoals voorgesteld door Houwink is onjuist, 
omdat Bioprocestechnologie daarin een basisdiscipline wordt genoemd. 

Houwink E. Biotechnology- controlled use of biological information. Kluwer Academic 
Publishers, Dordrecht, the Netherlands, 1990. 

6 De titel "Beter dan God" voor een programma over recombinant-DNA-
technologie zegt meer over de makers van het programma dan over de 
technologie of over God. 



7 De huidige hoogte van de arbeidsbeloning leidt tot een merkwaardige 
driedeling in de westerse samenleving : werkenden, niet-werkenden, en 
overwerkten. 

8 Het koppelen van de zuiveringsheffing aan het waterverbruik bestraft 
milieuvriendelijke teeltwijzen in volkstuinen. 

Sikkema, J. Microbial transformation of tetralin, PhD thesis, Wageningen Agricultural 
University, 1993. 

9 In het algemeen is een fotomodel een te mooie weergave van de 
werkelijkheid. 

10 Nu binnen de Acol-conventie elementen uit de Klaver-conventie worden 
opgenomen wordt het tijd beide biedsystemen kritisch te evalueren. 

11 De gebruikelijke eenheid voor regenval, mm, zou beter kunnen worden 
veranderd in m3.m2.h1. 

12 De ambtelijke salaristabel dient verticaal omgekeerd te worden uitgevoerd 
om het taalgebruik "een periodiek omhoog" beter bij de werkelijkheid aan 
te laten sluiten. 

13 De aanvangstijden van feesten zijn omgekeerd evenredig met de leeftijd 
van de gastheer of gastvrouw. 

14 Om als consument een ecologisch verantwoorde keuze te kunnen maken 
tussen vliegen en reizen per trein, bus of auto is het noodzakelijk dat op 
kerosine dezelfde accijns wordt geheven als op dieselolie. 

15 Een modern, gemiddeld bezet, vliegtuig op kruissnelheid verbruikt per 
persoon per kilometer minder brandstof dan een auto met twee inzittenden. 

16 De positionering van de regelkranen bij gasfornuizen is een ergonomische 
blunder. 

17 Wegens de onnauwkeurigheid in de beginsituatie bij zwangerschap 
verdient het aanbeveling het begrip 'uitgerekende datum' te vervangen 
door 'uitgerekende week'. 

18 Bij een prijsvergelijking tussen papieren en katoenen luiers dient de 
aanschaf van een wasmachine als 'sunk cost' te worden beschouwd. 



19 Het vermelden van de mogelijkheid van kinderopvang dient bij alle 
personeelsadvertenties in gelijke mate te gebeuren. 

20 Dat gepureerde tauge geschikte babyvoeding zou zijn, is onjuist. 

Ten Hoopen, E. Groeiboek. GVO, Den Haag, 1993, 36. 

21 Bij een stijgende participatie van mannen in het huishoudelijk bedrijf is een 
stijging van de werkbladhoogte van aanrechten en commodes dringend 
gewenst. 

22 Binnen het emancipatiebeleid dient meer aandacht te worden gegeven aan 
de invoering van zwangerschapsverlof voor mannen. 

23 De regels om in het Engels woorden door een koppelteken te verbinden 
zijn zo verwarrend, dat het de hoogste tijd wordt voor een streepjes-code. 

Weiner, E.S.C, and Delahunty, A. The oxford guide to english usage. 2nd edition, BCA, 
London, United Kingdom, 1994, 27. 

24 De suggestie die wordt gewekt dat door een groot aantal auteurs bij een 
publikatie de bijdrage per auteur steeds minder wordt, berust, zeker voor 
de eerste auteur, op gezichtsbedrog. 

25 De invoering van het dubbelblind-principe bij de beoordeling van ter 
publicatie aangeboden wetenschappelijke artikelen zal de objectiviteit in 
het wetenschappelijk bedrijf doen toenemen. 

26 In tegenstelling tot wat de positie doet vermoeden, wordt na de eerste 
auteur van een publicatie de meeste aandacht geschonken aan de laatste 
auteur. 

27 De benamingen Northern, Western and Southern blotting doen ernstige 
twijfels rijzen omtrent het geografisch inzicht van moleculair-biologen. 

28 Het aantal in omloop zijnde verschillende BIOSIM pakketten rechtvaardigt 
ernstige twijfels aan de creatieve vermogens van software producerende 
biotechnologen. 

29 Hoe geavanceerder de software, hoe groter de kans op fouten. Gelukkig 
dat tevens de mogelijkheden zo groot worden dat de kans om die fouten te 
vinden steeds kleiner wordt. 



30 Waren het maar tekstverwerkers ! 

31 De tarieven van de inkomstenbelasting zijn er om de politieke wens tot 
nivellering uit te voeren. Elke andere van overheidswege voorgeschreven 
inkomensafhankelijke bijdragentabel dient daarom te worden afgeschaft. 

32 En toch lijkt het verstandig geweest de minister-president van een land dat 
officieel per 15-7-94 461000 werklozen en tegelijkertijd 739000 
werkloosheidsuitkeringen telt, geen voorzitter van de Europese Unie te 
maken. 

De Volkskrant, 15-7-1994, 1. 

33 Om techniek in bredere lagen van toekomstige studenten als gemeengoed 
geaccepteerd te krijgen verdient het aanbeveling om in navolging van 
Duitsland basisfiguren en vergelijkingen op de bankbiljetten af te drukken. 

Zehn Deutsche Mark, Deutsche Bundesbank, Frankfurt am Main, 1989. 

34 Aangezien bij onderwijsevaluaties studenten wellicht niet in staat zijn tot 
reflectie, en docenten niet meer onbevangen staan ten opzichte van de 
stof, zit er niets anders op dan beide meningen serieus te nemen. 

35 Vanuit proceskundig oogpunt verdient het aanbeveling op drukke 
baanvakken de geldende maximumsnelheid te veranderen in een 
minimumsnelheid met dezelfde waarde. 

36 Het advies van de Veluwse Nutsbedrijven om bij afwezigheid de 
verwarming wat lager te zetten staat haaks op het geafficheerde 
energiebesparingsimago: uitzetten is altijd voordeliger. 

37 Het was correcter geweest als in het voorbeeld waarmee Bird, Stewart en 
Lightfoot partiële en volledige afgeleiden toelichten gebruik was gemaakt 
van een duikboot in plaats van een motorboot. 

Bird R.B., Stewart W.E. and Lightfoot E.N. Transport phenomena. Wiley, London, 
United Kingdom, 1960, 73. 

Stellingen behorende bij het proefschrift 'Cascades of bioreactors'. 

CD. de Gooijer 
Wageningen, 26 juni 1995. 



ter nagedachtenis aan mijn vader. 



VOORWOORD 

Het is verbazend hoe lang het antwoord "volgend jaar" gebruikt kan worden op 

de veelvuldig gestelde vraag wanneer ik nou eens ging promoveren. Nu is het 

dan zover. 

Tijdens de afgelopen jaren ben ik bij een aantal projecten betrokken 

geweest waar ik vanaf de zijlijn mocht toekijken en meedenken. Dit heeft in een 

aantal gevallen geleid tot het maken van een model. Deze modellen hebben 

steeds als doel gehad het verkrijgen van inzicht in de fenomenen die zich 

voordeden bij de verschillende processen. Buitengewoon bevredigend was het 

als een model iets voorspelde wat nog niet was waargenomen of opgevallen, en 

dat in werkelijkheid ook zo bleek te zijn. 

Modellen hebben geen enkele waarde zonder experimentele gegevens. 

