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consequence of diffusion limitation over the gel. 

Ontwerp kaft: 

met dank aan Hans Wijffels, Boudewijn van Veen en Ida Akkerman 



rJüoi??o1, | & Köö 

STELLINGEN 

1. Indien de door Keen en Prosser gevonden kinetische parameters voor 
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VOORWOORD 

In dit proefschrift worden fundamentele aspecten van geïmmobiliseerde cellen voor 
toepassing binnen de milieubiotechnologie behandeld. Meermalen is dit 
toepassingsaspect aan de orde geweest en ik ben de hele periode achtervolgd 
geweest met de vraag: "Denk je nou echt dat die bolletjes in afvalwater toegepast 
kunnen worden?" Nee, dat denk ik niet. Dit is een fundamentele studie geweest die het 
inzicht heeft vergroot en die duidelijk de mogelijkheden van geïmmobiliseerde cellen 
binnen de milieubiotechnologie en andere gebieden heeft laten zien. Het laat zien dat 
het de moeite waard is naar stabiele dragermaterialen te zoeken om dergelijke 
processen ook werkelijk toe te passen. Wij hebben bewust niet gekozen eerst een 
systeem toe te passen en vervolgens te begrijpen. Wij zijn andersom te werk gegaan. 

Bij deze benadering heb ik veel steun gekregen van Hans Tramper, mijn promotor. 
Ik heb een grote vrijheid gekregen, en er was altijd ruimte voor overleg. Discussies 
waren altijd zeer verhelderend voor mij. 

Kees de Gooijer is nauw betrokken geweest bij de ontwikkeling van de in dit 
onderzoek gebruikte modellen. Die modelontwikkeling heeft het tot dan toe soms erg 
kwalitatieve onderzoek met geïmmobiliseerde cellen op een hoger niveau gebracht 
naar mijn idee. 

Experimenten werden uitgevoerd in air-lift loop reactoren. Samen met Ido Wolters 
en Rens Vreeburg zijn vele ontwerpen gemaakt voordat ze aan alle eisen voldeden. 

Bij Proceskunde is een groepje ontstaan waarin gewerkt wordt aan nitrificatie en 
denitrificatie met geïmmobiliseerde cellen. Binnen dit groepje wordt goed 
samengewerkt en ik wil daarvoor de mensen die hier van deel uitmaken of maakten 
bedanken: Jan Hunik (de prettige treinreis naar Budapest zal ik niet snel vergeten), 
Vftor Santos, Imke Leenen, Ida Günther en José Obón. Ook mijn andere collega's wil 
ik graag bedanken voor de prettige werksfeer en alle activiteiten naast het werk. 

Aan dit onderzoek hebben veel studenten meegewerkt, zonder wie dit nooit tot 
stand zou zijn gekomen. Zij hebben een essentiële bijdrage aan dit werk geleverd: 
Ingrid Gaemers, Gertjan Smolders, Sjon Kortekaas, Carlos Vilchez, Wim Dodde, 
Leonard Mallée, Meinard Eekhof, Marleen Verheul, Evelien Beuling, Serge Lochtmans, 
Ana Becerril Rojas, Hans van 't Noordende en Aldo Schepers. 

Professor Willemse van de vakgroep Plantencytologie en -morfologie wil ik 
bedanken voor het beschikbaar stellen van de apparatuur om dunne coupes van 



bolletjes te kunnen maken. We werden hierbij begeleid door Marieke Smit. 

Metingen met micro-electrodes werden uitgevoerd aan de Universiteit van 
Amsterdam. Ik heb op prettige wijze samengewerkt met Dirk de Beer en Han van den 
Heuvel. 

De medewerkers van de werkplaats, fotolocatie, tekenkamer, afdeling 
automsatisering, bibliotheek en magazijnen van de Centrale Dienst Biotechnion wil ik 
bedanken voor hun verrichtte diensten. 

Bij Proceskunde ben ik veel sportiever geworden. Marcel Zwietering liet me lopen 
en naar de kroeg gaan als voorbereiding op de Veluweloop, Anja Janssen zorgde er 
altijd voor dat ik geen nee kon zeggen tegen het zwemkilometertje van tussen de 
middag, Rhea Rekker leerde me fierljeppen, Gerrit Heida liet een nieuwjaarsreceptie 
uitlopen in een schaatstochtje, Henk van Sonsbeek liet met 112.5 km in de Ardennen 
fietsen en Jan Hunik gaf me mijn eerste skiles door aan te wijzen dat ik naar beneden 
moest gaan (ik lig er soms nog wakker van). 

Het woon-werk verkeer werd veraangenaamd door mijn medecarpoolers: Eveline 
Vaane, Gab van Winkel, Charles Crombach en Jos Frijns. Alle roddels aan de LU 
werden tijdens die ritjes behandeld. 
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CHAPTER 1 

NITRIFICATION BY IMMOBILIZED CELLS 

ABSTRACT 

The capacity of reactors in which nitrification takes place can be improved by 
increasing the biomass-retention time independent from the liquid-retention time. This 
is done by immobilization of the bacterial cells. Natural immobilization of bacteria by 
spontaneous attachment to inert support materials is widely used in wastewater-
treatment systems, in so-called biofilm processes. An alternative technique is artificial 
immobilization by entrapment in gel materials. 

