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A strategy to scale up nitrification processes with immobilized cells of
nitrosomonas europaea and nitrobacter agilis

J. H. Hunik, ). Tramper, R. H. Wijffels

Abstract A scale-up strategy for a nitrification process with
immobilized cells is presented. The complete description of such
a process for a wide range of conditions is time consuming or
even impossible. For a successful scale up of the process
knowledge of the rate-limiting step is essential. To estimate the
rate-limiting step a regime analysis was used. A new element in
this regime analysis is a solid third phase in which cells grow
non-homogeneously. Three different conditions of the
nitrification process were considered: low temperature (7°C)
with a low ammonia concentration (2 mM), and optimal
temperature (30°C) with an ammonia concentration of 2 and
250 mM. The regime analysis proved to be a helpful tool for the
understanding of the process and for establishing the
rate-limiting step. A set of design rules for the different
nitrification conditions was obtained from the results of this
regime analysis.

List of symbols

a, m’m™? specific surface area of a gas bubble
gas phase

ay m’m~? surface area of the liquid/gas
liquid phase inter phase

ay m’m~? surface area of the solid/liquid
liquid phase inter phase

a, m’m® specific surface area of a gelbead
solid phase

d, m gas bubble diameter

d, m biocatalyst particle diameter

E, Jmol ™! activation energy

g ms? gravitational acceleration

H m’m~? Henry coefficient

D m’s™! diffusion coefficient

ky ms ! mass transfer coefficient for
gas to liquid phase

k ms~! mass transfer coefficient for
liquid to solid phase

K, molm ~? substrate affinity constant

m; molN (kg

biomassa) ~!s !

maintenance coefficient
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R Jmol 'K™!
S molm ™3
S molm™

gas constant

substrate concentration

substrate concentration at surface
of the biocatalyst

substrate concentration in

bulk phase

3
sur

Spux  molm >

Y kgmol ! yield coefficient for biomass
on substrate

X kgm™? biomass concentration

Z dimensionless ~ temperature effected
parameter value

z® dimensionless  temperature independent parameter
value

& m’gasm ™’ gas hold up

liquid
& m? solidm 3
liquid solid phase hold up

' dimensionless effectiveness factor

pk m’Smol ' molar ionic conductivity

T s characteristic time

T, $ 7 for growth

79, s 7 for oxygen exhaustion of gas
bubbles

™ s 7 for oxygen transfer from gas to
liquid phase

g 1 for the liquid retention time

% s 7 for the gas retention time

Th $ 7 for substrate (i) transfer from liquid
to solid phase

Tix S 7 for mixing of liquid phase

Tare S 7 for liquid circulation in air-lift loop
reactor

Thn S 1 for substrate (i) conversion

Thw S 7 for substrate (i) conversion in the
biocatalyst

[T maximum specific growth rate

a) Nsm™? dynamic viscosity

o kgm™> density of liquid phase

Ps kgm ™3 density of solid phase

i NH,, NO, , NO, and Ns, Nb for
N. europaea, N. agilis, respectively.

1

Introduction

Problems related to the discharge of nitrogen compounds into
the environment are topical nowadays. Both diluted
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wastestreams such as sewage and more concentrated
wastestreams like manure contribute to nitrogen-related
environmental problems. For example, discharges of ammonia
from various sources have a considerable effect on algal blooms
in the North Sea [40]. The removal of ammonia with biological
nitrification is a widely used process in wastewater treatment.
The active-sludge process with biomass retention gives a
considerable ammonia removal in diluted waste streams

(2-5 mM NH, ) at moderate temperatares (15-25°C). Nitrific-
ation in an active-sludge process is, however, limited by a slow
growth of the two main bacterial species involved: Nitrosomonas
spp. and Nitrobacter spp. This growth-rate limitation is most
severe at unfavourable conditions like, for example, lower
temperatures [16, 24, 25] or concentrated wastestreams where
inhibition of substrate and product are important [2].

Immobilization of nitrifying bacteria can be a successful
strategy to handle biomass-retention problems [23]. Several
immobilization methods are applied. For example, at low
temperatures rotating biological contactors are used by Gullicks
and Cleasby [7] and by Murphy et al. [20], and immobilization
of pure cultures in x-carrageenan gels by Leenen et al. [18] and
by Wijffels et al. [35]. Also for manure treatment rotating
biological contactors are applied [29].