Anderen hebben mij ruimhartig gegevens verstrekt, zodat die gebruikt konden 

worden bij validatie en verdere verfijning van de modellen. Met name Rene 

Wijffels, Wilfried Bakker, en Frank van Lier van de sectie proceskunde, en 

Marcel Kool en Magda Usmany van de vakgroep virologie hebben mij die, vaak 

zeer moeizaam verkregen, gegevens verstrekt. Bij deze wil ik hen daarvoor 

bedanken, wees overtuigd van mijn diepe respect voor jullie werk. 



In die modellen bleek een duidelijke rode draad aanwezig : alle processen 

speelden zich af, of konden zich afspelen, in series van bioreactoren. Het is aan 

Hans Tramper te danken geweest dat ik de ruimte kreeg om dit verder uit te 

werken in dit proefschrift. Hans, kort en goed : bedankt. 

Ruimte alleen bleek echter niet toereikend. Mijn schromelijk 

tekortschietende kennis van de virologie in zijn algemeenheid en van 

baculovirussen in het bijzonder werd op altijd boeiende wijze aangevuld door 

Just Vlak van de vakgroep virologie. Tevens bleek, op het moment dat het 

laadste loodje spreekwoordelijk zwaar begon te wegen, de steeds mild 

nuancerende invloed van Rik Beeftink van doorslaggevend gewicht, en zonder 

zijn behendigheid met Maple had het nog een jaar langer geduurd. Just en 

Rik : dank ! 

De basis voor hoofdstuk 7 is al in een zeer vroeg stadium gelegd door 

Marcel Zwietering. Tevens is zijn kennis van notaties en schrijfwijzen beroemd, 

waarvan ook ik dankbaar gebruik heb gemaakt. 

Wetenschap bedrijven is het stellen van vragen. Van de talloze discussies 

met Hans, Klaas, Just, Rene, Rik, Marcel, Frank, Fred, Jan, Marcel, Arie, Vitor 

en Imke heb ik niet alleen veel geleerd, maar ook erg genoten. 

Zonder de inbreng van studenten was dit allemaal niks geworden. Harry 

Hens, Sjon Kortekaas, Gertjan Smolders, Leonard Mallee, Meinard Eekhof, 

Evelien Beuling, Serge Lochtmans, Hans van 't Noordende, Aldo Schepers, 

Mirjam den Boer, Hans van den Homberg, Wiebe Kroon, Albert Hamming, Joost 

Knitel, en uiteraard Rick Koken, bedankt voor jullie bijdragen. 

Wilfried, de af en toe 'harde knallers' die we over en weer sloegen hebben 

mijn conditie op peil gehouden, tussen het zitten achter een buro en zitten in de 

auto door. De draad is met Marco weer opgepakt. 



Hendrik, je kennis van computers en het beschikbaar stellen van botte 

rekenkracht spaarden mij weken getob. Bedankt ! 

Henk, grafisch ontwerpen is toch ietsje meer dan wat met tekstverwerkers 

stoeien. Zonder jou had dit proefschrift er anders uitgezien ! 

Fred, je hebt de afgelopen jaren heel wat te verduren gehad als 

medebewoner van kamer 610. Maar zonder ons Algemeen Beschaafd Labs en 

Inheems Aziatisch als uitlaatklep zou het niet alleen een stuk minder gezellig zijn 

geweest ! Dat we dat nog lang mogen volhouden. 

Hedy, Joyce en Maria : jullie administratieve ondersteuning was meer dan 

welkom. 

Medewerkers van de sectie Proceskunde : wat een club ! 

Frank, Nettie, Marjet en Ed, afgezien van de verkregen broodnodige 

gezonde geest na onze avonden pas-pas-pas-doublet, de roddels over het 

Wageningse biotechnologie-circuit waren me een genoegen. 

Elsje, het leven dat wij leiden bestaat niet uit tijd verdelen maar uit tijd 

vermenigvuldigen. Eikaars werk en kinderen serieus nemen is een moeilijk en 

heerlijk gebeuren tegelijkertijd. Ik zou het niet anders willen. 



CONTENTS 

1 Bioreactors in series : an overview of design procedures and 9 

practical applications 

2 Optimal design of a series of CSTR's containing immobilized 65 

invertase obeying intrinsic Michaelis-Menten kinetics 

3 Optimal design of a series of CSTR's containing immobilized 83 

growing cells 

4 Growth and substrate consumption of Nitrobacter agilis immobilized 99 

in Carrageenan : Part I. Dynamic modeling 

5 Growth and substrate consumption of Nitrobacter agilis immobilized 125 

in Carrageenan : Part 2. Model evaluation 

6 A model for baculovirus production in insect cell cultures 155 

7 A structured dynamic model for the baculovirus infection process in 169 

insect-cell reactor configurations 

8 Long-term semi-continuous production of recombinant baculovirus 203 

protein in a repeated (fed-) batch two-stage reactor system 

9 Sucrose conversion by immobilized invertase in a multiple air-lift 223 

loop bioreactor 

10 General discussion 249 

Summary 257 

Samenvatting 261 

Bibliography 265 

Curriculum vitae 277 



This chapter has been accepted for publication in Enzyme Microbial Technology, by the authors 
De Gooijer, CD., Bakker, W.A.M., Beeftink, H.H. and Tramper, J. 

CHAPTER 1 

BIOREACTORS IN SERIES: AN OVERVIEW OF 
DESIGN PROCEDURES AND PRACTICAL 

APPLICATIONS 

"If one fermenter gives good results, 
two fermenters will give better results and three fermenters better still. 

This is sometimes true, but often false." 

Herbert, D., 1964* 

INTRODUCTION 

Over the last decades, many papers described the design or application of 

series of bioreactors. Usually, these bioreactors in series are of the continuous 

stirred tank reactor (CSTR) type. This most widely used bioreactor is easy to 



Chapter 1 

operate, of simple construction, and replacement of biocatalysts and 

maintenance is not troublesome (Hill, 1977). 

The pertinent processes described in literature can be divided into two 

main groups: processes with a constant overall reaction stoichiometry that can 

be described by a single kinetic equation, and processes where the 

stoichiometry is variable and the descriptive kinetic equation changes. The first 

group consists of those bioprocesses that may well be performed in one 

bioreactor, but where segregation into two or more bioreactors may lead to a 

higher product concentration, a larger degree of conversion, or a higher 

volumetric productivity (also known as space-time yield), or a combination of 

these factors. The second group is by nature heterogeneous in time or space, 

and is characterized by two or more independent reactions each governed by its 

own kinetics, as in biogas production or nitrification/denitrification. 

For processes with a fixed overall reaction stoichiometry, this paper first will 

present a general theoretical outline that enables one to decide if a series of 

bioreactors is favourable. After that, the question of how such a series should be 

designed will be addressed. Subsequently, the general theory will be applied to 

catalytic reactions (enzymatic conversions), and also to autocatalytic reactions 

(cells in suspension). This will be done for different types of kinetics. After each 

theoretical treatise, a number of applications of series of bioreactors will be 

presented. 

For processes with a variable stoichiometry some examples will be 

presented, since up to now no design rules exist for series with these types of 

processes. The paper concludes with a short description of bioreactors suitable 

for bioprocesses in series, both with constant and variable stoichiometry. 

The descriptions of a single plug-flow type bioreactor with the 

tanks-in-series model (Powell & Lowe, 1964, Kleinstreuer 1987) are omitted, as 

10 
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well as the numerous papers devoted to this subject in the field of chemical 

engineering. This paper will also solely focus on single-feed series of 

bioreactors. 

CONSTANT STOICHIOMETRY PROCESSES 

Processes with a constant overall reaction stoichiometry may show a higher 

product concentration, a higher degree of conversion, a higher volumetric 

productivity, or a combination of those if executed in a series of CSTR's when 

compared to a single bioreactor. 

