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STELLINGEN 

1 In onderzoek naar nitrificatie met vlokkig actief slib van Hanaki et al. (1990), wordt ten 
onrechte geen rekening gehouden met de diffusiesnelheid van zuurstof in deze vlokken. 

K. Hanaki et al. in Water Research 24, 289-2%, 1990 

2 De problemen van de intensieve veehouderij worden het best geïllustreerd door een 
massabalans van stikstof en fosfaat over Nederland. 

3 Naast de door Coleman & Montgomery (1993) genoemde redenen voor het mislukken 
van onderzoeksprojecten in produktiebedrijven, moet het gemis aan onderzoekservaring 
in de bedrijfsleiding worden toegevoegd. 

D.E. Coleman & D.C. Montgomery in Technometrics 35, 1-12, 1993 

4 Het koppelen van een natte zomer aan voorspellingen over klimaatsveranderingen als 
gevolg van menselijk handelen mist elke grond. 

5 Het opzetten van stekels door egels en het op een congres presenteren van grote 
hoeveelheden wiskundige vergelijkingen leiden beide tot een communicatie-stoornis. 

6 Het niveau waarop kennis tijdens congressen wordt uitgewisseld verbetert aanmerkelijk, 
indien wetenschappers een cursus volgen in het gebruik van audio-visuele hulpmiddelen. 

7 Bovenstaande stelling wordt slechts ter harte genomen door wetenschappers die reeds in 
staat zijn een goede presentatie te geven. 

8 De voortvarendheid waarmee gemeentes voetbalwedstrijden afgelasten is niet 
representatief voor de aanpak van andere gemeentelijke aangelegenheden. 

9 Het wijdverbreid gebruik om bij koninklijk bezoek het interieur een verfbeurt te geven, 
leidt tot een voor hen ongewenste verhoogde blootstelling aan oplosmiddelen. 

10 Een auto is niets anders dan een consumptie-artikel. 

11 Zonder de vrolijke oogopslag kan het rennend zwijn in het Veluwelooplogo ten onrechte 
worden gezien als op de vlucht. 

Stellingen behorende bij het proefschrift " Engineering aspects of nitrification with immobilized 
cells" 

Jan H. Hunik 

Wageningen, 3 december 1993 
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VOORWOORD 

T T et gereed komen van dit proefschrift is ook de gelegenheid om iedereen die hier 

een bijdrage aan heeft geleverd te bedanken. Allereerst mijn vader en moeder 

die een belangrijke stimulerende invloed hebben gehad op mijn schoolloopbaan. 

Uiteraard de sectie Proceskunde waar een prettige en stimulerende werksfeer 

heerste. Vanaf het eerste (natte) fietstochtje in de Ardennen tot de laatste werk­

bespreking voelde ik mij hier thuis. Het half 6 Loburg zal dan ook node gemist 

worden. 

Hans Tramper, die naast waardevolle discussies over het onderzoek ook steun 

en toeverlaat was tijdens de minder wetenschappelijk perikelen rondom het onder­

zoek. Dankzij zijn onvoorwaardelijke steun was het mogelijk het proefschrift af te 

ronden. Bedankt coach! 

Mijn kamergenoten en mede nitrificeerders René Wijffels, Imke Leenen, Vitor 

Santos en Ida Günther. 

De studenten in volgorde van opkomst: David Vertegaal, Harold Meijer, 

Gerrit-Jan Runia, Annemarie Rooden, Kees Bos, Joris van Rooij, Vitor Santos, 

Marijke van den Hoogen, Wiebe Jonsma, Ronald Kostanje, Peter van der Weij. 

Zonder jullie inbreng was dit proefschrift aanzienlijk dunner geweest. 

Kees de Gooijer voor zijn modelmatige ondersteuning, Gerrit Meerdink voor 

de gezamelijke inspanning om de resonantie nozzel te doorgronden en Hedy Wessels 

die nu eenmaal de spil van de sectie is en waarmee naast de printer ook veel 

levenswijsheden werden gedeeld. 

Het zwemploegje met Hans Tramper, Nettie Buitelaar, Anja Jansen, Albert 

van der Padt, Henk van Sonsbeek, René Wijffels, Joyce Kraus, Vitor Santos en Gerrit 

Heida. Zij zorgden voor de nodige ontspanning en zagen mijn gekrabbel uitgroeien 

tot een redelijke borstcrawl. 

De medewerkers van de werkplaats, fotolocatie, tekenkamer en chemicaliën-

magazijn. 

Tot slot mijn huisgenootjes van de Hoogstraat 71a die altijd hun willig oor 

leenden voor de (niet-)wetenschappelijke beslommeringen en deze in het juiste 

perspectief wisten te plaatsen tijdens de vele gezamelijken maaltijden. 
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INTRODUCTION 

n p he oxidation of ammonia via nitrite to nitrate by microorganisms of the 

Nitrobacteracaea family is generally known as nitrification (Watson, 1974): 

NHl + 1.5 02 =* N02' + 2 H+ + H20 

NO~2 + 0.5 o 2 =* NO; 

The microorganisms of this family are strictly autotrophs with the exception of a few 

Nitrobacter winogradskyi strains under anaerobic conditions (Bock et al., 1988). 

Autotrophic growth, i.e. with C02 as the only carbon source, results in a low biomass 

yield compared to heterotrophic microorganisms. Therefore, the nitrification process is 

characterized by a low growth rate of the nitrifying bacteria. 

An increasing interest for the biological removal of ammonia from various waste 

streams has been the driving force to solve the problem of washout due to the low 

growth rate of these microorganisms. A characteristic value for the doubling time of 

nitrifying microorganisms at maximum growth rate is 15-30 h, which is long compared 

to a doubling time of 1.5-3 h for heterotrophic microorganisms isolated from wastewater 

treatment plants (Sharma & Ahler, 1977). The growth rate of nitrifying microorganisms 

decreases rapidly at more extreme conditions, i.e. high product and substrate 

concentrations. The biomass retention becomes increasingly important for nitrification 

processes at such unfavourable conditions. Several methods for biomass retention are 

applied, for example, attached growth and artificial immobilization. 

Part of this chapter will be submitted as a review on: Application of artificially immobilized cells for 

nitrification at extreme conditions. Jan H. Hunik; Johannes Tramper 
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Generally, attached growth of cells is achieved on a wide variety of support 

materials. An overview of the different support materials (silica, wood shavings, ceramic, 

porous brick, glass fibre, ion exchanger, PVC chips and porous glass) used for attached 

growth is given by Klein & Ziehr (1990). Artificial immobilization techniques include: 

flocculation, covalent bonding, cell to cell crosslinking, microencapsulation and 

entrapment in polymer matrices (Klein & Vorlop, 1985; Philips & Poon, 1988; 

Woodward, 1988; Klein & Kressdorf, 1989). The entrapment in polymer matrices with 

a high water content is by far the most frequently used technique. With this technique 

the cells are immobilized in the network of a polymer matrix. Substrates and products, 

on the other hand, are generally small enough to diffuse through this network. 

The advantage of the attached growth is the spontaneous attachment of the cells 

to the support without the use of an additional apparatus. The advantages of artificial 

biofilms above attached growth biofilms is the fixed boundary between solid and liquid 

phase and the absence of biofilm detachment. The cell retention of entrapped cells will 

be better compared to cells growing in an attached growth biofilm (Klein & Ziehr, 1990). 

Here we will focus on the application of artificially immobilized nitrifying 

microorganisms. An overview of the available methods and the pros and cons are 

presented. Large-scale processes with immobilized cells require an immobilization 

procedure with sufficient capacity. Artificial immobilization methods for nitrifying 

microorganisms are evaluated and the scale up of a specific immobilization technique 

is discussed. 

The theory and engineering tools for the cultivation of cells in two-phase systems 

consisting of a liquid and a gas phase is comprehensive. The theory for processes having 

a third phase with growing microorganisms is mainly derived from the theory for 

heterogeneous reactions used in chemical engineering; main reference is Levenspiel 

(1972). Applications of this theory for processes with immobilized cells are given by 

Venkatasubramanian et al. (1983), Moser (1988) and Riet & Tramper (1991). However, 
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the application of this theory to nitrification processes is scarce. Literature where a link 

is made between the different aspects - nitrification, immobilization, modelling and scale-

up - is lacking. Models, methods for model validation, immobilization techniques, scale-

up and some preliminary experiments with artificially immobilized pure cultures of 

Nitrosomonas europaea and Nitrobacter agilis are discussed here. 