Most of the research on nitrification focuses on small-scale
experiments and extensive modelling of immobilized nitrifying
bacteria. Several dynamic models for immobilized nitrifying
bacteria are presented and validated [5, 6, 12, 33, 36]. Large-scale
applications of this immobilized-cell process are limited to a few
plants because this complicated process is difficult to scale up
[10]. A better understanding of the rate-limiting factors,
important for scaling up, can be obtained with a regime analysis
[31]. From such a regime analysis a set of design directives for
the different applications of immobilized nitrifying bacteria can
be derived.

Air-lift loop reactors are most suitable for immobilized-cell
processes. They lack mechanical stirring and are each to scale
up. Mechanical stirring can cause abrasion of the immobilization
material and should therefore be avoided. Air-lift loop reactors
are characterized, among others, by Verlaan [32] and Chisti [4]
with respect to their liquid circulation, mixing properties and
mass transfer.

The regime analysis presented here is based on an air-lift loop
reactor design for a nitrification process with immobilized cells.
The existing theory for regime analysis was extended with cells
growing non-homogeneously in gel beads. Reactor performance
and other information necessary for the regime analysis were
simulated with a dynamic model [12]. The regime analysis was
used to derive the rate-limiting step and design directives for
three cases of the nitrification process with immobilized cells:
low temperature (7°C) with low ammonia concentration (2 mM),
and optimal temperature (30°C) with an ammonia concentration
of 2 and 250 mM.

2
Theory

2.1

Regime analysis

A system with immobilized cells for nitrification has a complex
behaviour. A complete description of the process for a wide

range of conditions is time consuming or even impossible. This
argument is valid for most biotechnological processes and

a consistent approach to simplify these processes is regime
analysis [19, 27]. In the regime analysis presented by Schouten
etal. [28], with immobolized Clostridium spp. for
isopropanol/butanol production, the effectiveness factor for the
immobilized cells was estimated to be 1. They conclude that the
isopropanol/butanol production is not diffusion controlled and
the immobilized cells behave as free cells. New for the regime
analysis presented here is the addition of a solid third phase
with immobilized cells growing in a diffusion-controlled
situation.

Regime analysis can either be used for the optimization of
the reactor design or to reveal the rate-limiting step of a process,
see Fig. 1 [31]. Optimization of the reactor design requires
severa] iterations until a previously defined optimum is
obtained. Here we are interested in the rate-limiting step of the
process and not in optimization of the reactor design. The
regime analysis starts with an inventory of all transport and
conversion mechanisms of the process. The characteristic time
of each mechanism is then estimated; relatively slow
mechanisms have a high characteristic time, while lower
characteristic times apply to faster mechanisms. The comparison
of characteristic times for conversion and transport mechanisms
of a particular substrate can thus reveal the rate-limiting
step.

For nitrification with cells non-homogeneously growing in
a gel bead several transport mechanisms for the substrates (O,
and NH," ), intermediate (NO, ) and product (NO; ) can be
distinguished: mass transfer of oxygen from air bubbles to the
liquid phase; mass transfer of oxygen and ammonia from the
bulk phase to the gel beads; mass transfer of oxygen, ammonia
and nitrite within the beads to the cells, and mass transfer of
nitrite (intermediate) and nitrate (product) from the beads to the
liquid. All these transport mechanisms are characterized with
either a mass-transfer coefficient or a diffusion coefficient. The
conversion is characterized by the substrate consumption rate.
This chain of transport and conversion should be combined with
the reactor characteristics in the actual regime analysis. Mixing,
circulation, gas and liquid retention times should be compared
with the characteristic times for transport and conversion
to reveal if gradients in the reactor bulk phase can be
expected.

cTon TRANSPORT -
REACT GONVERSION
DESIGN PROCESSES
!
! \
RATE REGIME
LIMITING ot ANALYSIS
STEP

Fig. 1. Regime analysis
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2.2

Characteristic times

Examples of relations for characteristic times are found in the

literature [5, 19, 31]. In general these relations are obtained from

the ratio between a capacity and a flow:

e capac1ty' )
flow

Capacity is defined as the available substrate for transport or
conversion at process conditions. The flow is the rate of that
particular transport or conversion. The characteristic time for
mixing and circulation, which have already time as dimension,
are directly used in the regime analysis.

When regime analysis is used for a three-phase system one
phase must be used as a sort of “pivot” for the characteristic-
time calculations. Most convenient is the continuous (liquid)
phase, which is therefore, unless mentioned otherwise, used as
“pivot” phase for the characteristic-time definitions given below.