Theory 

As a process with a constant stoichiometry, Bischoff (1966), citing Herbert 

(1964A), describes an optimal series for biomass production, consisting of a 

CSTR followed by a plug-flow reactor. Such a system may be conceived of as 

one large CSTR, followed by an infinite number of infinitesimally small CSTR's 

(Figure 1A; for the calculations underlying figure 1 see appendix). This 

combination of a CSTR followed by a PFR has the lowest total residence time to 

achieve a certain degree of conversion (Figure 1A-G). Since for biomass 

production in most cases oxygen is required, and an aerated PFR does not 

exist, an alternative to this combination is a series of CSTR's with equal volume 

(Figures 1B and 1C), or a series of unequal-volume CSTR's (Figures 1D and 

1E). Implicitly, figure 1, which holds with no biomass in the influent, imposes that 

the desired degree of conversion of the process determines whether a series of 

bioreactors is favourable or not : if the substrate concentration at the exit of the 

11 
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series is to the left-hand side of point A in figure 1A (a high degree of 

conversion) then a series is favourable, if it would be to the right-hand side of 

point A (a low degree of conversion), a single CSTR would be the best solution. 

It should be noted, as also stated by Moser (1985), citing Topiwala (1974), that 

the PFR/CSTR volume ratio for such an optimal configuration is strongly 

dependent on the ratio K = Ks I S0, with Ks the Monod constant (mol.rrr3) and S0 

the substrate concentration at the inlet of the series (mol.nr3) (Figure 2). 

For Monod kinetics, and a quite common influent concentration K = 0.01 

(Van 't Riet & Tramper 1991), the minimum in figure 1C is attained at 

a = S/S„ = 0.1, indicating that up to conversions of 90% a single CSTR (without 

any PFR) would perform optimally. 

As far as the design of a reactor series is concerned, a distinction has to be 

made between the design of a series of equal volume CSTR's, and a series of 

non-equal volume CSTR's, the latter also referred to as optimal design. 

Figure 1. For a continuous-flow system with a autocatalytic processes (microbial 
reaction, Monod kinetics, single feed and no biomass in the influent), at a fixed 
stoichiometry, optimal design is inferred from a plot of the reciprocal dimensionless rate 
(1 / p = nm„S„ / r.) versus the dimensionless concentration (a = S / S„). Due to the 
existence of a minimum in the curve, minimalization of overall holding time may require a 
CSTR and a PFR in series. Shaded areas: holding times. A 95% degree of conversion is 
aimed for, and K = K, / S„ = 1. The number listed at the top of the graph is the total 
dimensionless holding time of each configuration. 
A: one CSTR followed by a Plug-flow reactor. Point A is the minimum of the curve, 

corresponding to acrlt. 
B: series of 3 equal-sized CSTR's designed by the procedure described by Fiechter 

(1981); the first vessel operates at the maximum rate. Note that more than 95% is 
converted. 

C: series of three equal-sized CSTR's where the first vessel operates at less than the 
maximum rate. 

D: series of three unequal-sized CSTR's, optimal design according to Hill & Robinson 
(1989). 

E: series of three unequal-sized CSTR's, where the first vessel operates at the maximum 
rate and the subsequent vessels have an equal volume. 

F: one single CSTR. 
G: one single PFR. 

12 
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25 -

0.2 0.4 0.6 0.8 
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Reciprocal rate p ( - ) 

20 -

10 -

Substrate concentration a ( - ) 
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Reciprocal rate p ( - ) 
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10 -

K = 1 
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Y = 0 
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Substrate concentration a ( - ) 

Figure 2. Dimensionless rate (1 / p = nm„S0 / r,) versus the dimensionless concentration 
(a = S /S0). Upper graph: parameter K = Ks IS0, with no biomass in the influent (x0 = 0)- At 
low K, the minimum in the curves (acrt() decreases to a low value, indicating that a single 
CSTR performs best for most exit concentrations. Lower graph: parameter x„= X0I Y„S0, 
with K = 1. At high biomass concentrations at the inlet of the series, the minimum of the 
curves (acrft) shifts to 1, indicating that series of CSTR's perform best for all exit 
concentrations. 

14 
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Design of a finite equal-volume series 

The theory of a series of equal-sized CSTR's was first treated by Herbert 

(1964B), and later cited by Moser (1988). Two performance criteria were 

defined: biomass productivity (kg.nr3.s"1), and effective yield, defined as the ratio 

of biomass concentration at the outlet and the substrate concentration at the 

inlet of a bioreactor system. For the first criterion he showed that for a 

single-stage system this productivity equals D.Xwith D the dilution rate (s1) and 

X the biomass concentration (kg.nr3), whereas for a two-stage system this is 

-*2-Dare. with Dsve= DJ2 (or- 'n general terms, Dav= Fl (NV), with Vthe volume 

(m3) of each vessel in the series of N reactors, and F the flow rate (m3.s'1)). For 

single-feed series, three conclusions could be drawn, as illustrated in figure 3: 

i) the maximum possible overall productivity is higher in a single-stage 

system, 

ii) at lower dilution rates the overall productivity of a two-stage system is 

slightly larger than that of a single-stage system, and, derived from this, 

iii) at lower dilution rates, the effective yield (or the utilization of substrate) is 

slightly higher in a two-stage system. 

Herbert (1964B) also stated that more than two bioreactors in series have no 

practical advantage as far as the volumetric productivity is concerned. However, 

later stages might improve product quality, since the endogenous metabolism 

will continue in a third stage, leading to changes in the chemical and 

physiological state of the cells. Note that this in fact implies a change in 

stoichiometry. 

15 
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Productivity n ( - ) 

0.5-

first 

/ series x ^ / u 

second 

1 ' 

single 

0.0 0.5 1.0 

Dilution rate 8 ( - ) 

Figure 3. Dimensionless production rate per unit of reactor volume (n = D.X / ^„„ Yxs S0) 
in an equal-volume two-stage series versus dimensionless dilution rate (8 = DI \xmu!) as 
compared to a single CSTR. Each reactor on itself (the first and second reactor in the 
series, and the single CSTR) shows the same maximum in productivity. At low overall 
dilution rates, the series shows a slightly higher overall productivity; maximum 
productivity is attained in a single reactor at high dilution rates. Monod kinetics, with 
K = K, / s 0 = 0.05. 

For multiple-feed series of bioreactors, Fend et al. (1969, 1972) showed 

that under certain conditions the productivity can be higher than for a single 

CSTR. Herbert (1964B) gives mathematical descriptions of a multiple-feed 

reactor system. For an extensive theoretical treatise of series with multiple-feed 

operation we refer to Fend (1966). 

Fiechter (1981), citing Fend (1966) and Deindoerfer & Humphrey (1959), 

describes a four-step graphical procedure for the design of a series of 

chemostats of equal volume for biomass production. The first vessel should, in 

16 
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their view, operate at the maximal volumetric productivity, and subsequently the 

number of (equal-sized) vessels is determined in order to achieve a certain 

degree of conversion or biomass concentration (Figure 4): 

Rate dx I c%max.t) ( - ) 

0.2 

0.5 1.0 
Biomass concentration % (-) 

Figure 4. For a cascade of equal-volume CSTRs and a microbial reaction with Monod 
kinetics, the number of vessels in the series may be determined from a dimensionless rate 
vs. dimensionless concentration plot according to Fiechter (1981). Slopes represent 
dilution rates; the first reactor operates at the maximum rate. See text for details. 

Obtain dx/dnmaxf as a function of %, the dimensionless biomass 

concentration X/ YXSS0 with Yxs the yield of biomass on substrate (kg.mol"1), 

from a batch experiment or from mass balances over substrate and 

biomass if the parameters in the kinetic equation are known. 