IMMOBILIZED-CELL PROCESSES 

rr\ he third phase with immobilized cells introduces an additional step for substrate 

transport. Compared to suspended-cell reactors a mass-transfer step between liquid 

phase and immobilized cells is introduced, see Figure 1. 

stagnant region 

ion 

microcolony 

gas-liquid liquid-solid 
interface interface 

Figure 1 Transport of substrate from gas phase to immobilized cells. 
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Transport from the liquid to the solid-phase surface is described by a liquid-solid 

mass-transfer coefficient. In the solid phase both transport and consumption of substrate 

will take place. For an immobilized-cell process the growth rate of the cells is no longer 

the rate-limiting step, because of the high biomass retention. Introduction of a third 

phase is only then beneficial when mass transfer is a faster process than growth. A 

comparison between the time-scale of cell growth and mass transfer presented by Roels 

(1982) shows a 1000 fold faster rate for mass transfer compared to growth. Changing the 

rate-limiting step from growth to mass transfer can therefore be an advantage. 

Models. The nitrification process with immobilized cells is complicated due to the 

relation between the microorganisms and the substrates involved. Oxygen is used by both 

microorganisms and ammonia is converted to nitrate via nitrite as intermediate. The 

nitrite-consuming microorganisms are strictly dependent on the nitrite production in the 

first step. This commensalistic relation together with the competition for oxygen, the 

development of gradients of biomass, oxygen, ammonia, nitrite and nitrate in the solid 

phase are hampering a better understanding of the immobilized-cell nitrification process. 

Modelling can be a helpful tool then. Models for immobilized-cell processes can be 

divided in steady-state and dynamic models. Steady-state models describe the nitrifying 

capacity and reactor concentrations at constant input values, such as substrate 

concentration and dilution rate. Examples of steady-state biofilm models with nitrifying 

and heterotrophic microorganisms are given by: Chen et al. (1989), Gujer & Boller 

(1989), Tanaka & Dunn (1982), Tanaka et al. (1981), Rittman & Manem (1992) and 

Wanner & Gujer (1984). In practice it is very unlikely that all input values are constant. 

The influent concentrations as well as the dilution rate of a nitrifying reactor will vary 

in time. This changes in input values can be described when dynamic models are used. 

Differences between dynamic and steady-state models and several methods for solving 

the mass balances of such a biological reactor are discussed by Billing & Dold (1988ab,c). 

The advantage of a dynamic model is its capability to describe the nitrifying capacity and 
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reactor concentrations in transient state, which is of particular interest during the start-up 

phase. Also the influence of influent concentration or temperature changes on the 

process can be predicted. Dynamic biofilm models with nitrifying and heterotrophic 

microorganisms are presented by: Bryers (1988), Denac et al. (1983), Kissel et al. (1983) 

and Wanner & Gujer (1986). An example of a dynamic model for an artificially 

immobilized Nitrobacter agilis is presented by Gooijer et al. (1991) and Wijffels et al. 

(1991). 

Model validation. Model validations can be divided into methods in which the 

overall reactor concentrations or conditions are measured as function of time and 

methods which follow the biofilm processes in the solid phase. Examples of the first 

methods, where the coarse of reactor concentrations as function of time is monitored, 

can be found in: Tanaka & Dunn (1982), Tanaka et al. (1981), Bryers (1988), Cour 

Jansen & Harremoës (1984), Williamson & McCarty (1976). Other examples are the 

measurement of overall fluorescence (Müller et al., 1988; Reardon et al, 1986) and 

NMR spectra (Lohmeijer-Vogel et al., 1990) in the reactor with immobilized cells. 

The second methods are based on the determination of the concentration profiles 

in the biofilm as function of time. Examples: Lewandowski et al. (1991, 1993), Beer & 

Heuvel (1988), Beer et al. (1993), Hooijmans et al (1990a), and Hooijmans et al. (1990b), 

who all use microelectrodes to measure oxygen concentration profiles in different types 

of biofilms. The location of the solid-phase surface and the copying of reactor conditions 

in the measurement set-up are very important for the accuracy of the measurement with 

these microelectrodes. Another example is determination of biomass profiles in the 

biofilm. A detailed investigation of the biomass composition and distribution in such 

biofilms is an important aspect in biofilm research (Christensen et al., 1989). Artificially 

immobilized pure cultures of cells offer the possibility to determine such a biomass 

distribution in biofilms. Several methods for the determination of such biomass profiles 

are used. Examples of techniques based on the fixation of gel beads and cross-sectioning 
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of these beads are: a scanning microfluorimetry technique used by Monbouquette et al. 

(1990) for immobilized Zymomonas mobilis cells; a toluidine-blue staining method for 

artificially immobilized Nitrobacter agilis by Wijffels et al. (1991). Examination of biofilm 

growth on a solid support is done with a radiolabelling technique of thin biofilm slices 

by Bryers & Banks (1990). 

The second method is advantageous for the study of biofilm processes, because 

the processes inside the biofilm can be investigated. Microelectrodes provide a fast and 

accurate substrate profile when the reactor situation is copied correctly. The latter is 

however the difficult part. The measurement of biomass profiles does not have such 

problems and can be very accurate, but has the disadvantage to be very laborious. 

ARTIFICIAL IMMOBILIZATION OF NITRIFYING BACTERIA 

JL n overview of artificial-immobilization techniques available for a wide variety of 

cells is given by Scott (1987) and Klein & Vorlop (1985). So far nitrifying 

microorganisms are only artificially immobilized by entrapment in various matrices; no 

examples of cell cross-linking and encapsulation in membrane-surrounded microcapsules 

can be found. Table I gives an overview of entrapped nitrifying microorganisms. Three 

methods are used for entrapment: thermo-gelation, ionotropic gelation and 

polymerization. 

Thermo-gelation. The thermo-gelation with a temperature-controlled phase 

transition requires low ion concentrations. This low ion concentration makes thermo-

gelation with for instance agar a suitable method for experiments with microelectrodes 

in nitrifying biofilms (Beer & Heuvel 1988, Beer et al. 1990). High ion concentrations 

would interfere with the microelectrodes. The immobilization in an agar gel however 

yields a mechanical weak gel. The disadvantage of such a weak gel is not relevant for 
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laboratory studies, but large-scale applications in reactors with much turbulence, i.e. 

shear, are for that reason unlikely. 

Ionotropic gelation. Table I shows that immobilization of nitrifyers with an 

ionotropic-gelation technique is applied most often. Two types of gels are mainly used: 

alginate stabilized with Ca2+ and K-carrageenan stabilized by K+. These types of gelling 

material offer sufficient mechanical stability and a mild immobilization procedure. 

Ionotropic gels offer the possibility to produce small spheres of a uniform diameter with 

the resonance nozzle (Hulst et al., 1985; Hunik & Tramper, 1993). 

The characterization of cell viability, growth, substrate-consumption rate and 

influence of diffusion is extensively done for both immobilized Nitrosomonas europaea 

and Nitrobacter agilis cells (Ginkel & Tramper, 1983; Tramper et al., 1985; Tramper & 

Man, 1986; Tramper & Grootjen, 1986; Wijffels & Tramper, 1989; Wijffels et al., 1990). 

An illustrative example of the growth of microcolonies and subsequent development of 

a biofilm in the outer layer of the gel beads is shown by Neerven et al.(1990). It is valid 

to assume that the immobilized cells have the same intrinsic kinetics as free cells, which 

is shown with the substrate affinity at different cell concentrations in the gel beads and 

various gel-bead diameters (Ginkel & Tramper, 1983; Tramper et al., 1985; Tramper & 

Man, 1986). Diffusion-limited transport of substrate is apparently masking the intrinsic 

kinetics. 