The characteristic time (zj;) for the mass transfer of oxygen
from the gas phase to the liquid phase is given by

1

»
k,gx-alg

Tp= (2)
with k;, as gas—liquid mass-transfer coefficient [m s™'] and
a,, as the gas-surface area per unit of liquid volume [m* m~?].
The latter is given by

€
W=, (3)
with ¢, as the gas hold up [m® gasm ™’ liquid] and a, as the
specific surface area of the gas phase per unit of gas volume
[m* m™°] based on d,, the gas bubble diameter [m]:

6

d =—.
g
d,

(4)

Transport of oxygen from the gas bubble to the liquid phase
depletes the gas bubbles of oxygen. The characteristic time for
the gas-bubble oxygen exhaustion (¢2.) is given by

H

= 3
klg*ag

0

‘CEX

{5)

with the H as the Henry coefficient [m’ liquid m ~? gas]. The
o in Eq. (5) is based on the gas phase, because the depletion of
this phase is considered here.

The characteristic time (1;,) for the mass transfer from the
liquid to the solid phase is given by

1

= >
kixap

Tis (6)
with k, as the liquid—solid mass transfer coefficient [m s '] and
a; as the solid-surface area per unit of liquid volume [m* m ],
The latter is given by

85
a=a,——,
I 1—e, @)
with ¢, as the solid hold up [m® solid m ~* liquid] and a, as the
specific surface area of the solid phase per unit of solid volume

[m*m ] based on d, the gel bead diameter [m]:

a,=— (8)
d,

Characteristic times for liquid circulation, mixing and
gas-phase retention time in air-lift loop reactors are related to
the size of the reactor. The mixing time (t,,;, ) for an air-lift loop
reactor is calculated from the circulation time (7;, ) as shown by
Verlaan [32]:

Tonix = (4 to 7) * Teire» (9)

This value of 7, can be measured easily in an existing reactor or
calculated for a given reactor design [32].

The maximum gas-phase-retention time (785) in an air-lift
loop reactor is calculated from the ratio of the reactor height and
terminal rising velocity (approximately 0.25 m/s [8] ) of the gas
bubbles. The actual value for gas-phase retention time (787 ) will
be shorter when liquid circulation in the loop reactor is taken
into account. The liquid-retention time (1) is the reciprocal
value of the dilution rate.

The characteristic time 1y, for the substrate conversion by
free cells is derived from the biomass concentration X [kg m ~*],
the substrate concentration S [mol m~>], and the kinetic
parameters K, [mol m —*], ¥ [kg mol ™'}, and p,,,, [s '] of the
relevant microorganism [27]:

S
Thin = . (10)

5 ]

When we consider solid gel beads with immobilized cells and if
all the cells in these gel beads “feel” the substrate concentration
at the surface (S,,, ), Eq. (10) will reduce to

Y
Tin=
‘ ﬂmax*X

with X expressed as kgm ™ gel.

The situation inside the gel beads is more complicated
because substrate and biomass concentrations vary with the
radius of the gel bead. It is not possible to define an overall
characteristic time for transport or conversion in such
a situation. To circumvent this problem we introduce the
internal effectiveness factor which is defined as the ratio between
the observed conversion rate (actual flow) and the conversion
rate which would be observed if all the biomass would “feel” the
substrate concentration at the surface of the gel beads (flow for
S [26] ). In this effectiveness factor both transport and
conversion are taken into account. For the calculation of the
effectiveness factor it is important to realize that the observed
conversion rate of the cells in the gel beads (actual flow) is equal
to the flow of substrate from the bulk to the gel-bead surface.
This liquid to solid mass-transfer rate is substituted in the
definition for the actual flow in the internal effectiveness factor
(1), which yields

] (KS+Ssur )’ (11)

kls * s * (Sbulk_ Ssur)

n= . (12)

.umax * X SSLIT
Y KS + Ssur

The value for the effectiveness factor approaches o for
a strictly transport-controlled process and 1 for a completely
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Fig. 2. Relation between S,,, and S, with respect to solid/liquid mass
transfer and conversion rate of the biocatalyst in Eqs. (6) and (13)

kinetically controlled process. With # going from 1 to o, the
relative conversion rate decreases and the corresponding
characteristic time increases. Therefore, 1, and the reciprocal
value for # were combined in Eq. (13) to derive a characteristic
time for substrate conversion by in immobilized cells (z,,,, ).
This results in a ratio between capacity (S,,) and actual flow of
substrate to the gel beads (denominator of Eq. (13)), which is
exactly the definition of a characteristic time (Eq. (1)) for the
overall substrate conversion by the gel beads (z,,,, ):