Immobilized-cell processes are complex because of the interaction of many factors. 
Understanding of the process can be improved by basic knowledge of the important 
factors involved, and by modelling the interactions of these factors. Biofilm models that 
have been developed can be divided in steady-state and dynamic models. A factor 
that limits further understanding of the process is uncontrolled biofilm loss because of, 
for instance, shear. This factor determines the thickness of the biofilm and as a result 
the capacity of the film. Dynamic models for artificially entrapped cells have been 
developed as well. 
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Techniques have been developed with which components inside biofilms can be 
analyzed. With micro-electrodes profiles of substrates and/or products over the 
support can be measured, and by slicing the support in combination with staining 
techniques, specific biomass profiles can be determined. These techniques are 
important tools for evaluation of models that describe growth and substrate 
consumption of immobilized cells. 

The various aspects mentioned above are reviewed in this paper. 

INTRODUCTION 

Industrial and agricultural developments lead to an increased prosperity in Europe 
after the Second World War. In the Netherlands this development was accompanied 
by an exponential growth of the human population. This period of prosperity and 
growth also showed its negative side-effects. It became clear that economic growth 
should be more controlled and that negative environmental effects had to be reduced 
strongly. This resulted in laws to regulate discharge of wastewater. Intensive treatment 
of wastewater started more than 30 years ago now. Initially it was focused on the 
removal of organic components that cause an increased oxygen demand in the 
receiving surface waters. 

Although much progress has been made, many pollutants still cause problems. To 
these pollutants belong the eutrophication-causing nitrogen compounds. Traditional 
wastewater-treatment systems often do not offer effective solutions for nitrogen 
removal. Although it is possible to accomplish nitrification in the more conventional 
systems like activated-sludge plants and trickling filters, the nitrification capacities of 
these systems are poor. 

The process of nitrification is known for a long time. Especially the fact that the 
produced nitrate was a source for gunpowder made the process economically 
attractive already in the 13th century. One of the methods to produce nitrate was by 
means of dung hills over which urine and water were percolated. This system can be 
considered as a precursor of the modern manure-treatment factories, which are 
currently in development in the Netherlands. In that time producers were not aware of 
the biological fundament of this process. At the end of the 19th century it became 
clear that the basis of nitrification was biological; nitrification was a two-step oxidation 
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of ammonia via nitrite to nitrate, catalysed by autotrophic bacteria.61 

Since then nitrification has been studied extensively; thousands of papers have 
been published about isolation, biochemistry, kinetics, inhibition, applications and 
ecological significance. Extensive reviews are the papers of Sharma and Ahlert,93 Focht 
and Verstraete,29 Painter,74,75 Schmidt,91 Barnes and Bliss4, Belser6, Kuenen and 
Robertson50 and Prosser.79 

In recent years nitrification received much attention because of its environmental 
significance in the nitrogen cycle, in the greenhouse effect, in acid rain and in 
eutrophication.6,29,50,79 It is shown for example that not only autotrophic nitrifying 
bacteria play an important role but that in many cases heterotrophic species are 
important as well, although their nitrifying activities are significantly lower than those 
of autotrophic nitrifying bacteria. Under some conditions, like in acid soils, 
heterotrophic nitrification is the dominant process.29,50 For the treatment of wastewater 
nitrification with autotrophic bacteria received most attention. It has been shown that 
under these conditions autotrophic nitrification is favourable and rates are orders of 
magnitude higher than those of heterotrophic bacteria.4,29,50 

The growth rate of autotrophic nitrifying bacteria is low compared to heterotrophic 
bacteria, with which they have to compete for oxygen. In activated-sludge plants, both 
availability of oxygen and the slow growth rate are reasons that nitrification often does 
not occur. A favourable condition for nitrification is an increased sludge age (4 days 
or more). This depends on the applied dilution rate and the biomass concentration that 
can be reached in the reactor. The biomass concentration is increased by recirculation 
of the sludge after sedimentation, but will be limited by the efficiency of the 
sedimentation vessel. In practice this means that the dilution rate in activated sludge 
plants with nitrification is limited to 0.2 hours"1.4,30,77,83 

Immobilization is an efficient method to retain slow-growing organisms in 
continuous-flow reactors. Immobilized cells can be divided in 'naturally' attached cells 
(biofilms)26,32,33,52 and 'artificially' immobilized cells.20 The residence time of the liquid 
phase in these systems may be chosen independently of the specific growth rate and 
as a result immobilized-cell reactors can be compact in comparison to activated-sludge 
plants.20,26 The conversion rate in such high-rate reactors is limited by diffusion of 
substrates. This has been demonstrated several times by the fact that cells grow 
preferentially as a film just underneath the surface of the beads in case cells have 
been artificially immobilized by entrapment in a gel.20,120 For this reason substrate 
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conversion rates tend to be proportional to the surface area and not to the total mass 

of the organisms.2026323352121 

IMMOBILIZED CELLS 

Naturally attached cells (biofilms) 

The trickling filter is the most widely applied immobilized-cell system. A trickling filter 
is a percolating filter consisting of a bed of a porous support on which a biofilm 
develops. In first instance the support materials used were lava and stone which have 
relatively limited external specific surface areas (100 m2, m"3). In the second generation 
of trickling filters plastic media were used with a specific surface area of 100-300 m2. 
m"3. Although the specific surface area of trickling filters is still small, the system is 
widely used because there is much practical experience with them. Knowledge of the 
process in wastewater treatment, however, is mainly empirical. 