Polymerization. The advantage of polymerization as immobilization technique is 

the independence of the Ca2+ or K+ concentration in the wastewater. The disadvantage 

of the polymerization with PEG , acrylamide or epoxy is the rather hostile environment 

for the bacteria during immobilization. Sumino et al.(1992) report a loss in activity of 

more than 90 %. Also Tanaka et al.(1991) describe activity losses of more than 95% for 

acrylamide and epoxy-immobilized cells. 
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Table 1 Immobilization methods used for (de)nitrifying bacteria 

method organism(s) reference 

thermo-gelation 

agar Nilrobacter agilis Wijffels et al. (1991) 

ionotropic gelation 

alginate 

alginate 

alginate 

carrageenan 

carrageenan 

carrageenan 

Nilrosomonas europaea 

(de) nitrifyers 

N'iirobacler agilis 

Nilrosomonas europaea 

Nilrobacter agilis 

(de)nitrifyers 

Ginkel et al. (1983) 

Tramper (1984), Lewandowski et al. (1987), 
Tramper et al. (1985) 

Tramper & Man (1986), Tsai et al. (1986) 

Wijffels et al. (1989), Neerven et al. (1990) 

Tramper & Grootjen (1986), Wijffels et al. 
(1990), Gooijer et al. (1990), Gooijer et al. 
(1991), Gooijer et al. (1992) 

Santos et al. (1992) 

polymerization 

polyvinylalcohol (PVA) 

PVA 

PVA, chitosan 

polyethyleenglycol 
(PEG), acrylamide, 
epoxy 

PEG, acrylamide 

urethane 

silicone, alginate, epoxy 

silica 

active sludge 

(de)nitrifyers 

Nilrosomonas europaea 

(de)nitrifyers 

nitrifyers 

nitrifyers 

nitrifyers 

nitrifyers 

Hashimoto & Furukawa (1986) 

Myoga et al. (1991), Asano et al. (1992), 
Asano et al. (1992), Hitachi (1988), 
Wildenauer et al.(1992) 

Kokufuta et al. (1982), Kokufuta et al. 
(1987), Kokufuta et al. (1988) 

Tanaka et al. (1991) 

Sumino et al. (1992) 

Sumino et al. (1992) 

Wilke & Vorlop (1990) 

Petersen et al. (1991) 

Immobilization in PEG also shows a low cell survival; Tanaka et al.(1991) report an 

activity loss of 85-95% for PEG-immobilized cells after immobilization but nevertheless 

a stable nitrification process for 60 days. 
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Several procedures are developed to overcome the high activity losses and some 

promising techniques are presented. Sumino et al.(1992) present an immobilization by 

urethane polymerization using a macromolecular coagulant. The activity losses are 

limited to 60-90%. Long-term (120 d) experiments are carried out with these urethane 

immobilized nitrifying bacteria. An alternative immobilization method is presented by 

Kokufuta et al. (1982), Kokufuta et al. (1987), Kokufuta et al. (1988). They use tri-

methyl-ammonium chitosan iodide for the aggregation of the cells in the culture broth 

and subsequently added PVA-sulphate to form a stable complex with the aggregates. 

Only short-term (800 h) experiments are presented, which show growing Nitrosomonas 

europaea cells. Myoga et al.(1991), Asano et al.(1992a. 1992b) describe an immobilization 

method with PVA in which the cells are mixed with 20% polymer solution and 

subsequently frozen at -20 to -80 °C. They present no results about the cell survival after 

immobilization, but stable nitrification was carried out for 70 days. Myoga et al. (1991) 

show that immobilization of active sludge, instead of pure cultures, in PVA was 

beneficial for steady-state nitrifying capacity. Another method is given by Wildenauer et 

al. (1992) who added 20 % w/v sugar or glycerol to the PVA solution before 

immobilization. A possible explanation could be that both sugar and glycerol solutions 

as well as the active sludge do not enhance the nitrifying capacity itself but create more 

space in the PVA-matrix for nitrifying bacteria. This additional space for the cells in the 

matrix is then responsible for the increased nitrifying capacity. 

Prospects of artificially immobilized cells. The potential applications of artificially 

immobilized nitrifying microorganisms for wastewater treatment are based on the 

separation of biomass retention and liquid retention, resulting in higher ammonia 

removal rates (Tramper, 1984; Tramper, 1987; Lewandowski et al., 1987; Wijffels et 

al., 1990). It is also shown that Nitrobacter agilis cells immobilized in alginate are less 

affected by inhibitory compounds (Tsai et al., 1986). An interesting example of artificial 

immobilization is the possibility to create an inner and outer layer with different species 
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of microorganisms in them. This method with Nitrosomonas europaea at the outside and 

Pseudomonas denitrificans inside is presented by Santos et al. (1992) for the integration 

of the nitrification and denitrification process. 

Immobilization in ionotropic gels is most suitable for biofilm studies. The 

stabilization of ionotropic gels by either Ca2+ or K+ ions is a disadvantage for application 

in wastewater. Polymerization offers stable gels, but scale up of the polymerization 

technique is not yet fully developed. Therefore, ionotropic gelation seems to be the most 

convenient method currently available. 

Riser 

A i r ^ t 

gel bead with 
immobilized nitrifying bacteria 

Influent 

Figure 2 Air-lift loop reactor. 
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BIOREACTORS 

~\/t echanically stirred-tank reactors are not suitable for immobilized-cell processes due 

to the high local shear forces at the impeller. Small-scale experiments (170 cm3) 

with epoxy-carrier beads with immobilized E. coli cells show increased abrasion with 

increased stirrer speed (Klein & Eng, 1979). The breakage of nylon microcapsules in a 

turbine reactor (318 cm3) was proportional to the stirrer speed (Poncelet & Neufeld, 

1989). The local shear forces around the stirrer and the tip speed of the impeller will 

increase drastically with increased reactor scale. An alternative for mechanically stirred 

reactors is the air-lift loop reactor. (Figure 2) 

Gas sparging at the bottom of the riser and gas liquid separation at the top of the 

reactor is the origin of a density difference between riser and downcomer. This density 

difference is the driving force for liquid circulation in the reactor. In this way sufficient 

mixing and mass transfer without stirring can be achieved. The principles and theoretical 

aspects of air-lift loop reactors are described by Chisti (1989) and Verlaan (1987). 

SCALE UP 

A pplication of immobilized cells for nitrification implies scale-up of the process. 

Translation of bench-scale experiments to production scale of more than 100 m3 

requires design rules and extension of immobilization methods. Scale-up of bioprocesses 

aims at a constant physical and chemical environment for the microorganisms 

independent of the volume of the reactor. It is obvious that it is not possible to derive 

scale-up rules, which keep all these chemical and physical parameters constant. Small-

scale experiments and careful evaluation of the large-scale design should reveal those 

physical and chemical parameters, which are important at large scale. 

11 
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The currently used techniques for immobilization are sufficient for the bench-scale 

experiments, but not amenable for large-scale applications. High-capacity immobilization 

methods are therefore necessary for pilot and production-scale nitrification processes 

with immobilized cells. Besides high production capacity also spherical shape and 

uniform size of the gel beads are required. 

Scale up of immobilization methods. Dripping of the aqueous K-carrageenan gel 

solution in a stirred potassium chloride solution is the easiest procedure for cell 

immobilization. A productivity of 0.2 dm3.h"' (Hulst et al., 1985) and 0.43 dirrlh"1 

(Schmidt, 1990) can be realized. Scale up is done by multiplication of the dripping 

equipment, i.e. more syringes. Higher production rates of immobilized cells are also 

achieved with two other methods: dispersion in air or liquid and extrusion of the gel 

solution. With the dispersion-in-air method the K-carrageenan gel is dispersed in air by 

a rotating-disk atomizer and collected in a hardening solution (Ogbonna et al. 1989, 

1991). A production rate of 1.05 dm3.h_1 is reported for this method. For the dispersion 

in liquid the gel is dispersed by stirring in an non-aqueous continuous phase. Hardening 

is achieved by changing the temperature of this continuous phase (Castillo et al., 1992; 

Audet and Lacroix, 1989). The procedure is shown to work batch-wise in a 1.5-dm3 

vessel. With the extrusion technique the gel solution is pressed through a small orifice 

at such a flow rate that a jet is formed (Hulst et al., 1985). An improvement of the 

extrusion technique resulted in a production of 27.6 dm3.h"' (Hunik & Tramper, 1993). 

The dispersion and extrusion technique are both amenable to further scale up. However, 

Audet and Lacroix (1989) and Ogbonna et al. (1991), who themselves use the dispersion 

technique, mention that gel beads made with the extrusion technique of Hulst et al. 

(1985) are more uniform and reproducible. 

Scale-up strategy. Large-scale applications of bioprocesses need the reproduction 

of laboratory-scale experiments at pilot or production scale. Trial and error together with 

the extrapolation of reactor volume are among the most straight-forward methods for 

12 
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scale up. Several rules-of-thumb methods are also used and are based on maintaining a 

constant value for a specific parameter, for example: power to volume ratio, gas-liquid 

oxygen transfer, tip speed of the impeller, 02- tension, and gas-flow rate per reactor 

volume (Sweere et al. 1987, Hubbard 1987). This constant-parameter method implicitly 

assumes that the parameter is related to the rate-limiting step of the process. The 

constant-parameter method is widely used in the fermentation industry, which is primarily 

dealing with bioprocesses having two phases, i.e. a gas phase and a liquid phase with 

suspended cells. A more mechanistic approach, based on characteristic times, to 

determine the rate-limiting step of such two-phase bioprocesses is proposed by Sweere 

et al. (1987), Roels (1983) and Moser (1988). This regime analysis is based on a careful 

evaluation of all transport and conversion processes that take place. 