Ssur
Toony= . (13)
kls g * (Sbulk_ Ssur)

The substrate concentration at the surface of the gel beads
(S, ) is the key value, which determines the relative importance
of the liquid-solid mass transfer and the conversion by the
immobilized cells. This can be illustrated by taking the ratio of
Eqgs (6) and (13) yielding a relation between the characteristic
time for liquid-solid mass transfer and substrate conversion in
the gel beads

S

rcunv Sur

A 1
T Spu— Saur (49
The effect of S,,, on the ratio of the characteristic time for
substrate conversion (7,,,) and solid-liquid mass transfer (z,)

is shown in Fig. 2. This figure shows that with a surface
concentration of half that of the bulk concentration, the
characteristic times t;, and 7,,,, are equal. Two extreme
situations can be distinguished in Fig. 2. First, when S, is o the
conversion is completely controlled by liquid-solid mass
transfer. Second, for S,,, is equal to S,y the conversion is
completely kinetically controlled. The surface concentration
(... ) of the biocatalyst is not easy to measure, but can be
estimated from experimental results or model predictions [12].

3

Process description

Three different cases for the nitrification process with
immobilized cells were considered in the regime analysis:
Nitrification at low temperature (7°C) with a low ammonia
concentration of 2 mM (LTLA), nitrification in an extreme
environment of ammonia (250 mM) and an optimal temperature
of 30°C (OTEE), and nitrification at optimal temperature (30°C)
and low ammonia concentration of 2 mM (OTLA). The latter was
taken as the reference for the two other cases. A dynamic model

(Hunik et al. [12]) was used to simulate the nitrification process
for these three cases. The original model uses parameter values
based on a temperature of 30°C, but incorporation of the effects
of lower temperatures on these model parameters are described
here.

31

Model

The dynamic model consists of a set of transport and kinetic
equations for the conversion of ammonia via nitrite to nitrate
with immobilized Nitrosomonas europaea and Nitrobacter agilis
cells in an air-lift loop reactor. The dynamic character of the
model allows changes in reactor cases. The growth of cells and
the concentration of substrate, intermediate and product
together with biomass concentrations for N. europaea and N.
agilis are predicted as a function of the gel-bead radius. The
model input consists of a set of parameters obtained from
independent experiments together with the initial values for
biomass concentrations, reactor set-up and experimental cases
like temperatures and influent concentrations. For the regime
analysis the model was used to predict the conversion capacities
and the S, value for the three nitrification cases considered.
The parameters used for the model are shown in Table 1. A more
detailed description of the model is given by Hunik et al. [12].
The parameters for gas-liquid transport (H, d,, k,, ) necessary for
the regime analysis are obtained from Heijnen and Riet [8] and
also shown in Table 1.

3.2

Temperature T influence on parameters

The optimal temperature for nitrification is around 30°C and
parameters used in the model of Hunik et al. [12] are based on
this temperature. Knowledge of the temperature influence on the
model parameters is necessary for the simulations at 7°C. This
temperature influence can be expressed with an Arrhenius type
of equation:

—E
ZT=2z" exp( . >, (15)

RxT

with Z 7 the parameter value at temperature T, z* as a constant,
E, [Jmol™'] as the activation energy and R [J mol "'K™'] as
the gas constant.

3.3

Influence of T on the maximum specific growth rate

For the determination of the activation energy (E,) for the
growth rate of Nitrosomonas europaea and Nitrobacter agilis
experimental data given in several literature sources [11, 14, 30]
were used. In Fig. 3a, b the p,, values given in these sources for
both microorganisms are plotted as function of temperature. In
these figures the fits of Eq. (15) for the various sets are also
drawn. The E, values used in this study for the two
microorganisms are averages of the values obtained from the
3 sets. These average E, values are 65 and 45 kJ mol ™' for N.
europaea and N. agilis, respectively. The z* values are obtajned
from substitution of the average E, values and the values for
Upmar @t 30°C from Table 1 in Eq. (15). The resulting equation is
used for calculating u, .. values at 7°C. With this procedure we
obtained y,,, values of 1.9 x 10 ® and 2.3 x107¢s~! for