A system with a comparable specific surface area is the rotating biological 
contactor. In a rotating biological contactor the biofilm is attached to discs. A large 
number of these discs are closely arranged and mounted on a shaft which rotates in 
the reactor. The discs are partly submerged in the sewage. As the shaft rotates slowly, 
attached biomass is alternately exposed to air and sewage. 

Both trickling filters and rotating biological contactors have a limited capacity 
because of the relatively low specific surface area of the support. High-rate biofilm 
reactors have a much higher specific surface area, usually accomplished by using 
small particles (e.g. sand). Examples of compact systems are the packed-bed and 
fluidized-bed reactors. The reactors contain small solid particles with an attached 
biofilm. The specific surface area is about 3000 m2, m"3. Aerated wastewater moves 
through the bed. The limitation of these systems is, that the transfer of oxygen from 
the gas phase to the liquid phase is low and therefore often oxygen depletion along 
the length of the reactor occurs. The capacity of these reactors is thus limited by 
oxygen supply. In case of fluidized-bed reactors increased oxygen transfer rates can 
be reached by sparging air in the column, creating a three-phase reactor.8'26'84,101,113 

Similar capacities can be reached in fluidized-bed systems with a draft tube, air-lift loop 
reactors, which have a more defined liquid flow.34 

10 



Nitrification by immobilized cells 

Artificial immobilized cells 

Immobilized-cell reactors with naturally attached biomass are controllable to a 
limited extent and underlying mechanisms are not very well understood. A better 
defined and more controllable system is obtained by 'artificial' immobilization of pure 
strains of bacteria (text box). In order to understand more about the mechanisms pure 
cultures with known kinetics and gel beads with known diffusion coefficients and 
geometry can be used. 

Immobilization technique 

One of the most common techniques for 'artificial' immobilization is gel entrapment. Materials 
that are widely applied for entrapment are alginate and carrageenan. For this, solutions of polymers 
containing suspended cells are extruded drop wise into a solution where gelation of drops into 
solid spheres is initiated (Fig. 1). In case of alginate and carrageenan gelation is initiated by Ca2+ 

and K*, respectively.128 It is possible to scale up the extrusion technique by using a resonance 
nozzle. In that case a vibration is exerted on the suspension which causes break-up of the jet into 
drops with a frequency of 200-700 Hz.37 Recently this resonance nozzle technique has been further 
scaled up by applying the vibration on 6 jets (Fig. 2).M 

The use of artificially immobilized cells is an alternative for biofilm systems and was 
introduced for denitrification by Mattiasson ef al.,6* Nilsson and Ohlson70,71 and Nilsson 
ef a/.72 Subsequently, artificially immobilized cells were used for nitrification in 
laboratory studies by Kokufuta et al.*7 Van Ginkel et a/.111, Tramper and De Man,106 

Tramper and Grootjen,107 Lewandowski ef a/.,56 Ariga ef a/.3, Myoga ef a/.,68 Tada ef 
a/.10C and Tanaka ef a/.102 Recently the first technical process with artificially immobilized 
nitrifying cells at a scale of 750 m3 has been constructed. In this process polyethylene 
glycol pellets containing nitrifying activated sludge are used for nitrification of domestic 
wastewater. The system has been operational stable for a period of 3 years now. 

In principle, artificial immobilized cells can be used to integrate nitrification and 
denitrification within a single biocatalyst particle.48,4956,89,90,108 Due to diffusion limitation 
of oxygen the nitrifying organisms will concentrate in a biofilm just under the surface 
of a gel particle, leaving the anoxic central part completely unused. Denitrification may 
occur in the bead core if suitable denitrifying bacteria are present and if organic 
substrate is available. 

11 
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Fig. 1: Schematic representation of drop wise extrusion of alginate or carrageenan in a CaCI2 or 

KCl solution where gelation is initiated.37 
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Fig. 2: Schematic representation of the resonance-nozzle technique.9 
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BASICS OF IMMOBILIZED-CELL PROCESSES 

Naturally attached cells (biofilms) 

Biofilm systems are complex (Fig. 3) due to a combination of factors like bacterial 
growth, substrate consumption, attachment, external/internal mass transfer of 
substrate and products, cell death, shear loss (biofilm loss because of erosion), 
sloughing (fragments disrupt from the film), structure of the support material, 
competition between bacterial species, effects of predators. All these factors play a 
significant role in the overall capacity of the biofilm process. Process conditions like 
the concentration of substrate, temperature, pH, turbulence, dilution rate will all 
influence these factors differently (Table 1). For example, increasing the turbulence 
influences most factors mentioned: 

i) The stagnant-liquid layer at the film interface will be thinner and as a result of that 
the external mass-transfer resistance will be lower. 
ii) Lower external mass-transfer resistance results in an increased penetration depth 
in the biofilm and therefore both substrate consumption rate and growth rate will 
increase. 

iii) Shear rates will increase. 
iv) Consequently, the rate of attachment of cells and the type of cells that attach will 
be influenced (biofilms grown at higher shear stresses are dense and less sensitive 
to high shear stress).11,83 

v) In dense biofilms, diffusion coefficients and biomass concentration will be different 
than in less dense biofilms. 

biofilm 

support Ykl^£&\ T5Z&5Z& 

time 

Fig. 3: Schematic representation of the formation of a biofilm. 