Establishing the rate-limiting step in immobilized-cell processes is more difficult, 

due to the introduction of the a solid third phase. Regime analysis is used by Schouten 

et al. (1986) to compare the reactor design of immobilized Clostridium cells in a 

fluidized-bed and a gas-lift reactor. The effect of immobilization on the cells was 

neglected and the regime analysis was limited to the processes in the gas and liquid 

phase. The theory for the regime analysis needs an extension, which is described by 

Hunik et al. (1993) for dealing with cells immobilized in a third phase, for which the 

effects of immobilization can not be neglected. 

APPLICATION OF CO-IMMOBILIZED PURE CULTURES 

T mmobilization of pure cultures of Nitrosomonas europaea and Nitrobacter agilis is 

mainly restricted to immobilization in alginate and K-carrageenan gels (Table 1). 

In a series of well controlled experiments (Ginkel et al. 1983, Tramper & Man 1986, Tsai 

et al. 1986, Wijffels et al. 1989, Tramper & Grootjen 1986, Wijffels et al. 1991) the 

effects of immobilization on Nitrosomonas europaea and Nitrobacter agilis are presented 

13 
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with respect to growth, pH effects, substrate affinity, inhibitory effects and storage 

stability. A next and logical step to achieve overall conversion of ammonia to nitrate is 

the co-immobilization of Nitrosomonas europaea and Nitrobacter agilis (Wijffels et al. 

1990, Hunik & Tramper 1990). An alternative for the immobilization of pure cultures 

is the immobilization of active sludge, a mixture of heterotrophic microorganisms, 

nitrifying microorganisms and inert organic material from wastewater-treatment plants 

(Tramper et al. 1985, Tramper 1987). The advantages of the immobilization of pure 

cultures compared to the immobilization of active sludge, however, are numerous: no 

incorporation of heterotrophs in the gel beads, the possibility to concentrate the pure 

cultures before immobilization, reduction of the amount of gel beads needed for 

nitrification. 

concentration [mM] 

120 

80 

•Mliiinw 

60 80 
time [days] 

Figure 3 Influent NH/ ( - • - ) and effluent NH4
+ ( -O-), NO; ( -Ü - ) , NO; ( - A - ) 

concentrations in an 3.3 dm3 air-lift loop reactor with co-immobilized N 

europaea and N. agilis. The liquid dilution rate is 1.2 * 10's s'1. 

14 
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Two examples of small-scale experiments with co-immobilized N. europaea and N. agilis 

cells are shown in Figure 3 and 4. In the experiment shown in Figure 3 the ammonium 

concentration was step-wise increased. At day 52 it can be observed that the ammonium 

was not completely converted to nitrate and nitrite accumulation occurred. The 

maximum nitrification capacity was thus reached, but the limiting factor could not be 

derived from this experiment. Reactor concentrations or maximum biomass concentration 

could be both responsible for this. 
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40 

0 
0 

1 """ 
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40 80 120 
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Figure 4 Influent NH/ ( - • - ) and effluent NH/ ( -CH, N02 ( -D - ) , N03 ( - A - ) 

concentrations in an 3.3 dm3 air-lift loop reactor with co-immobilized M 

europaea and N. agilis. Liquid dilution rate is 3.7 * 1Ü5 changing to 1.9* 1(X5 

s' and the influent concentration was doubled at day 54. 
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A second experiment shown in Figure 4 was done. After 50 days a steady state 

ammonia conversion was reached. At that moment the influent concentration is doubled 

and the dilution rate reduced to half the steady-state value, so that the total amount of 

ammonium offered per unit of time is the same. After this change in reactor conditions 

accumulation of nitrite occurred. The substrate and product concentrations seem thus to 

be important for a nitrification process with immobilized cells. The influence of high 

substrate and product concentrations on N. europaea and N. agilis is therefore important 

for the application of immobilized nitrifying cells in concentrated wastestreams. 

Furthermore the balance between the ammonia and nitrite oxidizing cells seems to be 

very delicate and nitrite accumulation can easily occur. 

OUTLINE OF THE THESIS 

/"^ hapters 1 to 7 in this thesis can be read as independent articles. The coherence of 

the chapters 2 to 7 is demonstrated in this Introduction. In chapter 2 and 3 the 

kinetics of, respectively, N. europaea and N. agilis are described with emphasis on 

extreme conditions. An improved method for immobilization with ionotropic gels, 

including the theoretical background, is presented in chapter 4. In chapter 5 a method 

for the determination of biomass profiles for co-immobilized N. europaea and N. agilis 

in one gel bead is given. Chapter 6 presents a dynamic model for nitrification with 

immobilized cells of N. europaea and N. agilis, with experimental validation. A strategy 

for the scale-up of this process is presented in chapter 7. The last chapter contains a 

short general discussion of this thesis. 

16 



• CHAPTER 1 

REFERENCES 

Asano H, Myoga H, Asano M, Toyao M (1992) A study of nitrification utilizing whole microorganisms 
immobilized by PVA-freezing method. Wat Sei Tech 26:1037-1046. 

Asano H, Myoga H, Asano M, Toyao M (1992) Nitrification treatability of whole microorganisms 
immobilized by PVA-freezing method. Wat Sei Tech 26:2397-2400. 

Audet P, Lacroix C (1989) Two-phase dispersion process for the production of biopolymer gel beads: effect 
of various parameters on bead size and their distribution. Process Biochem 2:217-226. 

Beer D de, Heuvel JC van den (1988) Gradients in immobilized biological systems. Analytica Chimica Acta 
213: 259-265 

Beer D de, Heuvel JC van de, Sweerts JPRA (1990) Microelectrode studies in immobilized biological studies. 
In: Physiology of immobilized cells. Bont JAM de, Visser J, Mattiasson B, Tramper J (eds) Elsevier 
science publishers, Amsterdam, the Netherlands, 613-624. 

Beer D de, Heuvel JC van den, Ottengraf SPP (1993) Microelectrode measurements of the activity 
distribution in nitrifying bacterial aggregates. Appl Environ Microbiol 59:573-579. 

Billing AE, Dold PL (1988) Modelling techniques for biological reaction systems. 1. Mathematical description 
and representation. Water SA 14:185-192. 

Billing AE, Dold PL (1988) Modelling techniques for biological reaction systems. 1. Modelling of the steady 
state case. Water SA 14:193-206. 

Billing AE, Dold PL (1988) Modelling techniques for biological reaction systems. 1. Modelling of the 
dynamic case. Water SA 14:207-218. 

Bock E, Wilderer PA, Freitag A (1988) Growth of Nilrobacier in absense of dissolved oxygen. Wat Res 
22:245-250. 

Bryers JD (1988) Modeling biofilm accumulation. In: Bazin MJ; Prosser JI (ed). Physiolological models in 
microbiology, vol 2. CRC Press, Boca Raton Fl, USA, 109-144. 

Bryers JD, Banks MK (1990) Assessment of biofilm ecodynamics. In: Physiology of immobilized cells. 
Bont JAM de, Visser .1, Mattiasson B, Tramper J (eds) Elsevier science publishers, Amsterdam, the 
Netherlands, 49-61. 

Castillo E, Ramirez D, Casas L, Lópcz-Mungufa A (1992) A two-phase methode to produce gel beads. 
Application in the design of a whole cell /3-galactosidase catalyst. Appl Biochem Biotech 34/35:477-
486. 

Chisti MY (1989) Airlift bioreactors, Elsevier Science Publishers, Essex, England. 

Chen GH, Ozaki H, Terashima Y (1990) Modelling of the simultaneous removal of organic substances and 
nitrogen in a biofilm. Wat Sei Tech 21:791-804. 

17 



INTRODUCTION 

Christensen FR, Holm Kristensen G, Cour Janssen J la (1989) Biofilm structure - an important and 
neglected parameter in waste water treatment. Wat Sei Tech 21:805-814. 

Cour Jansen J la, Harremoës P (1984) Removal of soluble substrates in fixed films. Wat Sei Tech 17:1-14. 