N. europaea and N. agilis, respectively, at 7°C.
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Table 1. Model parameters

Parameter Value at 30°C Value at 7°C Dimension
Hunik et al. [12]

Conversion

uNe s 159%x107°; 1.0x 1073 1.9x107%23x107° s

m; me 94x107% 2.2x107? 2.6x10 *; 6.4x10* molN (kg biomass) ~'s ™!
Y Y 1.66 10775 0.58 x 1073 1.66 x 10 7%: 0.58 x 10 (kg biomass) molN !
KyHeNs 1.25x1072 L16x107* moldm ™

kg 5.05x107° 93 %1077 moldm ™

Ko™ 3.6x107* 25%107° moldm

KQw ™ 17.0x107¢ 3.1x107° moldm ™

e, I 0.159; 0.188 moldm™?

Transport gas-liquid

ki (0,) 4.4x107* 2.7x107* ms™!

H 39 25 m’m ~?

d, 6x107° 6x107 m

Transport liquid-solid

k, N-comp; O, 2.65x107%3.13x 107° 141x107% 1.75%x 107’ ms~!

, 2x107° m

& 0.25 dimensionless

» 8.4x107* 1.66x107° Nsm™?

D, N-comp; O, 22x107% 2.83x10° 1L1x107% 1,55 10~° m?s™!

D, N-comp; O, 1.9x107% 2.05x 107° LOx107% 1.2x107° m?s !

34 3.6

Influence of T on the substrate-affinity constants

Little information about the effect of temperature on the affinity
constants of 0,, NH,” and NO; is available in the literature. In
fact three studies were found [1, 14, 15]. The E, values found in
these three literature sources were used with the substrate
affinity values of Table 1 at 30°C to substitute in Eq. (15) in order
to obtain the values for z®. Boon and Laudelout [1] measured an
E, of 52 kfmol ™! for the affinity constant of oxygen (K§* ™)
with N. winogradskyi (z* :1.57 X 10’ molm ~*). Laudelout & van
Tichelen [15] obtained an E, value of 82 k] mol ™" for the affinity
constant NO, (K3°»™) also for N. winogradskyi
(z%:4.92 x 10” molm ~?). From the data of Knowles et al. [14]
we obtained an E, of 73kJ mol ! for the NH,’ affinity constant
(K58 ™) of a mixed culture (z®: 4.82 x 10”2 molm ~*). For the
missing E, value of the affinity constant of oxygen for E.
europaea (K§> ™) we used 52 kJ mol " which is the same value
as the affinity constant of oxygen for N. winogradskyi. This latter
value is also used by Laudelout et al. [17] for N. europaea.
(2”1 4.65 x 10° mol m ). The substrate affinity constants at 7°C
are estimated with this z® and E, values.

3.5

Influence of T on maintenance and yield

The effect of temperature on the maintenance (m,) of a large
number of aerobic microorganisms is described y Heijnen and
Roels [9]. They found an activation energy (E, )} of 38 kj mol ™"
for the maintenance of all aerobic microorganisms. The m;, at
7°C calculated with this E, and maintenance values at 30°C of
Table 1 was 2.6 x10 * and 6.4 X 10 *mol Nkg "'s ™! for N.
europaea and N. agilis, respectively. Concerning biomass yield,
in the literature survey of Heijnen and Roels [9] it can be read
that the biomass yield (Y ) is independent of T.

Influence of 7 on the dynamic viscosity

Equation (15) was fitted to the data of the dynamic viscosity (w)
of water [34]. A value of 6.021 x107 7 Nsm ™2 and 18.1 kJ mol ™!
was obtained for z* and E,, respectively.

3.7

Influence of T [ of 0, and nitrogen compounds

The influence of temperature on the diffusion coefficient of
oxygen in water is given by Wise and Houghton [39]. A value of
42x107%m’s ™" and 18.4 k] mol ™! for respectively z® and

E, are given. For the diffusion coefficient of oxygen in the gel
beads, Wijffels et al. [37] obtained a value of 19 x 10 " m?s ™! for
z*® and 17.2 k] mol ™’ for E,,.