13 
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Table I: Process conditions (temperature, turbulence and dilution rate) that effect biofilm kinetics 

temperature turbulence dilution rate 

external mass transfer + + 0 
attachment ? - + 
shear loss + + + 
sloughing + + + 
substrate consumption + + 0 
biofilm density ? + + 
diffusion + 0 0 

+ = increase; - = decrease; 0 = no effect; ? = not predictable 

In order to have insight in the interactions of these factors it is essential to obtain 
basic information about these factors. Subsequently insight in the complex 
relationships between the different factors can be gained in model studies. It may be 
clear that it is difficult to study these factors independently in situ as they are all 
related. 

Several biofilm models have been developed, in which substrate transport to, and 
consumption by the immobilized cells is described. In the majority of those models, 
however, lack of basic knowledge in the relevant factors and simplifications restrict the 
insight. Generally the developed models can be divided in steady-state models without 
growth and dynamic models with growth. 

Steady-state models without growth 

Many steady-state models describing substrate concentration profiles over biofilms 
have been developed. In many of the models zero or first-order kinetics were assumed 
so that analytical solutions were available,26,31'32,33K'82'126,127 but also numerical solutions 
were used.116 In the steady-state models the biomass distribution over the entire film 
is assumed homogeneous. In reality the biofilm density is not constant over the entire 
film.17,63 Gradients develop because the growth rate is dependent on the local 
substrate concentrations and in the deeper layers decay of cells occurs. For this 
reason the assumption of a homogeneous biofilm composition is doubtful. 

The major limitations of the steady-state biofilm models are i) that the thickness of 

14 
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the steady-state biofilm must be known and that ii) obviously only the steady state is 
described which means that it does not give insight in the response of the process to 
changes. 

Steady-state biofilm models increase insight in biofilm processes in the case of thick 
films, in which the penetration depth of substrate is smaller than the film thickness. In 
that case, accurate information about the total thickness of the film for determination 
of the capacity is not so important. In the case of thinner films, however, the thickness 
is a key parameter. 

Dynamic models with growth 

In dynamic biofilm models bacterial growth is taken into consideration. Substrate 
consumption and growth are treated separately. This is a valid approach as long as 
the time scale for growth is much larger than the time scale for substrate consumption. 
Substrate concentration profiles over biofilms are calculated by numerical solutions as 
a function of time.2,5,13,44,105,117 In case of growing biofilms this will result in steeper 
profiles later in time. 

In dynamic biofilm models, the thickness or the density of the biofilm will increase 
or decrease as a function of time. Consideration of the varying amount of biomass in 
the film is essential to study the dynamics of the system. To illustrate this, two 
examples will be given: i) the effect of changing temperatures and ii) competition 
between different species of organisms. 

i) The substrate-consumption rate is a function of temperature. At temperatures below 
the optimum, the consumption rate will be lower. In the case of immobilized cells this 
results in a larger substrate-penetration depth. If viable biomass is present in the 
deeper layers of the biofilm, the substrate will be consumed in the deeper layers and 
the decreased capacity of the biofilm will partly be counterbalanced. In case, however, 
cells in deeper shells are not viable, the capacity of immobilized cells is more sensitive 
to temperature changes than in deep biofilms.123 

ii) Competition between different species in a biofilm will result in a heterogeneous 
distribution. Wanner and Gujer116,117 showed that such a biofilm is built up of layers with 
different types of micro-organisms. In case for example both nitrifying and denitrifying 
cells are present, the organisms will compete for oxygen. As a result, nitrifying cells 
will to some extent be overgrown by denitrifying cells which will have an effect on the 

15 
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performance of the system. 

In dynamic biofilm models, the biofilm thickness and/or the maximum cell density 
need to be restricted to a maximum. Basically, a biofilm will expand in depth as long 
as the growth rate is higher than the rate of decay or the rate of attrition. Usually 
sloughing, shear loss or some limitation in growth rate will restrict the thickness of the 
film. If the growth is not restricted in some way or if no biofilm is removed in one way 
or another, the film would become infinitely thick.15 Possibilities to restrict the thickness 
of the biofilm to a maximum are introduction of i) logistic growth13,44,105 or ii) assumption 
of biofilm loss at the maximum thickness.2,5,117 

i) In the logistic growth models it is assumed that growth is proportional to the 
available space. The growth rate decreases as a function of biomass concentration. 
Logistic growth models have been used for anchorage-dependent animal cells59 and 
for growth of nitrifying cells in soil.6578 For bacterial cells, however, logistic growth is 
not very likely. Stewart and Robertson98 showed that growth rate is not a function of 
available space, by growing £. coli in a fixed volume while substrate was available in 
excess. In their reactor pressure increased to 6 bar as the result of growth. The final 
concentration of cells reached in the fixed volume approached the cellular dry weight 
content. Also for immobilized cells it has been shown that growth continues even if 
space is limited. Cells are packed so densely in the micro-colonies formed, that no 
space between cells can be observed with electron microscopy.27,62,73,103,104 In the case 
that cells were immobilized in hollow-fibre reactors, membrane disruption due to 
pressure build-up inside colonies was observed resulting in cell excretion.42,43 

