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STELLINGEN

1 In onderzock naar nitrificatic met vlokkig actief slib van Hanaki et al. (1990), wordt ten
onrechte peen rekening gehouden met de diffusiesnelheid van zuurstof in deze viokken.
K. Hanaki et al. in Water Research 24, 289-296, 1990

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

3 Naast de door Coleman & Montgomery (1993) genoemde redenen voor hel mislukken
van onderzoeksprojecten in produktiebedrijven, moet het gemis aan onderzockservaring
in de bedrijisleiding 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 stckels door cgels 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 vitgewisseld 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 poede presentatie te geven,

8 De wvoortvarendheid 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 cogopslag kan het rennend zwijn in het Veluwelooplogo ten onrechte
worden gezien als op de viucht,

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

Jan H. Hunik

Wageningen, 3 december 1993
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1 INTRODUCTION

T he oxidation of ammonia via nitrite to nitrate by microorganisms of the

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

NH, + 150, = NO, + 2H + HO

NO; + 050, = 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 CO, as the only carbon source, results in a low biomass
yield compared to heteroirophic 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 fow
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, ie. 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 submitled 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; Kiein & 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 spontanecus 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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— CHAPTER 1 —

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

he third phase with irnmobilized 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.

bulk
liguid

gas-iquid  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 immaobilized-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 (1988").

The advantage of a dynamic model is its capability to describe the nitrifying capacity and
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— CHAPTER 1 —

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 & Harremoés (1984), Williamson & McCarty (1976). Other examples are the
measurement of overall fluorescence (Miiller 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 (1990%), and Hooijmans et al. {1990°),
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
immabilized 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 Wijffeis et al. (1991). Examination of biofilm
growth on a solid support is done with a radiotabelling 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

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 concenirations
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 technigue is applied most often. Two types of gels are mainly used:
alginate stabilized with Ca’* 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 dane 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 exampte 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 Ca®* 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.




Table 1

method

~— INTRODUCTION

organism(s)

Immobilization methods used for (de)nitrifying bacteria

reference

thermo-gelation

agar

ionotropic gelation

alginate

alginate

alginate
carrageenan

carrageenan

carrageenan

polymerization

polyvinylalcohol (PVA)
PVA

PVA, chitosan

polyethyleenglycol
(PEG), acrylamide,
epoxy

PEG, acrylamide
urethane

silicone, alginate, epoxy

silica

Nitrobacter agilis

Nitrosomonas europaea

(de) nitrifyers

Niwrobacter agilis
Nitrosomonas eurepaea

Nitrobacter agitis

(de)nitrifyers

aclive sludge

(de)nitrifyers
Nitrosomonas europaea
(de)nitrilyers

nitrifyers

nitrifyers

nitrifyers

nitrifyers

Wijtfels et al. (1991)

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 ¢t al. (1992)

Santos et al. (1992}

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), Kokofuta et al. (1988)

Tanaka et al. (1991)

Sumino et al. (1992)
Suming 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 technigues 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.(1992%. 1992°) 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 PV A-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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—~— INTRODUCTION —~

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 Ca®* 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.

§ -— Adr
e — Effluent
ret -\ l Downcomer
Riser | 4.

gel bead with
immaobilized nitrifying bacteria

Influent

Figure 2 Air-lift loop reactor.
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BIOREACTORS

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 cm®)
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 cm®) 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 m’
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 x-carrageenan gel
solution in a stirred potassium chloride solution is the easiest procedure for cell
immobilization. A productivity of 0.2 dm®h"' (Hulst et al, 1985) and 0.43 dm’h’
{Schmidt, 1990) can be realized. Scale up is done by multiplication of the dripping
equipment, ie. 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 x-carrageenan gel is dispersed in air by
a rotating-disk atomizer and collected in a hardening soluticn (Ogbonna et al. 1989,
1991). A production rate of 1.05 dm®.h™ 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-dm’
vessel. With the extrusion technique the gel solution is pressed through a small orifice
at such a fiow rate that a jet is formed (Hulst et al,, 1985). An improvement of the
extrusion technique resulted in a production of 27.6 dm’.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, O,- 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 immabilized in a third phase, for which the

effects of immobilization can not be neglected.
APPLICATION OF CO-IMMORBILIZED PURE CULTURES

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

mainly restricted to immaobilization in alginate and x-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 immobitization on Nitrosomonas europaea and Nitrobacter agilis are presented
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— INTRODUCTION ~—

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 Nifrosomonas ewropaea and Nitrobacter agilis (Wiijffels 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

40

80

time [days]