Diffusion coefficients of NH,” and NO,; and NO; in water
and biofilms at different temperatures are scarcely found.
Therefore,
it was not possible to estimate the E, and z* values. The diffusion
coefficients for these nitrogen compounds in water and biofilms at
7°C were therefore estimated using the temperature dependency
of the dynamic viscosity (w) with the following relation [21]:

{16)
The diffusion coefficients at 7°C thus estimated are 1.1 x 10 °
and 1.0 x107? m’ s~ for water and biofilm, respectively.

3.8

Influence of T on gasliquid mass transfer

The mass-transfer coefficient for oxygen at the gas liquid
interphase is a rather empirical parameter. Influence of bubble
size and media composition are difficult to take into account.
A value of 4x107*ms ™' at 20°C with a temperature
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dependency of 2.5% increase per °C is used by Heijnen and Riet
[8]. For the gas liquid mass-transfer coefficient (k) at 7°C and
30°Cavalue of 2.7 X 10" * and 4.4 x 10 "* m s ' respectively, were
estimated based on this temperature relation. The Henry
coefficient (H ) for oxygen is 39 [m® gas m ~° liquid] at 30°C and
25 [m® gas m~? liquid] at 7°C [13].

3.9

Influence on T on liquid—solid mass transfer

For the mass-transfer coefficient of the liquid-solid interphase
an estimation is possible, based on the film-theory. This
mass-transfer coefficient depends on the dynamic viscosity and

3E-05
/s

25E-05 |- A p

2E-05 |-

15E-05

T
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1E-05 -

[

5E-06

°C 30
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/s

I
»>

8E-05

6E-05 |- -
A
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N,
\

4LE-05 |-

I

2E-05

" i
5 10 15 20 25
b Temperature

Fig. 3a, b. The maximum rate of a Nitrosomonas spp. and b Nitrobacter spp.
as a function of temperature. Symbols are the measured values, lines are
based on Eq. (15) fitted to these values, with --- @ --- [11], ...... M- [4]
and — - A —— [30]

on the diffusion coefficient, which are both temperature
dependent. For the mass-transfer coefficient we assume, based
on the similar values for the diffusion coefficient, one value for
the three nitrogen compounds. For both temperatures it is
possible to calculate the mass-transfer coefficient k;, [36]. For
that, a value of 1000 and 1008 kg/m® is used for the density of
water and gel beads, respectively.

3.10

Design and initial values for the model

A nitrification process at a low temperature of 7°C in, for
example, Norway should have a capacity of 2 x 10* m® day ~* with
an ammonia concentration in the waste water of 2 mM [22]. This
implies an ammonia conversion rate of 4 x 10* mol N day ~".
From this capacity and some initial trials with the model we
derived the reactor volumes and dilution rates for all three cases
considered here.

The prerequisite of the design was an ammonia conversion at
steady state of 75% for the low ammonia cases (LTLA and OTLA)
and 95% for the extreme environment case (OTEE). The reactor
dimensions, dilution rates, temperatures and influent
concentrations are shown in Table 2.

The model input value for the initial biomass concentration of
N. europaeq and N. agilis are the same as used by Hunik et al.
[12], ie. 4% 1077 and 2 x 10" “kg/m’ gel, respectively. The
maximum biomass concentration in the model was set at 8.9 and
3.8 kg/m’® gel for N. europaea and N. agilis, respectively. These
values are identical to the values of Hunik et al. (1993). A 50 day
run of the model was sufficient to reach a steady-state
conversion rate of ammonia and nitrite for the three processes.
The temperature for the LTLA process was taken 30°C for the
first ten days of the experiment; for the rest of the experiment
the temperature was set at 7°C. The optimal temperature of 30°C
during the start-up phase was used to accelerate the biomass
formation. A steady-state conversion of ammonia within a 50
day run could be achieved with such an increased start-up
temperature. The final concentration of 250 mM NH," in the
OTEE process was reached by starting with 50 mM and
subsequently increasing it to 100 mM at day 6, 150 mM at day 15,
200 mM at day 25 and finally 250 mM NH;" at day 35. This
step-wise increase was used to avoid the inhibitory effect of NO,
in the start-up phase.