ii) Excessive expansion of the film can be restricted by implementation of biofilm 
attrition.2,5,117 The most simple way to do this is by cutting of the film expansion at a 
defined maximum biofilm thickness. The maximum thickness can assumed to be 
obtained as soon as the calculated maximum penetration depth of the limiting 
substrate in the film is reached. This is the depth at which the substrate concentration 
is zero.2,5 Further increase leads to attrition due to sloughing or shear loss. In practice, 
attrition does not necessarily occur at the maximum penetration depth of the limiting 
substrate but can occur sooner (in thin biofilms) or later (in thick biofilms). Biofilm loss 
is not only a function of the combined processes of substrate diffusion and 
consumption but also the result of turbulence on the biofilm surface. Several studies 
have been done on shear loss11,14,83,109 but further investigation is essential for 
understanding biofilm processes. 

16 
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A different approach for studying dynamics of biofilm processes is formed by using 
more simplified systems in which less factors play a role and where basic knowledge 
of the important factors is available. In this respect immobilized-cell systems with 
entrapped cells form a much better defined and therefore a more adequate system for 
model evaluation. 

Artificially Immobilized cells 

In order to understand the interactions of mass transfer in films and the kinetics of 
immobilized cells, artificially immobilized cells form an excellent model system. In Fig. 
4 the immobilized-cell process is schematically shown for an aerobic conversion with 
oxygen as the limiting substrate. Oxygen is supplied to the reactor system by means 
of air bubbles. The oxygen will be transferred from the gas phase to the liquid phase 
across a stagnant liquid layer surrounding the gas bubble. The liquid phase is 
assumed to be perfectly mixed. From there the oxygen will be transported through a 
stagnant layer surrounding the gel bead to the gel surface, through the gel bead, into 

distance 

Fig. 4: Transport of oxygen from the gas phase to immobilized cells where conversion occurs. 

17 
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Micro-colonies 

Growth of immobilized cells appears as expanding micro-colonies. Colonies near the surface 
of the gel beads will be larger than the colonies in the centre as the result of diffusion limitation 
(Fig. 5). The colonies provide their own space in the gel.54 Due to expansion of the colonies, the 
cells will eventually reach the surface of the gel bead, the colony surface will confluence with the 
gel surface and cells are released into suspension.122 The process of cell release is schematically 
shown in Fig. 6. In steady state the cell-leakage rate will be equal to the net biomass production 
rate. Release of cells was confirmed in the experiments of Inloes ef a/.42,43 and Wijffels er a/.125 

Inloes ef al. found membrane disruptions in hollow-fibre reactors containing growing cells. 

micro-colonies (text box) and finally reaches the microorganisms where consumption 
will occur. As cells grow in micro-colonies, transport of substrate in these colonies is 
also taking place. 

Similar to models for attached biofilms, growth needs to be restricted to a maximum 
in dynamic models of entrapped cells. If the biomass concentration is not restricted, 
an infinitely thin film of biomass with an infinitely high concentration would ultimately 
be obtained. 

Fig. 5: Inner peripheral surface of a carrageenan bead showing various-size micro-colonies of 

Nitrosomonas europaea, bar length 10 Jim.112 
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Several dynamic models have been developed in which maximum biomass 
concentrations are defined.24,40,66,69 Values for maximum biomass concentrations were 
obtained experimentally by determination of the volumetric fraction of biomass near the 
surface of the beads by image analysis.40,66,122 There was, however, not a physical 
reason for limiting the concentration to this maximum as in none of the cases 
described the subsurface region was fully occupied by micro-colonies. In reality the 
biomass concentration in the subsurface region will be limited because colonies erupt 
from the gel bead and/or colonies become so large that the growth rate is limited by 
diffusion limitation over the colonies. Diffusion limitation over micro-colonies and cell 
eruption can be implemented in the models by considering growth as expansion of 
micro-colonies.25,86,122 Micro-colonies near the surface of the bead grow faster and as 
a result are larger than the colonies in deeper layers. Colony expansion near the 
surface may result in fusion of different colonies if they approach each other,66 grow 
out of the beads by an eruption like process,121 or are further limited in their growth 
by diffusional restrictions over the micro-colonies.122 By implementation of diffusion 
limitation over the colonies and by biomass release due to colony eruption as soon 
as colonies touch the gel surface, it was found there was no need to implement a 
maximum biomass concentration.122 

single-cell release 

X 
© o 

Vo® colony eruption 
e o o 

o o 

time 
Fig. 6: Schematic representation of growth of artificially immobilized cells by colony expansion. 
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PARAMETER ESTIMATIONS 

The quality of model results is to a great extent dependent on the quality of the 
parameter estimation. Significant insight in the process can be obtained if parameters 
are obtained in independent experiments. Fitting of parameter values should therefore 
be avoided. For immobilized cells three types of parameters have to be considered, 
i.e., intrinsic kinetic parameters, physical parameters of the support containing the 
biomass and hydrodynamics-dependent physical parameters. 