Figure 3 Influent NH * (—@—) and effluent NH,* (=0=), NO, (—O—), NOy (~—a—)
concentrations in an 3.3 dm’ air-lift loop reactor with co-immobilized N,

ewropaca and N. agilis. The liquid dilution rate is 1.2 * 107 57,
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Two examples of small-scale experiments with co-immobilized N. ewropaea 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.

concentration [mM]

80

40

0 40 80 120

time [days]

Figure 4 Influent NH,* (—@—) and effluent NH,* {(=0—), NO, (—0=), NOy (—a—)
concentrations in an 3.3 dm’ air-lift loop reactor with co-immobilized N.
europaea and N. agilis. Liquid dilution rate is 3.7 * 10 changing to 1.9* 10°°

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
accumutation 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 thearetical 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. ewropaea and N. agilis, with experimental validation, A strategy
for the scale-up of this process is presented in chapter 7. The last chapter contains 4

short general discussion of this thesis.
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2 KINETICS OF NITROSOMONAS EUROPAEA

SUMMARY

N 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
europaeg (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 (NIH, "),
product (NO;) and K*, Na*, SO, NOjy, CI" concentrations up te 500 M and a pHs
ranging from 6.5 to 8.5. High concentrations of ions inhibited Nifrosomonas 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.Gi. Mejjer {1992) Appl. Microbiol. Biotechnol. 37:802-807.
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INTRODUCTION

N itrogen removal by biological nitrification and denitrification is commonly used in
sewage treatment plants, where ammonia concenirations are relatively low with
maxima of 3.33 and 14.3 mM NH,* 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 NH,*,
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 culwres 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 NH,*, they qualitatively observed inhibition with in¢reasing 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 NH,* are used as a control,
substrate inhibition was only observed at the highest concentration of 264 mM NH,*.

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

Nitrobuacter, 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), N,
curopaea 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 NH,* and NO, 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

M edia. All media and solutions ware made up in demineralized water, The chemicals
used were Analytical Grade and were obtained from Merck.

Chemostal. The N. europaea (ATCC 19718) cells were maintained in a 2.5 dm?
sterile chemostat with a dilution rate of 0.0125 h*, The culture was kept at 30°C. The
medium contained per dm® of demineralized water: 251 g (NH,),SO,; 025 g
MgSO,.7H,0; 0.78 g NaH,PO,.2H,0; 0.89 g Na,HPO,.2H,0; 0.74 mg CaCl,.2H,0;
2,5 mg FeS0,.7H,0; 0.08 mg CuSO,. The pH was kept at 7.4 with a NaHCO,
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(80 g.dm™) 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
dm? effluent of the chemostat was coliected and first centrifuged at 16300 g for 30 min
at a temperature of 4 °C. The pellet was resuspended in 0.1 dm® of a 1 mM phosphate
buffer (pH 7.5) and centrifuged for the second time. The cells were resuspended in 25
cm’® 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/HC] 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
pK, for the pH range of the phosphate buffer is 7.2 and of Tris/HCI 8.1 at 30°C.

Trace elements and CO,. 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, Mg’*, Ca®*, Fe’* and Cu’**
concentrations were tested in a range from 0 to 5 times the growth medium concen-
tration and a concentration range of O to 10 mM for HCO,". An additional washing step,
similar to the second step in the concentration procedure with the concentrated cells
suspension, was made to be sure that alt trace elements from the medium were removed.
Standard conditions (pH 7.5 and 25 mM NH,") 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 cm® vessel,
0.5 cm® 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 cm® and the
suspension was aerated for 5 min. Then the vessel was sealed with the O, 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 cm®)
to make up to the desired substrate concentration. For that a concentrated NH,*
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*,; the
desired sabstrate concentration was then made up directly in the at the beginning of the
experiment in the volume of 4 dm’.

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 umolQ, consumed.s”'.m™ 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/HCI and 50 mM phosphate buffer and a substrate concentration of 25 mM NH,".
The activity of the standard (1009%) 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

B uffer, A phosphate concentration of 40-5)0 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/HC! did not show the fall in activity observed by Ginkel et al.
(1983), and was therefore used in the activity assays.

Trace elements and CO,. No influence of the trace elements nor bicarbonate
concentration on the activity of N. ewropaea cell suspension was observed in the ranges
measured. Therefore, the absence of trace elements or HCO, in the activity assays could
be neglected.