4

Results and discussion

For the three nitrification process cases considered, model
simulations generated the bulk-phase concentrations of NH,",
NO, and NO; and these are shown in Fig. 4a—c as a function of
time. The decrease in NH, concentration and the production of

Table 2. Reactor design

Reactor Volume Dilution rate  Influent Temperature
[m®] [s7'] NH;} [mM] °C

Low temperature (LTLA) 833 28x107* 2 7

Optimal temperature (OTLA) 278 83x107° 2 30

Extreme environment (OTEE) 514 3.9x107° 250 30
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NO, during the first 10 days was caused by the growth of

N. europaea. The production of NO; and the related growth of
N. agilis start between day 10 and 20 depending on the process
cases. The reactor concentrations of the OTLA case are shown in
Fig. 4b. The temperature step at day 10 for the LTLA case is
observed in Fig. 4a. The step-wise increase in influent ammonia
concentration in the OTEE case resulted in a step-wise increase
in nitrate concentration as shown in Fig. 4¢. The criteria for the
nitrification capacity, at least 75% ammonia removal for the low
ammonia cases (LTLA and OTLA) and more then 95% for the
high ammonia concentration case (OTEE), were satisfied for all
three nitrification cases. The presented data of the model
simulations were used in the regime analysis.

4.1

Regime analysis

The values for the gas-phase hold up (¢,) and liquid mixing
time (t,.,) depend on the reactor configuration and size.

Gas hold up (e, ) values for air-lift loop reactors will be in

the range of 0.02—-0.05 [4, 32]. Riet and Tramper [26] present
some data about circulation and mixing times in air-lift

loop reactors based on the model of Verlaan [32]. The mixing
(180—600 s) and circulation times (45-150 s) they present are
for two external air-lift loop reactors with a volume of 265
and 1227 m’, respectively, a height to riser diameter ratio of
10:1 and a ratio between the riser to downcomer diameter of

Concentration
I
faw)
T

Fig. q4a—. Bulk concentrations of NH, (---), NO; (—-—) and NO,
[CERRES ) as a function of time for the nitrification process predicted by the
model at the three cases: a LTLA, b OTLA and ¢ OTEE

2:1. A difference between mixing and circulation time should
be made for loop reactors. Mixing times are useful for pulse-
wise addition of a substrate to the reactor and circulation
times are more useful for continuous addition of substrates in
loop reactors. This latter situation is more applicable and
circulation times were therefore used to predict gradients in the
reactors.

The characteristic times for all the transport mechanisms in
the reactor are independent of the substrate concentrations. This
is in contrast to the characteristic time of substrate conversion
{Tcons )» which depends on the surface concentration of the gel
bead. This surface concentration decreased during the start up
and finally reached a steady state. The course of 7, for the three
cases is shown in Fig. sa—c. The regime analysis is based on the
steady-state values reached after 50 days model simulation. The
characteristic times for conversion and transport are presented
in Table 3 and discussed below with respect to the substrate
involved.

4.2

Oxygen

Oxygen depletion of the gas phase depends on the mass transfer
of oxygen from gas to liquid phase and amount of oxygen
available in the gas phase. With the values for 19 and 7% (Table
3) we can conclude that complete exhaustion of the gas bubble is
not likely to happen, but a significant decrease in oxygen
concentration in the gas bubble will occur. Oxygen exhaustion
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Table 3. Characteristic times of transport and
conversion processes for the three nitrification

¢ OTEE. Values are obtained from model simulations

processes. The 7., values are based on the steady-
state values at day 50 in Fig. 5a—

Characteristic time (1) [s]

Transport phenomena LTLA (7°C) OTLA (30°C) OTEE (250 mM)
T 20 20 20
79 93 78 78
T3 (£,=0.02-0.05) 181-70 98-38 98-38
79 57 35 35
(A 3600 1200 2.6 x 10°
T 71 42 42
Teire 40-150 40-150 40-150
COHVCI‘SiOl’l PIOCBSSCS
Toons 30 61 50
Thoms 35 26 43
T ooy 24 11 19

of gas bubbles in air-lift loop reactors does not become
important beneath a reactor height of 15 m, but it also depends
on the liquid velocity in the riser.

Oxygen is transported from gas phase via the liquid phase to
the solid phase. The rate of this transport is determined by the

characteristic times for gas-liquid mass transfer (1),
liquid-solid mass transfer (7D*) and oxygen conversion (12}, ).
In Table 3 the values for ij (at &,=0.05), 12" and 7%, are in

the same order of magnitude and only trends can thus be

indicated. The differences in characteristic times are not
sufficient to indicate one step in the process as the only
rate-limiting step.