Intrinsic kinetic parameters 

Intrinsic kinetic parameters that are important for growth of immobilized cells are the 
maximum specific growth rate, substrate affinity constants, biomass-yield coefficients 
and parameters that are related to maintenance and decay. 

In literature the kinetics of nitrification have been described extensively. The reliability 
of the reported values of kinetic parameters is, however, often limited because 
experimental procedures showed serious deficiencies.53,96,97 Observed differences 
between intrinsic values and the values measured in bacterial floes or films are often 
the result of some kind of substrate limitation.85 Smith ef a/.95 showed for 
Mycobacterium sp. that the physiology of immobilized and suspended cells was not 
different in case there was no transport limitation. Only in a few models system-
independent parameters have been used. Monbouquette ef a/.66 and De Gooijer era/.24 

used kinetic parameters of the suspended cells and assumed that effects on these 
parameters are only determined by diffusion which is accounted for in the model. On 
the other hand, kinetic parameters seldomly have been determined under the extreme 
limiting conditions as existing in the deeper shells of immobilized cells. Wijffels era/.121 

simulated starvation conditions in the deeper shells by estimation of the specific 
degradation rate, by growing the cells in a batch culture, depleting the medium from 
oxygen after some time and measuring the activity reduction as a function of time. This 
does, however, not indicate whether cells are indeed dead or in a dormant state.16,67,76 

The viable fraction of immobilized cells may be critical in predicting long-term or 
steady-state reactor performance19 and for the estimation of the dynamics of the 
system. 
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Physical parameters of the support 

Within the support material substrate will be transferred by diffusion. The rate of 
diffusion depends on the diffusion coefficient of the substrate in the support and the 
effect of the presence of large amounts of biomass on this diffusion coefficient. 
Effective diffusion coefficients for oxygen and other compounds have been determined 
for most support materials.28,119,123 Indeed it has been shown that cells may have an 
effect on the diffusion coefficients. For instance, Sakaki etal.87 and Sun et a/.99 showed 
that with increasing cell densities diffusion coefficients decreased. For this reason 
biomass-concentration-dependent diffusion coefficients have been used.24,66 Another 
possibility is to assume two diffusion coefficients, one for the gel itself and one for the 
micro-colonies. Within closely packed aggregates of bacterial cells the effective 
diffusion coefficient is between 20 and 30% of the value in media.35,58,119 In case of the 
use of colony-expansion models86,124 both diffusion coefficients are introduced 
separately. 

Hydrodynamic-dependent physical parameters 

In processes with immobilized cells substrate is transferred from the liquid phase 
to the solid phase in which the reaction occurs. In many studies the diffusion of 
substrate through the solid phase was assumed to be the rate-limiting step in the 
process, because the thickness of the stagnant layer surrounding the solid particles 
was supposed to be much smaller than the radius of the gel bead used as a support 
for the immobilized cells. Furthermore, the diffusion coefficient in the support is usually 
smaller than in water. Usually, however, a relatively thin layer of biomass will be formed 
just beneath the support surface. If for example, oxygen is the limiting substrate, this 
active layer will be in the order of 100 ^m, which is the same order of magnitude as 
the thickness of the stagnant layer. Sensitivity analysis of the parameters showed that 
the value of the external mass transfer coefficient, /c,s, significantly influenced the 
overall consumption rate in such an immobilized-cell process.24 Relatively little is 
known, however, about external mass transfer in bioreactors as the relative velocity 
of the particles is generally not known. The relations used are based on empirical 
equations and need not only to be adapted for all types of bioreactors used, but also 
for all scales and procedures. 
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Liquid/solid mass-transfer descriptions are often based on the film theory, in which 
the liquid-bulk phase is assumed to be perfectly mixed except for a thin, stagnant, 
layer surrounding the particles. It is assumed that mass transfer across this layer solely 
occurs by diffusion. 

Mass transfer across the stagnant layer can thus be described by: 

J. - % (C> -C.) (1) 

As s is generally not known, a liquid/solid mass-transfer coefficient, kls, which can be 

calculated with the dimensionless Sherwood number, is defined as: 

D, ShD, k _ Zi _ i (2) 
à dp 

Correlations for the Sherwood number are partly theoretical and partly empirical. For 
a sphere surrounded by an infinitely extended stagnant medium it can be derived that 
Sh equals 2. If the liquid starts to flow, the value of Sh increases. In that situation the 
stagnant region is limited to the near surroundings of the bead. The thickness of that 
stagnant layer, <s, decreases as the flow increases, while kls and Sh increase. The 
general form of the Sherwood equation is: 

Sh- 2 + aScp Re1 (3) 

The dependence of the Sherwood number of the Schmidt and Reynolds numbers is 
usually described by empirical correlations. 

Wijffels era/.121 calculated the liquid/solid mass-transfer coefficient by assuming that 
the particles move with the rate of free fall. In this case the Reynolds number was 
calculated from the Galileo number.7 At lower Reynolds numbers (fle<30) the relation 
of Brian and Hales10 can be used. Whether this assumption is appropriate is not 
without doubt, because the experiments were executed in an air-lift loop reactor to 
which gas is supplied and where the volume fraction of beads was 15 %. This means 
that the particle movement is influenced by the turbulent flow in the reactor and is 
hindered because of the high particle concentration. 