Denac M, Uzman S, Tanaka H, Dunn IJ (1983) Modeling of experiments on biofilm penetration effects in 
a fluidized bed nitrification reactor. Biotechnol Bioeng 25:1841-1861. 

Ginkel CG van, Tramper J, Luyben KChAM, Klapwijk A (1983) Characterization of Nitrosomonas 
europaea immobilized in calcium alginate. Enzyme Microb Technol 5: 297-303. 

Gooijer CD de, Wijffels RH, Tramper J (1990) Modelling the growth of immobilized Nitrobacter 
agilis cells. In: Physiology of immobilized cells. Bont JAM de, Visser J, Mattiasson B, Tramper J 
(eds) Elsevier science publishers, Amsterdam, the Netherlands, 355-360. 

Gooijer CD de, Wijffels RH, Tramper J (1992) Dynamic modeling the growth of immobilized nitrifying 
bacteria: biofilm development. In: Biofilms, Science and Technology. Eds. LF Melo et al. Kluwer 
Academic Publishers, the Netherlands, 291-296. 

Gooijer CD de, Wijffels RH, Tramper J (1991) Growth and substrate consumption of Nitrobacter agilis 
cells immobilized in carrageenan: part 1. Dynamic modeling, Biotechnol Bioeng 38: 224-231. 

Gujer W, Boiler M (1989) A mathematical model for rotating biological contactors. In: Proceedings of the 
technical advances in bioreaclors conference, Nice, CFRP-AGHTM Paris. 69-89. 

Hashimoto S, Furukawa K (1987) Immobilization of activated sludge by PVA-boric acid method 
Biotechnol Bioeng 39: 52-59. 

Hitachi Plant engineering and construction (1990) Bioreactor for nitrogen removal. Bioprocess Eng 5:188 

Hooijmans CM, Briasco CA, Huang J, Geraats SGM, Barbotin JN, Thomas D, Luyben KChAM (1990a) 
Measurement of oxygen concentration gradients in gel-immobilized recombinant Escherichia coli. 
Appl Microbiol Biotechnol 33:611-618. 

Hooijmans CM, Geraats SGM, Niel EWJ van, Robertson LA, Heijnen JJ, Luyben KChAM (1990b) 
Determination of growth and coupled nitrificalion/denitrification by immobilized Thiosphaera 
pantotrofa using measurement and modelling of oxygen profiles. Biotech Bioeng 36:931-939. 

Hubbard DW (1987) Scale-up strategies for bioreactors. In: Biotechnology Processes, Scale-up and mixing. 
Ho CS, Oldshue JY (eds) American Institute of Chemical Engineers, New York, USA, 168-184. 

Hulst AC, Tramper J, Van 't Riet K, Westerbeek J MM (1985) A new technique for the production of 
immobilized biocatalysts in large quantities. Biotech Bioeng 27:870-876. 

Hunik JH, Tramper J (1993) Large-scale production of /c-carrageenan droplets for gel-bead production: 
theoretical and practical limitations of size and production rate. Biotech Progress 9:186-192. 

18 



CHAPTER 1 

Hunik JH, Tramper J, Wijffels RH (1993) A strategy to scale-up nitrification processes with immobilized 
cells of Nitrosomonas europaea and Nitrobacter agilis. Submitted for publication. (Chapter 7) 

Kissel JC, McCarty PL, Street RL (1984) Numerical simulation of mixed-culture biofilm. J Environ Eng 
110:393-411. 

Klein J, Eng H (1979) The measurement of abrasion. In: Characterization of immobilized biocatalysts. 
Buchholz K (ed) Dechema monographs 84:292-299. 

Klein J, Kressdorf B (1989) Polymers for the immobilization of whole cells and their application in 
biotechnology. Die Angewandte Makromolekulare Chemie 166/167:239-309. 

Klein J, Vorlop K-D (1985) Immobilization techniques - cells. In: Comprehensive biotechnology, The 
principles of biotechnology: engineering considerations. Moo-Young M, Cooney CL, Humphrey AE 
(eds) Pergamon press, Oxford, UK, 2:203-224. 

Klein J, Ziehr H (1990) Immobilization of microbial cells by adsorption. J Biotechnology 16:1-16. 

Kokufuta E, Matsumoto W, Nakamura I (1982) immobilization of Nitrosomonas europaea cells with 
polyelectrolyte complex. Biolechnol Bioeng 24:1591-1603. 

Kokufuta E, Yukishige M, Nakamura 1 (1987) Coimmoblization of Nitrosomonas europaea and 
Paracoccus denilrificans cells using polyelectrolyte complex stabilized calcium alginate gel. J 
Ferment Technol 65:659-664. 

Kokufuta E, Shimohashi M, Nakamura I (1988) Simultaneously occurring nitrification and denitrification 
under oxygen gradient by polyelectrolyte complex-coimmobilized Nitrosomonas europaea and 

Paracoccus denilrificans cells. Biotechn Bioeng 31:382-384. 

Levenspiel O (1972) Chemical reactor engineering. 2nd ed. John Wiley, New York, USA 

Lewandowski Z, Bakke R, Characklis WG (1987) Nitrification and autotrophic denitrification in calcium 
alginate beads. Wat Sei Tech 19:175-182. 

Lewandowski Z, Walser G, Characklis WG (1991) Reaction kinetics in biofilms. Biotech Bioeng 38:877-882. 

Lewandowski Z, Altobelli SA, Fukushima E (1993) NMR and microelectrode studies of hydrodynamics and 
kinetics in biofilms. Biotech Prog 9:40-45. 

Lohmeier-Vogel EM, Mclnlyre DD, Vogel H.I (1991) Nuclear magnetic resonance spectroscopy as an 
analytical tool in biotechnology. In: Physiology of immobilized cells. Bont JAM de, Visser J, 
Mattiasson B, Tramper J (eds) Elsevier science publishers, Amsterdam, the Netherlands, 661-676. 

Monbouquette HG, Sayles GD, Ollis DF (1990) Immobilized cell biocatalyst activation and pseudo-steady-
state behaviour: model and experiment. Biotechnol Bioeng 35:609-629. 

Moser A (1988) Bioprocess technology: kinetics and reactors, Spinger Verlag, New York, USA. 

19 



INTRODUCTION • 

Müller W, Wehnert G, Scheper T (1988) Fluorescence monitoring of immobilized micro-organisms in 
cultures. Anal Chim Acta 213: 47-53 

Myoga H, Asano H, Nomura Y, Yoshida H (1991) Effects of immobilization conditions on the nitrification 
treatability of entrapped cell reactors using the PVA freezing method. Wat Sei Tech 23:1117-1124. 

Neerven ARW van, Wijffels RH, Zehnder AJB (1990) Scanning electron microscopy of immobilized bacteria 
in gel beads: a comparative study of fixation methods. J Microbiol Methods 11:157-168. 

Ogbonna JC, Matsumura M, Yamagata T, Sakuma H, Kataoka H (1989) Production of micro-gel beads by 
a rotating disk atomizer. J Ferment Bioeng 68:40-48. 

Ogbonna JC, Matsumura M, Kataoka H (1990) Effective oxygenation of immobilized cells through reduction 
in bead diameters: a review. Process Biochem 26:109-121. 

Petersen SO, Henriksen K, Blackburn TH (1991) Coupled nitrification-denitrification associated with liquid 
manure in a gel-stabilized model system. Biol Fertil Soils 12:19-27. 

Philips CR, Poon YC (1988) Immobilization of cells, Biotechnology monographs 5. Aiba S, Fan LT, 
Fiechter A, Klein J, Schrügerl K (eds), Spinger Verlag, Berlin, Germany. 

Poncelet D, Neufeld RJ (1989) Shear breakage of nylon membrane microcapsules in a turbine reactor. 
Biotech Bioeng 33:95-103. 

Reardon KF, Scheper T, Bailey JE (1986) In situ fluorescence monitoring of immobilized Clostridium 
acetobutylicum. Biotech lett 8:817-822. 

Riet K van 't, Tramper J (1991) Basic bioreactor design. Marcel Dekker, New York, USA. 

Rittmann BE, Manem JA (1992) Development and experimental evaluation of a steady-state, multispecies 
biofilm model. Biotechnol Bioeng 39:914-922. 

Roels JA (1983) Energetics and kinetics in biotechnology. Elsevier biomedical press, Amsterdam, The 
Netherlands. 

