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Influence of temperature and pH on the
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Abstract: The SHARON (Single reactor High activity Ammonia Removal Over Nitrite) process is an innovative
process that improves the sustainability of wastewater treatment, especially when combined with an Anammox
process. It aims at ammonium oxidation to nitrite only, while preventing further nitrate formation. In order to
optimize this process by means of modelling and simulation, parameters of the biological processes have to be
assessed. Batch tests with SHARON sludge clearly showed that ammonia rather than ammonium is the actual
substrate and nitrous acid rather than nitrite is the actual inhibitor of the ammonium oxidation in the SHARON
process. From these batch tests the ammonia affinity constant, the nitrous acid inhibition constant and the oxygen
affinity constant were determined to be 0.75 mgNH3-N L−1, 2.04 mgHNO2-N L−1 and 0.94 mgO2 L−1. The influence
of pH and temperature on the oxygen uptake rate of SHARON biomass was determined, indicating the existence of
a pH interval between 6.5 and 8 and a temperature interval from 35 to 45 ◦C where the biomass activity is maximal.
The kinetic parameters of the SHARON process were determined based on batch experiments. These parameters
can now be implemented in a simulation model for further optimization of the SHARON process.
 2007 Society of Chemical Industry

Keywords: SHARON; partial nitritation; ammonia; affinity constant; nitrous acid; inhibition

LIST OF SYMBOLS
b OUR (oxygen uptake rate) temperature

dependency parameter
c OUR temperature dependency parameter
DO dissolved oxygen concentration [mgO2 L−1]
Ke,NH4

+ acidity constant of the ammonium/ammonia
equilibrium

Ke,HNO2 acidity constant of the nitrite/nitrous acid
equilibrium

KNH
I,HNO2

inhibition constant for nitrous acid of
ammonium oxidizers [mgHNO2-N L−1]

KNH
NH3

saturation constant for ammonia of ammo-
nium oxidizers [mgNH3-N L−1]

KNH
O2

saturation constant for oxygen of ammonium
oxidizers [mgO2 L−1]

KpH OUR pH dependency parameter
pHopt OUR pH dependency parameter
SNH3 ammonia nitrogen concentration [mgNH3-N

L−1]
SHNO2 nitrous acid nitrogen concentration

[mgHNO2-N L−1]
STAN total ammonium nitrogen concentration

[mgTAN-N L−1]
STNO2 total nitrite nitrogen concentration

[mgTNO2-N L−1]
SO2 oxygen concentration [mgO2 L−1]

OUR oxygen uptake rate [mg O2 L−1 d−1]
Tmin OUR temperature dependency parameter
Tmax OUR temperature dependency parameter
TAN total ammonia nitrogen [mgTAN-N L−1]
TNO2 total nitrite nitrogen [mgTNO2-N L−1]
XNH ammonium oxidizers [mgCOD L−1]
YNH autotrophic yield of ammonium oxidizers

[mgCOD mgN−1]
µNH

max maximum growth rate of ammonium oxidiz-
ers [d−1]

θ Arrhenius constant

INTRODUCTION
SHARON–Anammox process
With the discovery of the Anammox process over
10 years ago1 a new path could be taken towards
the sustainable removal of nitrogen from wastewater.
In this Anammox process ammonium and nitrite are
combined on an equimolar basis to produce nitrogen
gas, although also some nitrate is produced. The
Anammox process requires a partial nitritation step
in which half of the influent ammonium concentration
is oxidized to nitrite without further conversion to
nitrate. As such, a suitable influent for the Anammox
reactor is produced. An example of such a partial
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nitritation process is the SHARON process2 (Single
reactor High activity Ammonia Removal Over Nitrite)
in which stable nitrite formation at high temperature
(35 ◦C) and neutral pH is established by washing out
the nitrite oxidizers, which grow more slowly than
the ammonium oxidizers under these conditions. The
combination of this Anammox process with a partial
nitrification process has great potential since there
is no longer any need for external carbon addition,
sludge production is very low, and oxygen input and
aeration energy requirements are reduced.3

Very interesting and useful tools to further optimize
the SHARON process are modelling and simulation
environments such as WEST,4 or Matlab (The
Mathworks Inc., www.mathworks.com). With such a
simulation tool a large number of virtual experiments
can be conducted in order to investigate the behaviour
of the combined system under different operating
conditions. In this way, time and money can
be saved. However, in order to have a correct
representation of reality by these simulations, correct
kinetic equations describing the biological processes
have to be put forward. Furthermore the parameters
in these equations have to be assessed.

SHARON kinetics
Biochemical experiments carried out over more than
half a century on different cultures clearly indicated
that kinetics are influenced by many physico-chemical
and biological environmental factors among which the
most important are substrate concentration, product
concentration, pH, temperature, dissolved oxygen and
various inhibitors such as salts.5 The specific growth
rate is then commonly expressed by the multiplication
of individual terms, e.g. Monod-type expressions each
of them referring to one of the influencing factors.