The values for 7 (at &, =0.05), 12 and 13}, are decreasing in
this order. The fastest process is the oxygen conversion and the
higher values for t}’ and 7}’ indicate that transport of oxygen
from the gas phase to the gel beads is likely to be rate limiting.
With a lower gas hold up (at £,=0.02) the value for r?gl increases

and mass-transfer resistance will even be more important. This
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is particularly the case for the OTLA case with the lowest value
for t22,.

The liquid circulation time (7., ) is in the same order of
magnitude as the characteristic times for gas-liquid mass
transfer (rgj) and liquid-solid mass transfer (7.*). Gradients in
0, concentration in the liquid phase can thus be expected.

A gel bead, when circulating through the loop reactor, will
encounter rapid changes in O, concentrations as a consequence
of this gradients.

4.3

Ammonia and nitrite

The situation for NH," is restricted to the liquid and solid phase.
The liquid phase can be assumed well mixed with respect to
NH," because liquid retention time (1) is large compared to
the circulation time (t,;, ). The characteristic time for NH,
conversion by the immobilized N. europaea cells (z3;) is of the
same order of magnitude as that for mass transfer (z}™*)
between liquid and solid phase. The rate of conversion of NH,"
will thus be controlled by both the liquid—solid mass transfer
and NH, conversion by the immobilized cells.

Nitrite is produced within the gel beads by the N. europaea
cells and mass transfer between liquid and solid phase of NO,  is
thus not important. The value of 0%} for the LTLA case is an
order of magnitude smaller than the value for T} . This
indicates that nitrite conversion is a faster process compared to
ammonia conversion and accumulation of NO; is not likely to
happen for the LTLA case. This is in contrast with the OTLA and
OTEE case where the value of 7o is close to the value for T30,
The NO,; and NH, conversion rates are well balanced for the
OTLA and OTEE case and distortion of this balance can cause
accumulation of NO, . High values for the concentration of
toxic NO, in the effluent of a nitrification process are obviously
unacceptable.

44

Nitrification

The regime analysis shows that the nitrification process is
mainly controlled by mass transfer of the two substrates and to
a lesser extent by the conversion rates of them. Accumulation of
nitrite is possible at optimal temperature and very unlikely at
low temperature. The characteristic time of the NH;" conversion
for both the OTLA and OTEE case is considerably longer than
that for O, conversion. The nitrification for both the OTLA and
OTEE is controlled by the O, transport and to lesser extent by its
conversion.

4.5

Design rules

Regime analysis shows that nitrification with immobilized cells
is mainly controlled by mass transfer of oxygen. This is an
improvement compared to the active sludge process, which is
controlled by the slower process of bacterial growth. The design
for the OTLA and OTEE case can be further improved with
respect to oxygen transport, in particular between gas and liquid
phase. This oxygen transport is dependent of k, a;,, k;, and g
Smaller gas bubbles and gel beads increase these values of ki,
ay> ki and a;,. The relation between a;, and gel bead diameter
(d, ) is shown in Eqs. (7) and (8). A decreasein gel bead diameter
(d, ) would increase the value a,,. Nevertheless, the minimum gel

bead diameter (d, ) is limited by the requirement to keep the gel
beads in the reactor. The gas bubble diameter (4, ) is determined
by the sparger and the coalescence behaviour of the medium,
which is difficult to manipulate. For this reason, it is not useful
to produce small bubbles in a coalescent medium because, the
advantage of the small bubbles disappears short after the
sparger. An increase in gas hold up (&, } would be beneficial for
the oxygen-transfer rate according to Eq. (3). An increase of solid
phase hold up (g, ), i.e. more gel beads in the reactor, is limited to
a maximum of 35%, and the k,, will be reduced [32]. For the
design of the LTLA case the gas—liquid mass transfer of both
oxygen and ammonia could be improved by smaller gel beads
and a slightly higher solid-phase hold up.

Sufficient liquid mixing, e.g. prevention of oxygen gradients,
should be provided for in all three nitrification processes with
immobilized cells. Oxygen gradients in the reactor can be
decreased when the retention time in the non-aerated
downcomer is short and the overall circulation time is kept as
small as possible. Reactors should therefore have a relatively
high riser to downcomer diameter ratio and small height to
diameter ratio.

The ratio of N. europaea and N. agilis biomass concentrations
is particular important for the optimal temperature processes
and can be controlled with the inoculum size during
immobilization. This biomass ratio is not important for the
LTLA process, because the growth rate of N. agilis decreases less
with a decrease of temperature than the growth rate of N.
europaeq.
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