Santos VA, Tramper J, Wijffels RH (1992) Integrated nitrification and denitrification with immobilized 
microorganisms. In: Biofilms - Science and Technology. Melo LF, Bott TR, Fletcher M, Capedeville 
B (eds) Kluwer academic publishers, Dordrecht, The Netherlands. 449-453. 

Schmidt J (1990) Untersuchung und modellierung der autotrophen trinkwasserdenitrification mit 
matriximmobilisierten Parracoccus denilrificans DSM 1403. PhD Thesis, University of Carolo-
Wilhelmina, Braunschweig, Germany. 

Schouten GH, Guit RP, Zieleman GJ, Luyben KChAM, Kossen NWF (1986) A comparative study of a 
fluidized bed reactor and a gas lift loop reactor for the IBE process: Part 1. Reactor design and 
scale-down approach. J Chem Tech Biotechnology 36:335-343. 

20 



CHAPTER 1 

Scott CD (1987) Immobilized cells: review of recent literature. Enzyme Microb Technol 9:66-73. 

Sharma B, Ahler RC (1977) Nitrification and nitrogen control. Wat Res 11:897-925. 

Sumino T, Nakamura H, Mori N, Kawaguchi Y, Tada M (1992) Immobilization of nitrifying bacteria in 
porous pellets of urethane gel for removal of ammonium nitrogen from waste-water. Appl Microbiol 
Biotechnol 36:556-560. 

Sumino T, Nakamura H, Mori N, Kawaguchi Y (1992) Immobilization of nitrifying bacteria by polyethylene 
glycol prepolymer. J Ferment Bioeng 73:37-42. 

Sweere APJ, Luyben KChAM, Kossen NWF (1987) Regime analysis and scale-down: tools to investigate the 
performance of bioreactors. Enzyme Microb Technol 9:386-398. 

Tanaka H, Uzman S, Dunn I.I (1981) Kinetics of nitrification using a fluidized sand bed reactor with attached 
growth. Biotech Bioeng 23:1638-1702. 

Tanaka H, Dunn U (1982) Kinetics of biofilm nitrification. Biotech Bioeng 24:669-689. 

Tanaka K, Tada M, Kimata T, Harada S, Fujii Y, Mizuguchi T, Mori N, Emori H (1991) Development of 
new nitrogen removal systems using nitrifying bacteria immobilized in synthetic resin pellets. Wat 
Sei Tech 23:681-690. 

Tramper J (1987) Nitrification and denitrification by immobilized viable cells. In: Enzyme Engineering 8, 
Laskin AI, Mosbach L, Thomas D, Wingard LB (eds) Ann N Y Acad Sei 501:362-366. 

Tramper J (1984) Nitrification and denitrification by immobilized bacteria. In: Proc Third Eur Congr 
Biotechnol, VCH publishers, Weinheim, Germany, 4:363-368. 

Tramper .1, Man AWA de (1986) Characterization of Nitrobacter agilis immobilized in calcium alginate. 
Enzyme Microb Technol 8:472-476. 

Tramper J, Grooljen DR.1 (1986) Operating performance ai Nitrobacter agilis immobilized in carrageenan. 
Enzyme Microb Technol 8:477-480. 

Tramper J, Suwinska-Borowiec G, Klapwijk A (1985) Characterization of nitrifying bacteria immobilized in 
calcium alginate, Enzyme Microb Technol 7:155-160. 

Tsai Y-L, Schlasner SM, Tuovinen OH (1986) Inhibitor evaluation with immobilized Nitrobacter agilis 
cells. Appl Environm Microb 52:1231-1235. 

Venkatasubramanian K, Karkare SB, Vieth WR (1983) Chemical engineering analysis of immobilized-cell 
systems. Appl Biochemistry and Bioengineering 4:311-349. 

Verlaan P (1987) Modelling and characterization of an airlift-loop reactor, PhD Thesis, Wageningen 
Agricultural University, The Netherlands. 

21 



INTRODUCTION 

Wanner O, Gujer W (1984) Competition in biofilms. Wal Sei Tech 17:27-44. 

Wanner O, Gujer W (1986) A multispecies biofilm model. Biotechnol Bioeng 28:314-328. 

Watson SW (1974) In: Bergey's Manual of determinative bacteriology, 8,h edn, Buchanan RE, Gibbons NE 
(eds) Williams and Wilkins, Baltimore, USA. 

Wildenauer FX, Menzel R, Vetter H, Vorlop K-D, Remmers P (1992) Process and equipment for the 
removal of ammonium, nitrite and nitrate from wastewater, European Patent Û475540A1. 

Williamson K, McCarty PL (1976) Verification studies of the biofilm model for bacterial substrate utilization. 
J WPCF 48:281-296. 

Wijffels RH, Gooijer CD de, Kortekaas S, Tramper J (1990) Nilrobacler agi lis immobilized in carrageenan: 
oxygen consumption and biomass density. In: Physiology of immobilized cells. Bont JAM de, Visser 
J, Mattiasson B, Tramper J (eds) Elsevier science publishers, Amsterdam, the Netherlands, 475-480. 

Wijffels RH, Gooyer CD de, Kortekaas S, Tramper J (1991) Growth and substrate consumption of 
Nitrobacter agilis cells immobilized in carrageenan. Part 2: Model evaluation, Biotech Bioeng 
38:232-240. 

Wijffels RH, Tramper .1 (1989) Performance of growing Nitrosomonas europaea cells immobilized in 
K-carrageenan. Appl Microbiol Biotechnol 32:108-112. 

Willke T, Vorlop KD (1990) Immobilization of especially cultivated nitrifying bacteria by adsorption or 
entrapment for application to environment and food. Dechema Biotechnology Conferences , VCH 
publishers. 

Woodward J (1988) Methods of immobilization of microbial cells. J Microbiol Methods 8:91-102. 

22 



KINETICS OF NITROSOMONAS EUROPAEA 

SUMMARY 

Tyj itrification of ammonia in concentrated waste streams is gaining a lot of attention 

nowadays. Nitrosomonas europaea is the predominant ammonia-oxidizing species in 

these environments. Prediction of the behaviour of a pure culture of Nitrosomonas 

europaea (ATCC 19718) under conditions prevailing in concentrated waste streams was 

the aim of this study. The initial oxygen consumption rate of a concentrated cell 

suspension was used as a rapid assay to measure the effects on Nitrosomonas europaea 

at various conditions. Several relations, based on Michaelis-Menten kinetics, were 

derived. They describe the behaviour of Nitrosomonas europaea at substrate (NH4
+), 

product (N02") and K+, Na+, S04
2\ N03", CI" concentrations up to 500 M and a pHs 

ranging from 6.5 to 8.5. High concentrations of ions inhibited Nitrosomonas europaea but 

specific substrate inhibition was not observed. Product inhibition was strongly pH-

dependent and severe inhibition at pH 6.5 was found. 

Published as: Kinetics of Nitrosomonas europaea at extreme substrate, product and salt concentrations. Jan 

H. Hunik; Johannes Tramper and Harold J.G. Meijer (1992) Appl. Microbiol. Biotechnol. 37:802-807. 



CHAPTER 2 

INTRODUCTION 

TWT itrogen removal by biological nitrification and denitrification is commonly used in 

sewage treatment plants, where ammonia concentrations are relatively low with 

maxima of 3.33 and 14.3 mM NH4
 + reported by Wild et al. (1971) and Shieh & LaMotta 

(1979), respectively. Nitrification of waste streams, with high concentrations of ammonia, 

is gaining more attention due to problems in the treatment of manure (St-Arnaud et al. 

1991; Loynachan et al. 1976; Bortone & Piccinini 1991; Osada et al. 1991), leachate of 

landfills (Knox 1985) and industrial waste waters. Concentrations up to 500 mM NH4
+, 

together with high concentrations of other ions, can occur in these waste streams. 

So far, kinetic studies with nitrifying bacteria have mainly been focused on the 

more-dilute waste streams. For example the total nitrogen concentrations in the kinetic 

experiments of Anthonisen et al. (1976), Laudelout et al. (1976) and Voets et al. (1975) 

are 71, 110, 94 mM, respectively. More recently Gee et al. (1990) estimated kinetic 

parameters for substrate inhibition in a mixed population of nitrifying bacteria, but the 

ammonia concentrations did not exceed 71 mM. 