For ammonium oxidation to nitrite, Anthonisen
et al.6 formulated the hypothesis that ammonia (NH3)

rather than ammonium (NH4
+) is the actual substrate

and that at higher concentrations ammonia becomes
inhibiting. This hypothesis has been verified in this
study, while the corresponding parameter values
for a partial nitritation SHARON reactor have
been determined. Nitrous acid (HNO2) inhibition,
not discussed by Anthonisen et al.,6 has also been
investigated. In general Monod type expressions are
used for the influence of ammonia and nitrous acid.

The influence of temperature on biological activity is
most often modelled by an Arrhenius-type of equation:

µ(T) = µ(Tr)eθ(T−Tr) (1)

where µ(T) is the maximum specific growth rate
µ at the actual temperature T , Tr is the reference
temperature (often taken as 20 ◦C) and θ is the
Arrhenius constant. The Arrhenius constant for
autotrophs can be calculated with the activation energy
(Eact) of the autotrophic biomass:7

θ = Eact

(R 293(T + 273))
(2)

where R is the universal gas constant (8.31 J mol−1

K−1). As the activation energies of aerobic ammonium
oxidation ranges in the literature from 60 to
72 kJ mol−1,8–11 the value for θ lies in the range
0.085 to 0.1. This equation, however, does not
take the decrease of activity at temperatures above
40 ◦C into account. Therefore equations such as the
Hinshelwood model

µ = k1 e
− E1

R(T + 273) − k2e
− E2

R(T + 273) (3)

and the modified Rathowsky model12

µ = [b(T − Tmin)]2{1 − ec(T−Tmax)} (4)

were put forward.
The Hinshelwood model is based on the fundamen-

tal Arrhenius model, E1 and E2 are the activation
energies of the reaction and the high-temperature
denaturation respectively, but the parameters are
strongly correlated and are therefore very difficult to
estimate. The modified Rathowsky model has no bio-
logical basis but was shown to be the most suitable
to describe the specific growth rate as a function of
temperature.12 The parameters Tmin and Tmax are the
minimum and maximum temperature at which growth
is observed. The parameters b and c are two parameters
without biological basis.

The effect of pH on biological activity is normally
less pronounced than the effect of temperature because
the cell is reasonably well able to regulate its internal
hydrogen ion concentration in the face of adverse
external concentrations, though the maintenance
energy required to do this is obviously affected. In
addition, the pH of the external medium has an
important effect on the structure and permeability of
the cell membrane.13 Typically bell-shaped functions
as given in Eqns (5)5 and (6)14 are used to model this
pH dependency:

µ = µmax 1

1 + 10 pK1−pH + 10 pH−pK2
(5)

µ = µmax KpH

KpH − 1 + 10|pHopt−pH| (6)

In this contribution Eqn (6) was chosen, because the
data obtained showed a better fit to this equation.
Based on the above considerations, the following
expression for the growth rate of ammonium oxidizers
is proposed:

µNH = µNH
max

SNH3

SNH3 + KNH
NH3

KNH
I,NH3

SNH3 + KNH
I,NH3

× KNH
I,HNO2

SHNO2 + KNH
I,HNO2

SO2

SO2 + KNH
O2

× KpH

KpH − 1 + 10|pHopt−pH|

× [b(T − Tmin)]2{1 − ec(T−Tmax)} (7)
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To allow the determination of the ammonia affinity
constant (KNH

NH3
), the ammonia inhibition constant

(KNH
I,NH3

) and the nitrous acid inhibition constant
(KNH

I,HNO2
), batch experiments with SHARON sludge

were carried out at two different temperatures (25 and
35 ◦C) and three different values of pH (6.5, 7 and
7.5).

The oxygen affinity constant (KNH
O2

) was determined
with a similar experiment. Further the maximum
growth rate µNH

max and the influence of temperature
and pH on the maximum oxygen uptake rate (OUR)
were assessed.

MATERIALS AND METHODS
SHARON reactor for sludge sampling
Sludge for the experiments was sampled from a
lab-scale SHARON reactor.15 The reactor is a 2 L
continuously stirred tank reactor (CSTR) without
biomass retention. The synthetic influent is pumped
with a peristaltic pump from the 5 L influent vessel to
the reactor. The reactor is aerated through a pumice
stone using air from a compressor (1 bar overpressure).
The temperature of the reactor is controlled at 35 ◦C.
In the reactor the dissolved oxygen (DO) and pH are
measured. Data logging is performed using Labview

software (National Instruments, Austin, TX, USA).
During the period in which the experiments were

performed the reactor was operated without pH
control, at an influent total ammonia nitrogen (TAN)
concentration of 500, 1000 or 2000 mgTAN-N L−1, at
a hydraulic residence time (HRT) of 1.54 d and a total
ammonia nitrogen over total inorganic carbon ratio
(TAN:TIC) of 1:1. Reactor performance is expressed
in Fig. 1, where the influent TAN concentration and
the effluent TAN, TNO2 and nitrate concentration
are depicted. Effluent concentrations are expressed as
percentages of total effluent nitrogen concentration
for easy comparison between both operating modes
(different influent concentrations). At the time of the
experiments the reactor operation was very stable,
producing an effluent that consisted, on average, of

56% TNO2, 43.5% TAN and 0.5% nitrate. This low
nitrate concentration indicates that the oxygen uptake
activity measured during the batch experiments will
be attributed to ammonium oxidizer activity only.
This was further evidenced by the semi-quantitative
determination of the nitrate concentration with test
strips after each experiment. This semi-quantitative
determination revealed that nitrate was present in
none of the experiments. As such OUR can be linked
to ammonium oxidizer activity only.