Plot dx/d(imaxf , with [imsx the maximum specific growth rate (s1) and t the 

time (s) versus x-

17 
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jii) Draw a line from x=0 to x=Xi. the dimensionless concentration of biomass 

in the first stage, which is found at the maximum of the curve. The slope of 

this line is equal to FA/,. 

iv) Keep the slope of this line constant, start at x=Xi ar>d determine x2.
 a r |d s o 

forth. 

Similarly, if product formation is the aim of the process, dP/df versus the product 

concentration P (mol.m3) can be plotted, as applied by Tyagi & Ghose (1980) for 

the design of an ethanol fermentation with cellulose hydrolysate as substrate. 

For enzymatic conversions the latter procedure is also adequate. 

As shown in figures 1B and 1C, this procedure may lead to a higher degree 

of conversion than needed. The alternative design of series of equal-sized 

CSTR's can be done iteratively, starting with a desired rate of conversion 

calculating back along the series, or by means of a zero-finding routine, solving 

the set of equations for each CSTR in the series, in a similar way as will be 

discussed below. 

Optimal Design of a finite series of non-equal-volume-CSTR's 

The theory on cascade design may be quite perplexing, due to the plethora of 

performance criteria and kinetic equations (and combinations thereof). Although 

quite relevant, economic criteria will be ignored here in favour of an engineering 

measure : Luyben & Tramper (1982) defined optimal design of a finite series of 

CSTR's as that configuration that has the minimal total holding time at a given 

degree of conversion in a series consisting of N reactors. This means that the 

volumes for all reactors along the series are varied, with a subsequent change in 

the intermediate substrate concentrations, until a minimal total volume is 
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reached. Mathematically this leads to: 

r w 
d Z %j 

~àr=0 /=i,2,...(/v-i) m 

where a, is the dimensionless substrate concentration in the Z-th vessel, S / S0, 

so a0=1, N is the pre-defined number of vessels, and %s is the dimensionless 

residence time in the y'-th vessel, T is defined as I/, v ^ e / FS0 for enzymes with 

vmax the maximum specific velocity per unit amount of enzyme (mol.kg~1.s1) and 

e the enzyme concentration (kg.rrr3), and as \4imax/F for autocatalytic reactions. 

Although Luyben & Tramper (1982) defined this optimal design for a dissolved 

enzyme following Michaelis-Menten kinetics, equation [1] is independent of the 

kinetics involved, and has been used by many authors (Malcata 1988, 

Hill & Robinson 1989, De Gooijer et al. 1989, Malcata & Cameron 1992, 

Lopes & Malcata 1993, Paiva & Malcata 1993). 

For autocatalytic systems (suspended micro-organisms), Schügerl (1987) 

and Hill & Robinson (1989) introduced the concept of a dimensionless critical 

effluent substrate concentration acrit. At dimensionless effluent concentrations up 

to or equal to acrit, the optimal "series" is the single tank. This critical 

concentration can be found by assuming that the dimensionless effluent 

concentrations of the first and the second vessel in the optimal series are the 

same, or a, = a2 (= acrit ), meaning that the volume of the second vessel is zero. 

If it is found that the desired dimensionless effluent concentration ocN is smaller 

than acrH, an optimal design is feasible. In figure 1 and 2, acrit is the minimum of 

the curve. 

Below, the acrit concept and the optimal design of a series will be described 

for both autocatalytic and catalytic processes. To further classify the latter group, 
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a division is made between non-growing and growing biocatalysts. Within each 

division, a subclassification is made between freely suspended and immobilized 

biocatalysts. 

AUTOCATALYTIC SYSTEMS 

In this section papers dealing with growing cells (Figures 1-4), freely suspended 

or immobilized, will be reviewed. 

Theory 

The design of a reactor cascade for autocatalytic reactions depends on the 

optimization criterion. The minimum overall residence time at an arbitrary but 

fixed exit substrate concentration will be used as a criterion. To investigate if a 

series is worth considering, the critical effluent concentration at which the 

reaction order changes from positive to negative (point A in figure 1A) and at 

which the optimal cascade in fact is a single tank (acrit), may be obtained from a 

procedure given by Hill & Robinson (1989) and by Schiigerl (1987), as 

discussed below. 

A generalized form of the growth equation is used: 

[i pa + qa2 

Umax f+ga + ha2 [2] 

Here p, q, f, g, and h are dimensionless parameter groups depending on the 

particular kinetic equation (Tablel). Combining the specific growth rate n (s1) 
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Table 1. Values of the parameters f, g, h, p, and q in the general rate equation for 
autocatalytic reactions (Equation 2) and the critical substrate concentration acrtt at which 
an optimally designed series of bioreactors consists of a single vessel. For lethal 
product inhibition kinetics the implicit equation for acrtt has to be used, for all other 
kinetics a more convenient expression can be found, as shown. 

V _ 
nrnax ~ 

P 

q 

f 

9 

h 

a « 
(im­
plicit) 

^crit 

MONOD 

5 
«8+S 

SUBSTRATE 
INHIBITION 

5 

s2 

NON-LETHAL PRODUCT 
INHIBITION 

s 1 
Ks+5 1 + _P_ 

Kp 

LETHAL 
PRODUCT 
INHIBITION 

- ^ - f 1 -2-1 
Ks+S\ Kp) 

pa+ga2 

f+ga+h2 

1 

0 

Ks 
s0 

1 

0 

(1 - dent) 1 H 

Jfi + W+toï-f 

1 

0 

Ks 
«0 

1 

50 

(l+xo-«crit)(9+2"acrit) 

J'2+fi+x0)(i+'K1no)) - ' 

1+"(1+X0) 

1 

0 

(. , P0 yPS0"\Ks 
V' + Kp + Kp J s0 

1^^0-0 
yPs0 
Kp 

(1+Xo-«crit)(P t2 l 'acrit)") 0 

" " e n t r e n t > 

J'2+A:I+XO)(9+1(1+XO)) - ' 

S+^l+xo) 

> P0 yPs0 
Kp Kp 

y p s 0 

Kp 

Ks 
So 

1 

0 

with the yield factor Yxs (kg.mol1) and 

substrate consumption rate rs (mol.nrr3 

the biomass concentration X (kg.m'3), the 

s"1) is obtained : 

iL 
Yxs 

rs = ^X 
[3] 

A general mass balance over a single CSTR in a series yields : 

Vi (g;- i - a,-) 
"i — ~p — ; 

F rs,,/so 
[4] 
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where 9, is the residence time in the /-th reactor (s). Substituting equation [2] and 

[3] in equation [4] results in an expression for the dimensionless residence time 

for each vessel in the series in terms of substrate concentrations and kinetic 

parameters: 

V/Hmax*/ ( a n - a / ) ( f+ go-1 + haf) 
T ' ~ c p v ~ 2 I51 

r&O'xs pOLj + qOLi 

which, with the result of a mass balance over all vessels in the series: 

X, = Y«(So-S,)+Xo [6] 

can be written as : 

V/Hmax (a/- i - a / ) ( f+ ff«, + haf) 
T ' = —c— = T~ U] 

I- (1+xo-a,-)(pa/ + qaf) 

For a two-reactor cascade (A/=2 in equation [1]), operated at a fixed, arbitrary 

effluent concentration a2, optimization requires: 

da, - ° M 

and from this equation, an optimal a, value is obtained as a function of the 

effluent concentration chosen (<x2). Implicitly, the volumes of both reactors are 

defined by this result. 