From the scarce literature available it became clear that there is a lack of kinetic 

studies with pure cultures of nitrifying bacteria under the conditions prevailing in the 

treatment of manure waste streams, leachate of landfills and industrial waste water. Only 

Loehr et al. (1973) reported nitrification of animal wastes with ammonia concentrations 

up to 500 mM NH4
+, they qualitatively observed inhibition with increasing ammonia 

concentrations. In a study on the influence of copper on Nitrosomonas europaea by Sato 

et al. (1988), where ammonia concentrations up to 264 mM NH4
+ are used as a control, 

substrate inhibition was only observed at the highest concentration of 264 mM NH4
+. 

Gaining a better understanding of the nitrification process is complicated due to 

the different behaviour of the two major bacterial genera, i.e. Nitrosomonas and 

Nitrobacter, under extreme conditions. An improved knowledge of the pertinent bacteria 
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is necessary for the design of treatment plants for concentrated waste streams. The 

oxidation of ammonium to nitrite is the first step in nitrification, and the predominant 

ammonium-oxidizing species isolated by Soriano & Walker(1973) in soil with a high 

ammonia concentration is Nitrosomonas europaea. Recently (St-Arnaud et al. 1991), Af. 

europaea was successfully used as inoculum to enhance nitrification in swine manure. 

Therefore, we determined the behaviour of this species at ammonium, nitrite and nitrate 

concentrations ranging from 0 to 500 mM. In addition the influence of pH and high salt 

concentrations (up to 500 mM) was investigated. 

Gradients of pH, substrate and product are observed (Szwerinski et al. 1986; Beer 

1990) in nitrifying biofilms. Equations describing conversion of NH4
+ and N02" as a 

function of pH, substrate, product and salt concentration are thus useful for modelling 

the nitrification process in biofilms. Parameters for substrate affinity, product inhibition 

and salt inhibition at a wide range of concentrations were derived based on Michaelis-

Menten kinetics for enzymes. The effects of pH, ranging from 6.5 to 8.5, on these 

parameters were also investigated. Substrate inhibition was not observed in contrast to 

product inhibition which strongly depends on the pH of the medium. 

MATERIALS AND METHODS 

A M edia. All media and solutions ware made up in demineralized water. The chemicals 

used were Analytical Grade and were obtained from Merck. 

Chemostat. The N. europaea (ATCC 19718) cells were maintained in a 2.5 dm3 

sterile chemostat with a dilution rate of 0.0125 h"1. The culture was kept at 30°C. The 

medium contained per dm3 of demineralized water: 2.51 g (NH4)2S04; 0.25 g 

MgS04.7H20; 0.78 g NaH,P04.2H20; 0.89 g Na2HP04.2H,0; 0.74 mg CaCl2.2H20; 

2.5 mg FeS04.7H20; 0.08 mg CuS04. The pH was kept at 7.4 with a NaHC03 
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(80 g.dm"3) solution. Cells were withdrawn from the chemostat by collecting the effluent 

for 32 h in a sterile vessel, which was kept at 4 °C. 

Cell harvesting and concentration. The cells collected from the chemostat were 

washed and concentrated before they were used in the activity assay. Approximately 1 

dm3 effluent of the chemostat was collected and first centrifuged at 16300 g for 30 min 

at a temperature of 4 °C. The pellet was resuspended in 0.1 dm3 of a 1 mM phosphate 

buffer (pH 7.5) and centrifuged for the second time. The cells were resuspended in 25 

cm3 of a 1 mM phosphate buffer and stored on ice until they were used in the activity 

assay. The concentration and harvesting procedure was repeated for each measuring day. 

Buffer. Phosphate and Tris/HCl have been used to determine the optimal pH of 

N. europaea. In the present study the activity was assayed in the pH range of 6.5 to 8.0 

with phosphate buffer and 7.5 to 8.5 with Tris/HCl buffer. Also a combination of both 

buffers was tested over this pH range. This was done to avoid the fall in activity at the 

change of buffer at a pH of 7.5 such as observed by Ginkel et al. (1983). The pertinent 

pKa for the pH range of the phosphate buffer is 7.2 and of Tris/HCl 8.1 at 30°C. 

Trace elements and C02. With the concentration procedure the growth medium 

of the cells is replaced by a 1 mM phosphate buffer solution. For the activity assay, 

buffer and substrate were added, but for experimental convenience no trace elements nor 

bicarbonate were added. To study if experimental errors due to the absence of trace 

elements and bicarbonate could be introduced, Mg2+, Ca2+, Fe2+ and Cu2+ 

concentrations were tested in a range from 0 to 5 times the growth medium concen­

tration and a concentration range of 0 to 10 mM for HC0 3 . An additional washing step, 

similar to the second step in the concentration procedure with the concentrated cells 

suspension, was made to be sure that all trace elements from the medium were removed. 

Standard conditions (pH 7.5 and 25 mM NH4
+) were used in these activity assays. 

Activity assay. The oxygen consumption rate of a concentrated cell suspension was 

used as a rapid assay to screen and quantify the effects of the extreme conditions in 
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concentrated waste streams. The oxygen consumption rate was measured with a 

Biological Oxygen Monitor (Yellow Springs Instrument, Ohio, USA). In an 8 cm3 vessel, 

0.5 cm3 of the concentrated cell suspension was added together with buffer and an 

appropriate concentrated solution of ions or product (as specified in the Results and 

Discussion section). Demineralized water was added to make up to 4 cm3 and the 

suspension was aerated for 5 min. Then the vessel was sealed with the 0 2 electrode 

(model 5331, Yellow Springs Instrument, Ohio, USA) such that no air bubbles remained 

in the liquid. Ammonia was added through the seal with an analytical syringe (0.1 cm3) 

to make up to the desired substrate concentration. For that a concentrated NH4
+ 

solution (2 M) was used such that the liquid volume did not change significantly. The 

decrease in oxygen concentration (between 100-80 % air saturation) was then recorded 

as a function of time. All activity assays were done at 30°C. A different procedure was 

followed in the experiments with a substrate concentration above 100 mM NH+
4; the 

desired substrate concentration was then made up directly in the at the beginning of the 

experiment in the volume of 4 dm3. 

The activity (V ) was defined as the initial oxygen consumption rate of the N. 

europaea cell suspension under the conditions applied in the vessel. This activity was 

expressed as /LimolO, consumed.s"'.m"3 bacterial suspension or expressed as a percentage 

of a standard assay. This standard was defined as the activity at pH 7.5 with 50 mM 

Tris/HCl and 50 mM phosphate buffer and a substrate concentration of 25 mM N H / . 

The activity of the standard (100%) is given in the text or legend of the figures. 

Fitting of data. Parameters of Michaelis-Menten based equations were fitted to 

the experimental data with the non-linear regression program of Zwietering et al. (1990) 

using a Marquardt algorithm. 
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RESULTS AND DISCUSSION 

"|> uffer. A phosphate concentration of 40-50 mM is optimal for activity assays with N. 

europaea according to Droogenbroeck & Laudelout (1967). From the different 

buffer combinations tested the combined buffer with a concentration of 50 mM of both 

phosphate and Tris/HCl did not show the fall in activity observed by Ginkel et al. 

(1983), and was therefore used in the activity assays. 

Trace elements and C02. No influence of the trace elements nor bicarbonate 

concentration on the activity of N. europaea cell suspension was observed in the ranges 

measured. Therefore, the absence of trace elements or HC03" in the activity assays could 

be neglected. 

Activity assay. The initial 0 2 consumption rate was used as activity assay to 

analyse the influence of different environmental conditions. In these assays NH4
+ was the 

rate limiting substrate. The NH4
+ concentration was assumed to be constant during the 

assay, which is justified as the change due to conversion by the cells was relatively small 

(less than 0.1%). The decrease in oxygen concentration as result of the conversion, was 

measured between air saturation and 80% air saturation. The 0 2 concentration was 

never rate limiting, as the affinity constant (Ks) measured for O, is 0.005 mM, which is 

very small compared to 0.190 mM (80 % air saturation). 

Also the biomass was assumed to be constant during the activity assay. It can be 

calculated from the maximum specific growth rate of Nitrosomonas europaea - in 

continuous culture between 0.039-0.064 h"1, reported by Prosser (1989) - that the 

maximum change in biomass concentration during the activity assay will be less than 0.4 

%. The assumption of a constant biomass during the 5 minutes of an activity assay is 

therefore valid. 