Another approach is Kolmogoroff's theory of local isotropical turbulence.60,88,118 
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Turbulence in air-lift loop reactors is caused by the introduction of air. Air bubbles will 
expand as they rise. This isothermal expansion of the gas bubbles is the main source 
of power input in the reactor. The rising bubbles will generate large eddies, which in 
first instance cause large-scale mixing in the reactor. Fluid packages will be 
interchanged. Further mixing will occur because the initial large eddies scatter into 
smaller ones. Those larger eddies thus transfer their kinetic energy to the smaller ones 
which will scatter again and so on. This transfer of energy occurs in all directions and 
as eddy-generation proceeds the orientation of the eddies will be lost and turbulence 
becomes isotropic. Ultimately, the only information transferred from the large eddies 
to the very small ones is the energy which will finally be dissipated (by friction to heat) 
in the smallest eddies having a flow which is just laminar (Re = 1). On the basis of a 
dimension analysis the size of these smallest eddies can be derived and from that the 
Reynolds number of a spherical particle in an isotropic turbulent flow field can be 
defined:23468892'94 

Re - c 
ed^1 

v3 
for dp > k (4) 

The difference between the so defined Reynolds number and the Reynolds number 

as used in the equations of Ranz and Marshall80 and Brian and Hales10 is that it is 

dependent on the energy applied to the reactor and not on the density difference 

between solid and liquid phase, and the solid/liquid mass-transfer coefficient is thus 

a function of the superficial gas velocity. Sänger and Deckwer88 and Livingston and 

Chase60 showed that the superficial gas velocity has indeed an effect on liquid/solid 

mass transfer for suspended particles in bubble columns or air-lift reactors. To obtain 

a relation for Sh they implemented the 'Kolmogoroff' Reynolds number (Eq. 4) in 

equation 3 and fitted a, ß and -r to their experimental data. The relations obtained are, 

however, not generally applicable as they are restricted to the flow regimes, density 

differences between solid and liquid phase, particle radius and solid-hold up tested. 
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EVALUATION OF MODELS 

Models contribute significantly to the understanding of the process if simulations are 
evaluated experimentally. Biofilm or immobilized-cell models can be evaluated by 
comparing simulated and observed macroscopic substrate consumption rates (based 
on analyses in the bulk phase) and biomass and substrate concentration profiles (local 
measurements inside the film or support). In recent years much progress has been 
realized in local measurement techniques. 

Micro-sensors 

Micro-sensors are electrodes with a very small tip diameter (less than 10 /urn). It is 
possible to penetrate biofilms with such electrodes and measure local concentrations 
with a high spatial resolution. As such, micro-sensors form an efficient tool to measure 
substrate concentration profiles over a biofilm,110 the macroscopic consumption rate 
of a film from the slope at the surface of the support, the liquid/solid mass-transfer 
coefficient,36 diffusion coefficients110 and intermediate products. Micro-sensors have 
been developed for oxygen,21,36,81 pH, ammonia, nitrate22 and glucose.18 

When immobilized-cell models are evaluated, micro-electrode techniques are an 
excellent tool to compare calculated profiles with measured profiles,124 although there 
are some limitations: 
i) Flow conditions. 

If gel beads with immobilized cells are cultivated in a reactor where the support is kept 
in suspension the flow conditions in the reactor and in the flow chamber where 
measurements are done need to be the same, 
ii) Spatial resolution. 

The position of the electrode tip is usually determined visually. The accuracy with 
which the location of the tip can be determined is often not sufficient as concentration 
profiles tend to be very steep. This problem may be solved by simultaneous 
measurement of the concentration profile and the optical density.57 The solid/liquid 
interface is then identified from the optical density profile. 

Micro-electrode techniques have a surplus value in more complex systems where 
reactions occur in sequence. This is the case in most biofilms and in the 
coimmobilized systems that were used by Hunik ef a/.40 (Nitrosomonas europaea and 
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Nitrobacter agilis) and Santos et a/.89'90 (the magic bead concept for integrated 

nitrification and denitrification). Products are released which form the substrate of other 

organisms. These intermediate products are often not detectable by analysis of the 

bulk-liquid phase because they are only present in the subsurface shells of the 

support. By means of micro-electrodes these intermediate products can be analyzed. 

Biomass profiles 

Total biomass concentrations in biofilms are relatively easy to determine by scraping 
of the biofilm and analyzing the obtained suspension.13 Local concentrations in biofilms 
can be determined by slicing or dissolving biofilm shells. Masuda et a/.63 used a 
microslicer to cut segments of a thickness of 10-50 urn. In the sliced films bacterial 
counts were executed. Shells can be dissolved from gel particles in which cell 
concentrations can be determined by cell counts or turbidity measurements.9,55,115 A 
drawback of this method is, that usually shells of a thickness larger than 50 ßm are 
obtained. As profiles tend to be very steep, a higher resolution than this is required. 