In order to answer the question as to whether or not an optimally designed 

series is worthwhile, in other words if the desired effluent concentration is to the 

left of point A in figure 1A, the minimum of this curve has to be found. 
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Substituting equation [7] in equation [8], and applying a, = a2 = a^, for this 

general case of 2 reactors in series, results in the following implicit equation: 

(1-a c n() | (1 + xo - acritXg+2haCnt) (1 + %o - aCrit)(P + 2qaCrit) 

f+ gacrit + halrit paCnt + qo}crit 

= 0 [9] 

Table 1 shows the expression for a^, for different types of kinetics. If 

indeed two reactors in series are superior to a single vessel, that is a2 <acrit, then 

this procedure may be used to show the favourablity of multi-reactor cascades 

(Hill & Robinson 1989). This means that : 

i) if two reactors in series are superior to a single vessel then any series of 

reactors will be superior, and 

ii) the optimization of the design requires an infinite number of vessels that 

areincreasingly smaller along the series, or, the optimal reactor 

configuration is a single CSTR followed by a PFR. 

It can be derived from table 1 that a cascade is particularly suited for 

product-inhibited autocatalytic reactions: increasing the severity of the inhibition 

(i.e. decreasing Kp, the inhibition constant (mol.m3)), results in an increase in 

acm, thus widening the feasibility range for a cascade.This may also be clarified 

by taking the limit for Kp to zero of a^,. To find this expression, the realtion for acrit 

from the bottom row in table 1 is used, and appropriate expressions for f,g,h,p, 

and q are substituted. Thereby, for the sake of simplicity, it is assumed that both 

the biomass and product concentration are zero at the inlet of the first reactor 

(Xo=0 and Po=0). For non-lethal product inhibition it can then be found that: 

,. (Kp + YpSo)Ks + JKSKP(KP + YPS0)(KS + S0) 
hm a r f = lim g , v y — T T T = 1 [10] 

Kp->0 Kp->0 ûo( Ypt\s - Kp) 
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Hence at very strong inhibition (Kp approaching zero) a cascade becomes 

superior at all effluent concentrations (acrit approaching one). 

In case of substrate inhibition, the reverse is true: low K, values entail low 

acrit values, or, the more severe the substrate inhibition is, the less favourable 

series of reactors will become. 

Now having the answer to the question if a series is worthwhile, that is after 

the determination of acrit, the optimal design of the series according to equation 

1 (how) can generally be done as suggested by Hill & Robinson (1989). 

For N reactors in series, A/-1 equations with A/-1 unknown substrate 

concentrations can be derived by substituting equation [7] in equation [1] and 

taking the differentiation: 

B(g+2hai)-A BA BA(p + 2qai) f+gaM +ha2
M 

" + 7 ^ F ; 7^2 + 77" ~ . _..2 . - u [ " l CD C2D CD2 0+%o-aM)(paM+qali) 

with 

A = f+gai + haf;B = ai-i -cc,;C=1 + xo - a,-; D - pa,< + qaf [12] 

and/=1../V-1. 

This set of equations can be solved by a suitable algorithm with a 

zero-finding routine on a PC. Alternatively, for the first two reactors in series, a 

more convenient design equation can be found for all kinetics with q=0 (all 

kinetics except lethal product inhibition), and no biomass in the influent of the 

series (x0=0). Substition of equation [7] in equation [8] will then lead to an 

expression for a, in terms of a2 : 

2 _ fa2(1 - a2 ) 
a2(h+g) + f 

a i - TTThTÖTTf I13l 
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which is the same as found by Hill & Robinson (1989). Hence, for a two-reactor 

cascade, equation [13] is sufficient, and if the series consist of more than two 

reactors, equation [13] combined with equations [11] and [12] has to be used. 

After determination of the intermediate substrate concentrations, the 

required residence times are easily obtained through equation [7]. 

Hill & Robinson (1989) showed for Monod kinetics, Aiba kinetics (product 

inhibition) and Haldane kinetics (substrate inhibition) that if indeed a series 

design is favourable (i.e. if aN<acrit), three optimally designed non-equal volume 

CSTR's will provide an overall residence time that is close to the possible 

minimum, i.e. the CSTR-PFR sequence suggested by Bischoff (1966). Also, it 

was shown that if three equal-sized CSTR's are used, the decrease in overall 

residence time is less than with an optimally designed series of 

non-equal-volume-CSTR's. If a series of equal-sized CSTR's is used, one should 

consider washout problems in the first vessel. It is also pointed out that although 

for substrate inhibition kinetics one would intuitively choose a single CSTR, 

depending on a, series of CSTR's might still be advantageous (Table 1). 

A complication is the fact that with for example Haldane kinetics, the first 

reactor in the series operating at a substrate concentration beyond that 

concentration where the rate is maximal becomes inherently unstable (operating 

at a point to the right from point A in figure 5 : a small increase in the substrate 

concentration will result in washout, whereas a small decrease will result in an 

operating point to the left of point A at the same rate). 

In the theory above, the assumption was made that all reactors in the 

series can be described by the same kinetic parameters. Lo et al. (1983) discuss 

the situation where the parameters of the Monod equation are non-identical in 

the different vessels of the series. They showed, for that case, with the use of 

two equal-sized bioreactors in series, that design according to the rules 
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Figure 5. Dimensionless rate (r, / vm„) versus dimensionless substrate concentration 
(a = S / S0) for substrate inhibition kinetics. The dimensionless substrate concentration at 
which the maximum rate is attained (point A) equals aertt; it decreases with increasing 
severity of the inhibition (i.e. lower Ki values). 

discussed above is no longer possible. 

Cells in suspension 

In this section some examples of freely suspended cells will be discussed, 

whereas quantitative data on ethanol production are given in table 2, and a 

review of other processes described in literature is given in table 3. 

For the production of lactic acid from whey permeate Aeschlimann et al. 

(1990) conclude that the dilution rate of the series affects all important 

fermentation parameters. In a single vessel, a maximum volumetric productivity 
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of 2.3 10"3 kg.m3.s"1 could be reached at a dilution rate of 1.1 10"4 s"1 with a 

degree of conversion of 50%. The addition of a second (non optimally designed) 

bioreactor resulted in an increase of the degree of conversion, but also in a 

decrease of the volumetric productivity, due to the additional reactor volume, 

which is consistent with theory (Figure 3). From their data of the first reactor 

only, plotted as rs
1 versus S (compare figure 1D), they simply searched for the 

minimum area under the curve for two reactors in series, which is a correct 

approach. Further assuming that the data of the first reactor should also be valid 

for the second reactor, they conclude that for their case the total reactor volume 

may be reduced by almost 50% as compared to one fermentor (overall 

residence times of 3.2 104 s for the series as compared to 5.9 104 s for the single 

vessel, for a degree of conversion of 98%). They further report values for n ,̂,,, 

S0, and SN of 1.9 10"4 (s1), 49.2, and 0.9 (kg.nr3), respectively. In order to be 

able to illustrate the design procedure discussed above, Monod kinetics were 

assumed, and a value for Ks was obtained from a fit to their ry1 versus S plot for 

the first vessel in the series : 11.6 (kg.nr3). Using table 1 (Monod kinetics) a 

value of aorit of 0.3 can be calculated, indicating that indeed a series is 

favourable. Subsequently, a, is found through equation [13] to be 0.13 

(a2 = 0.018, fixed by the desired degree of conversion). Equation [7], for the 

case of Monod kinetics, reduces to v,
2nmax/F=(a1-a2)(Ks/S0+a2)/((1-a2)a2) and 

ViiimaJF^KJSo+aJlat for the second and first vessel of the series, respectively. 