Activity assay. The initial O, consumption rate was used as activity assay to
analyse the influence of different environmental conditions. In these assays NH,* was the
rate limiting substrate. The NH,* 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 O, concentration was
never rate limiting, as the affinity constant (K;) measured for O, is 0.005 mM, which is
very small compared 10 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', 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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NH,*; 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 Ky 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 K and V,, are presented in Table I. The second column in Table I gives the
estimated K values expressed as the total ammonia concentration (N,), i.e. no distinction

is made between NH; and NH,".

activity (%)
PERTTEL N
e — e — e R
.:_.,‘:_.‘“".(_.:_'_‘0,..-\-4@._"_‘“ /?&?:w,zﬁ
\"\ ‘/‘.
-
e
B Y 2
L PSRN , Lo
_____ £ - ~
R 2

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 (O), 7.5
(), 2520 (pH 7.0 (a), 8.0 (x)) and 1820 (pH 85 (W})

umolQ, consumed.s'.m? bacterial suspension.

Suzuki (1974) showed that the substrate for Nitrosomonas europaea is NH, and
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0% mol.dm™ was used to

the acid-base dissociation constant X, with a value of 1
calculate the NH, concentration from N,. In the third column K is expressed as the NH,
concentration. In the last column the estimated V,, values are presented. In Table I some
trends in the relation between pH and K; and the maximum activity can be observed.
First of all, a decrease in the K values, expressed as N,, clearly occurs with an increase
in pH. This is in contrast with the increase of K, expressed as NH,, 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 (V,, ) and substrate affinity

(K;) of Nitrosomonas europaea.

pH KA’ Vm
N, {mM) NH, {mM) (% of standard)
6.5 44 0.M1 72
29 0.007 69
2.0 0.005 57
7.0 24 0.019 73
29 0.023 84
7.5 13 1.032 108
1.5 0.037 107
8.0 0.79 0.056 111
0.46 0.034 122
0.39 0.029 87
85 017 0.034 108
0.17 0.035 118
(119 (037 104
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Laudelout et al. (1976) and Boon & Laudelout (1962) showed that relations
between pH, K and V,, can be modelled using Michaelis-Menten kinetics for enzymes
(Dixon & Webb 1979). This approach is used to analyze the relations between pH, K
and V,, from the data of Table L

Relation between pH and K. The estimated K values of Table I were used to fit
the acid-base equilibrium of the microorganism (X,,) and a true substrate affinity
constant {X°) in eq (1). Where K° is the pH independent substrate affinity constant for
NH, and X,,, a pure theoretical parameter

0 1
Ks=Ks- - (1)

NS
K

mo

In eq (1) K, is expressed as mol.dm™ NH,. Eq (1) was fitted to the data of K and
pH from Table I with the non-linear regression method. A value of 10%* mol.dm™ for
K, and 4*10° mol.dm™ for K° 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 K; is in mM NH;, but usually K is expressed as the total ammonia

(NH," + NHj;) concentration in mM N,. Using eq (1) and the K, value of the ammonia

equilibrium with the fitted values gives

- -5 1 [H’]
KS 4 * 10 B W . [1 + W} 2)

10—6.96
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Ks [mM NH3]

0.06

1

0.04

0.02

T

6.5 7 7.5 8 8.5
pH

Figure 2 The fitted value of K (line) with 95% reliability interval (grey area) as a
Junction of pH. Measured values (Table 1, 3 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 K. Keen & Prosser
(1987) and Helder & de Vries (1983) determined a lower K; also with pure cultures of
N. europaea. The K values of Laudelout et al. (1976) and Suzuki et al. (1974) are in
-betler 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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Ks {(mM Nt)

Figure 3 Comparison of literature values of K, with measured values. The solid line
represents eq (2), Keen & Prosser(1987) (W), Laudelout et al. (1976) (O),
Knowles et al.(1965) (O), 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 (V,,) with K,,,; as dissociation constant of the substrate-enzyme complex and ¥, ?

the 'true’ maximum activity

0
V - Vm
"L IE @
K,
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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 V,,” and a K, of 103 mM, with 1057 and 10'® as upper and

ms

lower value for the reliability interval for K, were estimated,

Vm [% of standard]

120

80

40 — ' ' ' '
65 7 75 8 85

pH

Figure 4 The fitted values of V,, (line} with 95% reliability interval (grey area) as a
function of pH. Measured values from Table I, 2™ column, are represented

by dots.

The refation between ¥, and pH can thus be described by

n

4]
V _ V"l
- - 4
m N [H] (4)
10~6‘37
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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. FThe parameter K, 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; KCi; NaNO; and NaNO, 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 (NH,} 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

(3

— - 0994 - 000187 «x [ salt concentration] &

For practical convenience the salt concentration is expressed in: [mmol/dm?® (salt)]. The
proportionality constant in eq (5) is estimated to be -1.87 * 10 dm’/mmol with and a
95% reliability interval of -1.58 * 10" to -2.16 * 10™. It is not possibie to avoid this type
of inhibition of M. 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 (NO,) is a weak base
and the unionized form is highly toxic to Nitrobacter agilis according to Boon &

Laudelout (1962).
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