Influence of pH and substrate on the activity. At five pH values, ranging from 6.5 

to 8.5, the activity was measured at substrate concentrations between 0 and 100 mM 
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NH4
+; higher substrate concentration were also studied but are discussed in combination 

with the influence of extreme ion concentrations. Figure 1 shows some of the results of 

these activity assays. For every pH the substrate affinity constant Ks and the maximum 

activity V„, from the Michaelis-Menten equation were estimated with the non-linear 

regression method. For each pH two or three identical runs were made and the 

estimated Ks and V„, are presented in Table I. The second column in Table I gives the 

estimated Ks values expressed as the total ammonia concentration (Nt), i.e. no distinction 

is made between NH3 and NH4
+. 

activity (%) 
120 r—* 

— — * 'JÈTL ^T** * * * * * * - l l * . -

«fi 

A- - B -

/ 
-er' 

50 75 100 
ammonium concentration (mM) 

Figure 1 The activity of N. europaea at different pH values as a function of the 

substrate concentration. The 100% corresponds with 2780 (pH 6.5 (D), 7.5 

(O)), 2520 (pH 7.0 (A), 8.0 {*)) and 1820 (pH 8.5 ( •)) 

ßtnolO-, consumed.s''.m'3 bacterial suspension. 

Suzuki (1974) showed that the substrate for Nitrosomonas europaea is NH3 and 
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the acid-base dissociation constant Ka with a value of 10"9093 mol.dm"3 was used to 

calculate the NH3 concentration from Nt. In the third column Ks is expressed as the NH3 

concentration. In the last column the estimated V„, values are presented. In Table I some 

trends in the relation between pH and Ks and the maximum activity can be observed. 

First of all, a decrease in the Ks values, expressed as Nt, clearly occurs with an increase 

in pH. This is in contrast with the increase of Ks, expressed as NH3, with increasing pH 

up to 8.0. The maximum activity also shows an increasing tendency when the pH goes 

from 6.5 to 8.5. 

Table I The influence of pH on the maximum activity (Vm ) and substrate affinity 

(Ks) of Nitrosomonas europaea. 

PH 

6.5 

7.0 

7.5 

8.0 

8.5 

Ks 

N, (mM) 

4.4 

2.9 

2.0 

2.4 

2.9 

1.3 

1.5 

0.79 

0.46 

0.39 

0.17 

0.17 

0.19 

NH, (mM) 

0.011 

0.007 

0.005 

0.019 

0.023 

0.032 

0.037 

0.056 

0.034 

0.029 

0.034 

0.035 

0.037 

y„, 

(% of standard) 

72 

69 

57 

73 

84 

108 

107 

111 

122 

87 

108 

118 

100 
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Laudelout et al. (1976) and Boon & Laudelout (1962) showed that relations 

between pH, Ks and Vm can be modelled using Michaelis-Menten kinetics for enzymes 

(Dixon & Webb 1979). This approach is used to analyze the relations between pH, Ks 

and V„, from the data of Table I. 

Relation between pH and Ks. The estimated Ks values of Table I were used to fit 

the acid-base equilibrium of the microorganism (Kmo) and a true substrate affinity 

constant (Ks°) in eq (1). Where Ks° is the pH independent substrate affinity constant for 

NH3 and Kmo a pure theoretical parameter 

K.c — Kr 1 

1+ [HI 
( i ) 

In eq (1) Ks is expressed as mol.dm"3 NH3. Eq (1) was fitted to the data oiKs and 

pH from Table I with the non-linear regression method. A value of 10"6% mol.dm"3 for 

Km0 and 4* 10"5 mol.dm"3 for Ks° was obtained from this fit. In Figure 2 the fitted line with 

a 95% reliability interval (grey shaded area) is given with the measured data. In eq (1) 

the concentration of Ks is in itiM NH3, but usually Ks is expressed as the total ammonia 

(NH4
+ + NH3) concentration in mM Nt. Using eq (1) and the Ka value of the ammonia 

equilibrium with the fitted values gives 

KS = 4*i(r5 

1 + 

1 
[HI 

10 6.96 

[HI 

10 9.093 (2) 
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0.06 
Ks [mM NH3] 

0.04-

0.02 

Figure 2 The fitted value of Ks (line) with 95% reliability interval (grey area) as a 

function of pH. Measured values (Table I, 3rd column) are represented by 

dots. 

In Figure 3 literature values are compared with eq (2). The results of Knowles et 

al. (1965) and Gee et al. (1990) have been obtained with mixed cultures from waste­

water treatment plants. They estimated a significant lower value of Ks. Keen & Prosser 

(1987) and Helder & de Vries (1983) determined a lower Ks also with pure cultures of 

N. europaea. The Ks values of Laudelout et al. (1976) and Suzuki et al. (1974) are in 

tetter agreement with our results. 

Relation between pH and maximum activity. In enzyme kinetics the pH 

dependence of the maximum activity is explained with an acid-base equilibrium of a 

protonated group in the substrate-enzyme complex. 
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8 
Ks (mM Nt) 

0 

Figure 3 Comparison of literature values of Ks with measured values. The solid line 

represents eq (2), Keen & Prosser(1987) (•), Laudelout et al. (1976) (O), 

Knowles et al.(1965) (D), Gee et al.(1990) (A), Suzuki et al.(1974) (A), 

Helder & de Vries(1983) ( • ) . 

For N. europaea we assumed an analogous relation between pH and maximum 

activity (Vm) with Kms as dissociation constant of the substrate-enzyme complex and Vm° 

the 'true' maximum activity 

V_ 

1 + 
[H+] 

(3) 
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Eq (3) was fitted to the data of Table I using the non-linear regression method. In Figure 

4 the result is presented with the 95% reliability interval of the measured data. A value 

of 109.3% ± 9% for the Vm°. and a Kms of 10"637 raM, with 10"671 and 10"618 as upper and 

lower value for the reliability interval for Kms were estimated. 

Vm [% of standard] 

120 

Figure 4 The fitted values of Vm (line) with 95% reliability interval (grey area) as a 

function of pH. Measured values from Table I, 2"d column, are represented 

by dots. 

The relation between Vm and pH can thus be described by 

1 + 
10-6.37 

(4) 
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The value of V„,° is more than 100% and this means that the optimal pH is not 7.5, 

which we used as standard, but above this pH. The parameter Kms is a valuable tool to 

describe the relation between pH and maximum activity, but it is somewhat premature 

to draw any conclusions from this result about mechanisms of substrate conversion by 

these bacteria. 

High concentrations of substrate, product and ions. The inhibitory effect of high 

substrate concentrations was, to a limited extent, reported by Laudelout et al. (1976), 

Anthonisen et al. (1976) and Prakasam & Loehr (1972). In Figure 5 the inhibitory effect 

of substrate (in duplo), and the influence of NaCl; KCl; NaN03 and NaN02 on the 

activity of N. europaea at pH 7.5 are presented. A severe inhibition of the activity was 

observed at increased concentrations. However no significant distinction between the 

different salts, substrate (NH4
 + ) or product (NO,") could be observed, thus an osmotic 

pressure effect due to the very high salt concentrations is more likely to explain the 

substrate inhibition. A linear regression analysis of all the data of Figure 5 results in eq 

(5) 

— = 0.994 - 0.00187 * [ salt concentration 1 (5) 

V 
m 

For practical convenience the salt concentration is expressed in: [mmol/dm3 (salt)]. The 

proportionality constant in eq (5) is estimated to be -1.87 * 10"3 dm3/mmol with and a 

95% reliability interval of -1.58 * 10"3 to -2.16 * 103. It is not possible to avoid this type 

of inhibition of N. europaea under conditions prevailing in the treatment of concentrated 

waste streams and in practice this severe inhibition has to be taken into account. 

High product concentration and pH. Together with high substrate concentrations 

also high product concentrations will also be reached. The product (NCV) is a weak base 

and the unionized form is highly toxic to Nitrobacter agilis according to Boon & 

Laudelout (1962). 
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Figure 5 The influence of the salt and substrate concentration (NH4Cl (A,D)), KCl ( • ) , 

NaCl (O), NaN02 (•), NaN03 (*)) on the activity ofN. europaea. 100% is 

3250 ßmolO-, consumed.s'.m'1 bacterial suspension. 

This effect can also be important for Nitrosomonas europaea and the influence of 

the product concentration at three pH values (6.5, 7.5, 8.5) on N. europaea has been 

determined. The product concentration varied between 0 - 500 mM N02" and to 

compensate for the osmotic effect at these extreme concentrations, NaCl at the same 

concentration as NaN02 was used as a reference. The results of these activity assays are 

shown in Figure 6: NO," is clearly inhibitory for N. europaea, particularly at a lower pH. 

This supports the suggestion that the unionized form (HNO,) is responsible for this toxic 

effect. This product inhibition effect can thus be avoided in practise by raising the pH. 
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