This then enables the calculation of the residence times : 1.5 104 and 0.8 10" s 

for the first and second vessel in the series, respectively. This results in an 

overall residence time of 2.3 104 s. If a, = 0.018 is substituted in the latter 

derivation of equation [7], the residence time in a single vessel can be calculated 

to be 7.1 10" s. The differences in residence times found here compared to 

those found by Aeschlimann et al. may be explained by the organism not 
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Table 2: Quantitative data on ethanol fermentation by several species of Saccharomyces 
and Zymomonas. N is the number of vessels in the series, x, is the attained degree of 
conversion (%), P is the product concentration (kg.nr3), and Qp is the reported volumetric 
productivity (105 kg.m'.s1). a: S is Single feed at the entrance of the series, M is multiple 
feed in all reactors, b: 5 10"3 is with cell recycle, c: if a batch reactor requires 100 capital 
investment and 100 running costs, they calculate 62 and 89 for their series, respectively, 
d: two fluidized beds with recirculation followed by a plug-flow reactor, e: multistage 
fluidized bed with sieve plates, f : both vessels with settler and recycle. 
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S 
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M 

M 

S 

S 

S 

S 

S 

M 

S 

S 

SUBSTRATE 

glucose 

sugar beet 
molasses 

glucose 

glucose 

glucose 

glucose 

glucose 

cane molasses 

cane molasses 

cane molasses 

hydrolized 
waste starch 

hydrolized 
waste starch 

glucose 

glucose 

cane molasses 

cane molasses 

glucose 

glucose 

MICRO­
ORGANISM 

Z.mobilis 

Z.mobilis 

S.sake, S.c UG5, 
S. bayanus 

S.cerevisiae 

S.bayanus 

S.cerevisiae UG5 

S.cerevisiae UG5 

S.formosensis 
M111 

S.uvarum 

S.uvarum 

Z.mobilis 

Z.mobilis 

Z.mobilis 
DSM424 

Z.mobilis 

S.cerevisiae HA2 

S.cerevisiae IR-2 

S.carlsbergensis 

S.carlsbergensis 
STV89 

REFERENCE 

Charley étal. (ig83) 

Park&Baratti(19g2) 

Bovee&Sevely (1982) 

Leeefa/. (ig83) 

Douradoefa/. (1987) 

Chattaway et al. (1988) 

Moreno & Goma (1979) 

Fukushima & Hanai 
(1982) 

Chen & Mou (1992) 

Chen (1990) 

Weuster er a/. (1990) 

Weusterefa/. (1990) 

Klein & Kressdorf 
(1983) 

Klein & Kressdorf 
(1986) 

Kidaefa/. (1990) 

Kuriyama ef al. (19g3) 

Tzengefa/. (1991) 

Ryuefa/. (1982) 
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Table 3: Examples of autocatalytic processes described in literature. N is the number of 
reactors in series, a: a theoretical study, b: 2 CSTR's followed by one PFR, galactose is 
added to the PFR. 

PRODUCT 

Lactic acid 

Lactic acid 

Lactic acid 

Monoclonal 
Antibodies 

Monoclonal 
Antibodies 

Streptomycin 

Protease 

3-ketosteroid-A1-
dehydrogenase 

Biomass 

Biomass 

Biomass 

Biomass 

Biomass 

Biomass 

Biomass 

Biomass 

Biomass 

Gramicidin Sa) 

a-galactosidaseb> 

Acetone, Butanol 

Wine 

Mead 

SUBSTR. 

Lactose 

Lactose 

Whey 
permeate 

-

-

Glucose 

-
Glucose 

Ethanol 

Ethanol 

Molasses 

D-Sorbitol 

-
Sugar 

Glucose 

Glucose or 
ethanol 

Glucose 

-
Glucose, 
galactose 

Glucose 

Koshu-
grape must 

Honey 
mash 

BIOCATALYST 

Streptococcus cremoris 2487 

Lactobacillus helveticus 

Hybridoma cells 

Hybrydoma cells 

Streptomyces griseus 

Bacillus pumilus 

Arthrobacter simplex 

Candida utilis \ AM 4215 

Candida utilis 1AM 4215 

Torula utilis 

Acetobacter suboxydans 

Streptococci 

Saccharomyces cerevisiae 

Aspergillus niger 

Hansenula polymorpha 
CBS4732 

Escherichia coli ATCC 11105 

-
Monascus 

Clostridium acetobutylicum 

Saccharomyces cerevisiae 
2HY-1 

Saccharomyces cerevisiae, 
Hansenula anomala 

N 

3 

7 

2 

2 

2 

3 

2 

2 

3 

3 

2 

2 

2 

8 

2 

3, 
10 

3, 
10 

3 

3 

2 

5 

2 

REFERENCE 

Mulligan era/. (1991) 

Kulozik era/. (1992) 

Aeschlimann era/. (1990) 

Reuveny era/. (1986) 

Venables era/. (1993) 

Sikyta era/. (1959) 

Fabian (1969) 

Ryu & Lee (1975) 

Goto ef a/. (1973) 

Paca & Gregr (1979 A,B), 
Paca (1980,1982) 

Fend ef al. (1961), Fend 
(1964) 

Ricica (1969) 

Holström & Rose (1964) 

Prokopefa/. (1969) 

Fend era/. (1980) 

Schugerl(1982) 

Schügerl (1982) 

Blanch & Rogers (1972) 

Imanakaefa/. (1973) 

Bahl era/. (1982) 

Ogbonnaefa/. (1989) 

Qureshi & Tamhane (1986) 
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completely obeying Monod kinetics. This shows that one should take care on 

how kinetic data are obtained and used. 

An interesting theoretical study of the application of series of CSTR's (up to 

three reactors) for ethanol production is presented by Shimizu & Matsubara 

(1987). They use production kinetics with absolute inhibition (1-P/PJ, in 

combination with either growth-associated or non-growth-associated production, 

and the condition of a zero-maintenance level. Based on the kinetics and 

parameter values of Shimizu & Matsubara (1987), the productivity as a function 

of the product concentration of one, two and three reactors in series was 

calculated, as shown in figure 6. Obviously it is not possible to enhance the 

Productivity (*KT3kg.nr5.s1) 
1.6 

0.8-

Product concentration (kg.m ) 

Figure 6. Volumetric productivity of an ethanol fermentation versus product 
concentration. A = 1, B = 2, C = 3 reactors in series, respectively. Parameter values were 
as used by Shimizu and Matsubara (1987), with Ks = 1.6 kg.m-3, nm = 6.7 10"5 s \ Y„ = 0.06, 
Y%f = 0.16, Pm = 90 kg.m", and S„ = 220 kg.m-3. Note that at a product concentration of 82.5 
kg.m'3 all substrate is converted. 
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product concentration beyond Pm if this type of kinetics is involved. However, an 

improved volumetric productivity is possible at higher degrees of conversion by 

using more than one reactor. Note that, although the differences are marginal, 

for product concentrations below the point where the productivity is maximal, 

one single CSTR has the highest volumetric productivity. In other words, for 

substrate concentrations above acrit, a single vessel is superior, as expected. 

Shama (1988) reviewed the reactor development for fuel ethanol 

production. For a batch process with glucose as substrate and Saccharomyces 

cerevisiae as microbial strain, volumetric productivities of 2.8-6.7 10"4 kg.nr3.s~1 

are typical, whereas 19.4 10"4 kg.m3.s1 can be achieved in continuous 

processes. As can be seen from table 2, continuously operated series of 

bioreactors can lead to much higher productivities combined with high degrees 

of conversion, as for example the studies of Klein & Kressdorf (1983, 1986) 

showed : at almost complete conversion productivities of 158.3-300 10^ 

kg.m~3.s1 were reported. Also, compared to a batch process, the ease of control, 

and the absence of peak loads upon up- and downstream processes favour 

continuous processes. 