More accurate methods have been developed for artificially immobilized cells. Ultra-
thin sections out of the centre of the beads are sliced and within these sections the 
volumetric fraction of colonies can be determined.12,40,62,121,123 Profiles can be quantified 
by image analysis. The coordinates of the centres and the radii of the colonies are 
determined in relation to the centre or the surface of the bead.121 For this analysis, the 
slices have to be very thin to prevent that colonies overlap. 

Samples for image analysis usually are stained: 
i) To increase contrast. General staining methods with e.g. toluidine blue are 
used.121,123 

ii) To distinguish growing cells from non growing cells. Cell components or reactions 
which are related to cell growth are stained: 
-RNA66 

- DNA synthesis51 

- Addition of the yellow coloured dimethylthiazol salt which is transferred to MTT 
formazan which has a blue colour1 

- 35S.45 Immobilized cells were stained with a /3-emitting isotope œS which was supplied 
in the form of sulphate and is incorporated in proteins during synthesis. Consequently, 
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growth can be monitored as ̂ S activity. Biomass profiles were observed with a light 
microscope after exposure of the slices to an autoradiographic emulsion and 
development. 

iii) To specify certain strains. Hunik ef a/.39 used a labelling technique with fluorescent 
antibodies to distinguish two species of immobilized cells. Two ultra-thin centre 
sections were labelled with antibodies. One with a rabbit antibody for Nitrosomonas 
and the other with a rabbit antibody for Nitrobacter. The rabbit antibodies were labelled 
with a goat antibody which was conjugated with fluorescein isothiocyanate (FITC). As 
a result fluorescent colonies were obtained. 

Although the slicing methods used in combination with image analysis are more 
accurate than scraping or dissolving of shells, there are also some disadvantages. 
Samples have to be cut in thin slices (< 5 ßm) to prevent overlap of the colonies. To 
be able to make such thin sections with a microtome the samples have to be 
embedded in a resin and usually chemical fixation is necessary. Shrinkage of the 
samples has been observed during preparation112 and this may affect the results 
obtained. More direct methods would improve the quality of the results. 

Recently such a direct technique has been presented by Worden and Berry.129 They 
mounted a thin slab of gel containing immobilized cells on a microscope slide. One 
side of the slab was in contact with nutrient medium and growth of cells could be 
observed through a microscope. Except for being a direct technique, the technique 
of Worden and Berry129 is non-invasive as well, which means that it is possible to study 
the dynamics of the process. 

TOWARDS A RATIONAL REACTOR DESIGN 

The models presented describe the performance of the immobilized-cell particles 

or biofilms. Fig. 4 indicates that the immobilized-cell reactor is more than just the 

immobilized cells. In the bioreactor, factors like fluid mixing and transfer of oxygen 

from the gas to the liquid phase have to be considered as well. In order to form an 
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reactor design transport/conversion 
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Fig. 7: Optimization of a process by determination of the rate-limiting step with regime analysis.41 

efficient tool for bioreactor design, the immobilized-cell models have to be integrated 
in a reactor model. It may be clear that many factors potentially affect the overall 
process. It would be too time consuming to give a complete description of the 
process. An efficient tool to account for all steps in a process of any scale forms 
regime analysis. With regime analysis the rate-limiting step can be determined and if 
possible, this step can be optimized in the process design (Fig. 7). Hunik ef a/.41 

performed this analysis for immobilized cells in air-lift loop reactors by determination 
of characteristic times of gas/liquid mass transfer, oxygen depletion in gas bubbles, 
liquid/solid mass transfer, mixing time and kinetics of the immobilized cells. For the 
latter, immobilized-cell models can be used. Hunik et al." showed that for three 
different conditions of the nitrification process (under optimal conditions and under two 
extreme conditions, i.e. low temperatures and high substrate concentrations) the 
capacity was controlled by mass transfer of oxygen or ammonia and to a lesser extent 
by the conversion rates (text box). The regime analysis proved to be a helpful tool for 
the understanding of the entire process and for establishing the rate-limiting step. 
Design rules for different conditions can be obtained from the results of this regime analysis. 
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Rate-limiting step 

Hunik ef a/.41 showed that nitrification by immobilized cells was mainly controlled by mass 
transfer of oxygen. This is an improvement in comparison to the activated-sludge process, which 
is controlled by the specific growth rate. As a result, for the design of such a bioreactor the 
capacity of the process can be increased by increasing the rate of oxygen transport. The transfer 
of oxygen is dependent on the gas/liquid and liquid/solid mass-transfer coefficients and on the 
specific surface area of the different phases. Optimization of single parameters, however, does not 
necessarily mean that the capacity as a whole will be increased as other factors may be influenced 
as well. For example, an increase of the solid-phase hold up decreases gas/liquid mass transfer.114 

NOMENCLATURE 

c = constant 

dp = particle diameter 

D, = diffusion coefficient in liquid phase 

Jm = flux 

k,s = liquid/solid mass-transfer coefficient 

Re = Reynolds number 

S„ = substrate concentration in bulk liquid phase 

Ss = substrate concentration solid/liquid interphase 

Sc = Schmidt number 

Sh = Sherwood number 

a = constant 

ß = constant 

i = constant 

s = thickness of stagnant layer 

e = specific energy dissipation per unit of mass 

A = length scale of micro-scale eddy 

v = kinematic viscosity 
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