Few papers could be found dealing with animal cells, whereas theoretically 

(an autocatalytic system with growth-associated production, and very often 

by-product inhibition) series of bioreactors can be used advantageously for 

monoclonal-antibody production by hybridomas (Venables et al. 1993, Reuveny 

et al. 1986, Shimizu & Matsubara 1987, Pirt 1975). Reuveny et al. (1986) found 

that for a semi-continuous two-stage system with an extra feed of glucose and 

glutamine in the second stage, both the monoclonal-antibody concentration and 

the productivity doubled in the two-stage system as compared to the single 

semi-continuous bioreactor. 
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Immobilized growing cells 

By immobilization, high cell densities and high volumetric productivities can be 

achieved. Immobilization also introduces simultaneous diffusion, consumption of 

substrates, and growth, which is troublesome to relate mathematically to design 

of a series. Therefore, it is not surprising that no papers could be found that deal 

with the theory of optimal design of series of CSTR's with immobilized growing 

cells. However, one paper presents a graphical procedure to provide design 

rules and estimation of kinetic constants for activated sludge processes for 

waste-water treatment (Braha & Hafner, 1985). 

Godia et al. (1987) present a thorough review of the use of immobilized 

cells for continuous ethanol production. Table 2 shows experimental data on 

production of ethanol with series of immobilized-cell bioreactors. With ethanol 

production, three goals have to be met (preferably simultaneously) : 

i) high volumetric productivities to reduce reactor costs, 

ii) high product concentrations to reduce downstream processing costs, and 

iii) high conversion degrees to reduce feed costs. 

In a single vessel, these three goals can hardly be met simultaneously. Godia 

etal. (1987) show for example, that in a single vessel a productivity of 

150 10"4 kg.m3.s1 was obtained at a degree of conversion of 63%, wheras 

25 10"4 kg.nr3.s"1 was observed at a degree of conversion of almost 100%. It is 

still, however, a considerable improvement when compared with the review data 

of Shama (1988) where typical productivities of 2.8-6.710"4 and 

19.4 10"4 kg.m~3.s~1 were reported for batch and continuous processes with freely 

suspended cells. From table 2 it is clear that the use of series of reactors with 

immobilized cells are the most promising prospect to meet the three goals for 

ethanol production (Klein & Kressdorf 1983, 1986). 
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CATALYTIC SYSTEMS 

Non-growing biocatalysts may consist of enzymes, cell organelles, whole 

non-viable cells, or viable non-growing cells (Van 't Riet & Tramper 1991). In 

literature however, only reports based on free or immobilized enzymes, applied 

in bioreactor series, can be found. 

Theory 

The same optimization criterion as with autocatalytic processes is used : the 

minimization of the overall cascade residence time at a given final exit 

concentration of substrate (equation [1]). A fixed reaction stoichiometry is 

assumed, and the enzyme concentration in each reactor is assumed to be equal 

and constant. A generalized rate expression is used to represent various types 

of kinetics (Table 4). As a result, the reaction rate per unit volume rs equals: 

, _. . J + f a + ma2 

f+ga + ha2 1™J 

where parameters f, g, h, k, I, and m are kinetic characteristics depending on 

the kinetic equation (see table 4). 

Substitution of equation [14] in the general mass balance over a single 

CSTR in a series (equation [4]) yields: 

VjVmaxe ( aM-g,)(r+gg, + fax?) 
xi = —Eö— = ;—; 2 f 5 

r i o k+lai + maf 
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Table 4: Values of the parameters f, g, h, k, I, m in the general rate equation for enzyme 
catalysed reactions (Equation 14) and the critical substrate concentration acrtt at which an 
optimally designed series of bioreactors consists of a single vessel. 
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In order to answer the question if an optimally designed series is 

worthwhile, equation [15] is substituted in equation [8] for N=2, and a, = a2 = acrit 

is applied. For this general case of 2 reactors in series this results in: 

O-crit = ' 

hk-fm + J(hk-fm)2 + g2km - fgml - ghkl+fhl2 

gm-hi 
[16] 

Evaluation of equation 16 for the different types of kinetics (Table 4) shows 

that for Michaelis-Menten kinetics, unimolecular-equilibrium kinetics, 

product-inhibition kinetics, and first-order kinetics, an optimally designed series is 

superior to a single vessel at all effluent concentrations: the critical concentration 
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for these kinetics equals the system influent (i.e. a^V- F° r substrate inhibited 

reactions however (Figure 5), the series configuration may be superior, but only 

if the desired effluent concentration aN is below acrit i.e. below K^/Sg2 (Table 4). 

Evaluation of this latter expression shows that for substrate inhibition the 

feasibility range for the application of a cascade decreases with the severity of 

the inhibition: oĉ , decreases with decreasing K, values. For a zero-order 

reaction, there is no difference in performance between any cascade and a 

single-vessel system. 

Interestingly, occrit can be found in an alternative way by taking the first 

derivative of the reaction rate equation with respect to the substrate 

concentration. If a value of a exists at which this first derivative equals zero, 

Reciprocal rate vmax / 

1 0 -

5 -

0 -

\ 

's ( " ) 

< 4 X 

///// single tank / / ^ / / v / / / / / / / / / / / / / / / / / / / / 
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Substrate concentration a ( - ) 

Figure 7. Overall residence times (shaded areas) for an enzymatic reaction with 
Michaelis-Menten kinetics in a single CSTR and in a cascade consisting of 4 CSTRs. For 
these kinetics, the curve decreases monotonically, and the cascade requires less holding 
time at all effluent concentrations. 
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then this value of a is a^,. In other words, as long as the enzymatic reaction rate 

per volume is monotonically increasing with a, a series of bioreactors will allways 

be superior to a single vessel (Figure 7). 

Now having the answer to the question if a series is worthwhile, that is after 

the determination of acrit, the optimal design of the series according to equation 

[1] can generally be done in the same way as suggested by Hill & Robinson 

(1989) for autocatalytic processes. For the case of Michaelis-Menten kinetics, 

the final, surprisingly simple design equation following from equation [1] is 

(Luyben & Tramper, 1982) : 

a/=a;:ri) [17] 

Starting with the known aN, the intermediate substrate concentrations can easily 

be calculated by equation [17], if the total number of reactors in the cascade is 

known. Optimum design results in a monotonically decreasing reactor volume 

along the series. The decrease in required total holding time is the largest when 

going from 1 to 2 bioreactors. Also, this decrease is larger at higher desired 

degrees of conversion. Note that for first order kinetics, exactly the same result 

is obtained. 

Another way of assessing if a series of CSTR's is worthwhile is considering 

the difference between the residence time of a single CSTR and the residence 

time of a PFR. For Michaelis-Menten kinetics, the dimensionless residence time 

of a PFR can be described by (Luyben & Tramper, 1982) : 

tpfr = ( a 0 - a 1 ) -K ln ( a i ) t18l 
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with K being the dimensionless Michaelis-Menten constant (Km / S0). The 

maximum attainable decrease in dimensionless residence times then becomes 

(equations [4] and [18]): 

£ = lÉL =
 1~ai [19] 

Ç xcstr 1 + jSj-

This equation indeed shows that for high degrees of conversion (a, approaching 

zero), t, approaches zero, or the residence time of a single CSTR is infinite times 

higher than that of a PFR. This is in accordance with the findings of Luyben & 

Tramper (1982). For the zero-order extreme of Michaelis-Menten kinetics (K 

approaching zero) one can find that Ç equals one (no difference in residence 

times), and for the first order extreme it can be found that: 

_ -ai ln(ai) 
J'JJi ̂  — 1 _ a i [20] 

illustrating that at high degrees of conversion series of CSTR's might be 

worthwhile: with a, = 0.1 and 0.01, an % of 0.26 respectively 0.05 can be found, 

indicating that a single CSTR would be 4 or 20 times the volume of a PFR, 

respectively. 

Enzymatic decay 

First-order decay of enzymes is described by several authors (Lopes & Malcata 

1993, Paiva & Malcata 1993, Vos 1990, Yoon et al. 1989, Furusaki et al. 1980, 

Furusaki & Miyauchi 1977). Lopes & Malcata (1993) showed that as long as the 

time constant for decay is larger than the time constant for flow through the 
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series (VtJF), a simple relation can be found that allows a good estimate for the 

reactor sizes in series of 3 and 4 bioreactors. If non-isothermal operation is 

considered, completely different optima can be found (Paiva & Malcata, 1993). 

Vos (1990) describes a reactor system for the production of High Fructose 

Corn Syrup with immobilized glucose-isomerase. His reactor is a multiple 

fluidized bed, where intermittently the flow is stopped and the biocatalyst is 

refreshed top-down, by simply allowing the biocatalyst beads to pass the holes 

in the sieve plates between the different compartments and removing the beads 

from the bottom compartment. He concludes that HFCS could be produced 20% 

cheaper in such a reactor than in a single CSTR. 

Yoon et al. (1989) describe three other strategies to address enzymatic 

decay in continuously operated bioreactors: 

i) change the feed rate for a constant degree of conversion which may affect 

mass-transfer properties in the bioreactor, 

ii) accept a decreasing degree of conversion at a constant feed rate, or 

iii) apply temperature control. 

For the case of a multi-stage immobilized-glucose-isomerase reactor, it is 

described that at least 10% higher specific productivities (mol.kg"1 enzyme.s"1) 

can be attained with optimal temperature control, and that three bioreactors in 

series perform better than two. 

Dissolved enzymes 

Dissolved enzymes are favourable if large througputs are involved, the enzyme 

costs are not too high (since it has to be constantly added to the reactor), and 
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residual enzymatic activity can be easily removed, e.g. by thermal treatment 

(Malcata & Cameron 1992, Paiva & Malcata 1993, Lopes & Malcata 1993). 

Penicillin acylase shows substrate inhibition, non-competitive 6-APA 

inhibition and competitive phenyl acetic acid inhibition. Karanth (1979) showed 

that for the case of hydrolysis of penicillin-G to 6-APA and phenyl acetic acid, 

2 CSTR's in series are to be favoured over one batch reactor. In this analysis, at 

a degree of conversion of 98%, the volume of 1 CSTR would be 8.6 times the 

value of a batch reactor, and 2 CSTR's would require 1.5 times the batch 

volume, if the batch would have a zero downtime. If the downtime for the batch 

reactor would be 1 h with a reaction time of 2 h, the series of CSTR's would 

show a higher volumetric productivity. These results were confirmed by 

Noworyta & Bryjak (1993), where the superiorety of a three-reactor series was 

shown over a single CSTR; the total residence time could be reduced by 

about 40%. 

Malcata (1988, 1989) and Ong et al. (1986) extended the work of 

Luyben & Tramper (1982) with a description of the cost of scaleup by a power 

rule on the equipment capacity. The relation is only valid for a low number of 

reactors, and the extra costs (spare parts, cleaning) for differently sized 

bioreactors have to be carefully weighed. For a two-substrate reaction 

(ping-pong, obeying Michaelis-Menten kinetics) under application of the 

six-tenth-factor rule for capital investment, Malcata showed that the required 

volumes of the reactors in the series first decrease and after that increase again, 

and that never more than three reactors in the series are optimal with respect to 

reactor capital investment. This is in accordance with the findings of 

Blanch & Rogers (1972). 

Using unimolecular equilibrium kinetics for the production of L-malic acid 

from fumaric acid, Malcata & Cameron (1992) showed that if the Monod 
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constant Ks is close to the product inhibition constant Kp (Table 4), the optimal 

reactor series consist of equal-sized bioreactors. 

Immobilized enzymes 

Compared to dissolved enzymes, only a few papers can be found that describe 

series of bioreactors with immobilized enzymes. As a logic continuation of the 

work of Luyben & Tramper (1982), De Gooijer et al. (1989) describe the 

optimum design of a series of CSTR's with invertase immobilized in alginate, 

obeying intrinsic Michaelis-Menten kinetics. The mathematical approach is the 

same as that of Luyben & Tramper (1982), except for the definition of the 

dimensionless holding time for each vessel: here the efficiency factor r\ appears 

in the denominator: 

T ; - FSo W 

Consequently, for optimal design the dimensionless concentrations can be 

calculated as if the enzyme were free (equation [17]), and after that for each 

intermediate substrate concentration along the series an effectiveness factor is 

determined. These effectiveness factors thus account for the extra volume 

required to compensate for both internal and external diffusion limitation caused 

by the immobilisation of the enzyme. Analogously, the same procedure can be 

applied for other kinetics. Hence, as for suspended enzymes, series of 

bioreactors are favourable for immobilized enzymes except for substrate 

inhibited kinetics. Note that for first-order kinetics, with negligible external 

diffusion limitation, there will be only a single internal effectiveness factor for all 
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bioreactors in the series, since the Thiele modulus for that case is independent 

of the substrate concentration (Van 't Riet & Tramper, 1991). 

In 1994, Bakker et al. made the experimental comparison between a single 

vessel and a three-vessel reactor series. They observed improved sucrose 

conversion by immobilized invertase to 83% compared to 73% in the single 

vessel with the same overall residence time. 

Concluding remarks 

Theoretically, with respect to the overall residence time for a given degree of 

conversion, the use of more than one CSTR in series can be advantageous for 

any non-autocatalytic process that obeys non-zero order kinetics. For 

autocatalytic processes series of CSTR's can be favourable if a high product 

concentration combined with a high degree of conversion and an acceptable 

volumetric productivity is needed. However, one should always carefully weigh 

the practical and cost implications of more than one bioreactor to the possible 

advantages. 

Few recent papers could be found that describe the use of series of 

bioreactors in industry. For an early review see Hospodka (1966), describing a 

few processes including the production of baker's yeast, ethanol (from sugar and 

starch), beer, and acetone/butanol. The largest scale recently described is of the 

pilot-plant type (Takahashi & Kyosai, 1991). This may of course be caused by 

the reluctance of industry to publish regarding their source of income, but it may 

also be explained by a certain kind of conservatism in the implementation of the 

results of scientific research at an early stage (Tramper, 1993). 
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VARIABLE STOICHIOMETRY PROCESSES 

Processes with a variable stoichiometry need a physical separation into two or 

more reactors (either in space, or time) by their nature. Some examples of such 

processes are discussed below. 

Insect cells 

Insect-cell technology is a fast emerging tool for the expression of foreign genes. 

Also, due to the increase in strict regulations for chemical compounds for crop 

protection, the interest in the wild-type virus for use as a bioinsecticide emerges. 

Suspension cultures of insect cells can be generated by adapting cells of insects 

(e.g. Spodoptera frugiperda) via T-flasks to suspension cultures in spinner flasks 

or bioreactors. These cells are still susceptible to infection with the non-occluded 

form of a baculovirus (e.g. Autographa californica Nuclear Polyhedrosis Virus). 

After infection, cells will produce newly synthesized non-occluded viruses, and, 

subsequently, occluded viruses in the form of polyhedra, or recombinant 

proteins of foreign origin (Granados, 1976, 1980). After this, the cells lyse. 

Therefore, if continuous production is desired, a physical separation has to be 

introduced, as suggested by Tramper & Vlak (1986). Kompier et al. (1988) were 

the first to describe a successful experimental setup for such a process. They 

used a first CSTR to grow cells, followed by a second CSTR in series were 

infection takes place. Subsequently, Van Lier et al. (1990, 1992) investigated the 

optimization of the continuous production. It appeared that continuous 

production for prolonged periods of time is hampered by the occurrence of the 

so-called passage effect, which manifests itself as a reduction in the number of 

non-occluded viruses and a decrease in the infectivity of these viruses. Based 
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