For a determination of the maximum specific growth
rate (see below), a stable period of 24 days was selected
during which the HRT was 1.54 days, the influent
TIC:TAN ratio was 1:1, the influent concentration
was 2000 mgTAN-N L−1 and the reactor temperature
was 35 ◦C. The average pH was 6.83. The average
effluent TAN, TNO2, NO3

−, NH3, HNO2 and DO
concentrations in this period were 1064 mgTAN-
N L−1, 1202 mgTNO2-N L−1, 8 mgNO3

−-N L−1,
10.24 mgNH3-N L−1, 0.37 mgHNO2-N L−1 and
6.07 mgO2 L−1 respectively. The sum of the effluent
concentrations is about 10% higher than the influent
concentrations because of evaporation, as discussed
by Van Hulle et al.15

Batch experiments for estimation of affinity and
inhibition constants
General methodology
Respirometric batch experiments16 with the SHARON
sludge were performed to assess the ammonia affinity
constant, the nitrous acid inhibition constant, the
oxygen affinity constant and the influence of pH and
temperature on the maximum specific growth rate.
Figure 2 displays a schematic representation of the
experimental set-up.

In the experimental set-up, OUR was measured,
and was assumed to be proportional to the maximum
specific growth rate. If a constant biomass yield
is assumed then the OUR is proportional to the
maximum specific growth rate according to:

OURNH = 3.43 − YNH

YNH
µNH XNH (8)
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Figure 1. Lab-scale SHARON influent TAN concentration (−) and effluent TAN (�), TNO2 (�) and nitrate (x) concentration during the experimental
period.
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Figure 2. Schematic representation of the experimental set-up used for determining the influence of temperature and pH on the kinetics of the
SHARON nitritation process.
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Figure 3. Raw data of a typical experiment conducted for the
determination of the SHARON kinetics.

This hypothesis of constant biomass yield is not always
valid, certainly when maintenance effects start playing
a role.

Oxygen uptake rates were determined by turning
off the aeration in the reactor and recording the
drop in DO concentration. The slope of this DO
concentration versus time plot equals the OUR (i.e.
OUR = dDO/dt). Linking this OUR to the conditions
in the reactor (temperature, pH, ammonium and
nitrite concentration, . . .) gives information on the
kinetics of the SHARON process. Raw data from a
typical experiment is depicted in Fig. 3.

Aeration through the headspace was always smaller
than 5% of the OUR. Hence, the error introduced by
this aeration in the DO balance used for the OUR
determination can be assumed negligible.

Before each experiment the sludge was washed with
softened water to ensure that no ammonium or nitrite
was present at the beginning of the experiment. The
same softened water was used for influent preparation
of the SHARON reactor to ensure a similar osmotic
pressure during the experiments as during normal
sludge conditions.

Ammonia affinity constant and inhibition constant
Batch tests at two different temperatures (25 and
35 ◦C) and three different values of pH (6.5, 7 and
7.5) were performed for the determination of KNH

NH3
.

In every batch test sequential additions of (NH4)2SO4

were carried out leading to an accumulated amount
of TAN as depicted in Table 1. After each addition
the OUR was determined. (NH4)2SO4 was used as
ammonium source in the experiments as (NH4)2SO4

is also used as substrate in the synthetic influent.
Before and after every oxygen drop a sample was taken
for TAN (total ammonia nitrogen, ammonium +
ammonia) analysis. In this way, OUR can be linked to
TAN concentration.

A similar experiment to determine ammonia
inhibition was conducted at 35 ◦C and pH 8. This
last experiment was performed 3 months after the
other experiments, but with sludge from the same
reactor.

Nitrous acid inhibition constant
Similar batch tests as for the determination of
KNH

NH3
were conducted to determine the nitrous acid

inhibition constant. Before the experiment, an excess
of 1000 mgTAN-N L−1 was added to the reactor
to exclude substrate limitation. In every batch test
sequential additions of KNO2 were carried out
(Table 1) and after each addition the OUR was
determined. Before and after every oxygen drop a
sample was taken for subsequent TNO2 (total nitrite
nitrogen, nitrous acid + nitrite) analysis.

Oxygen affinity constant
Again batch tests at two different temperatures (25 and
35 ◦C) and three different values of pH (6.5, 7 and
7.5) were performed for the determination of KNH

O2
.

In every batch test an excess of 1000 mgTAN-N L−1
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Table 1. Applied cumulative substrate concentration, pH and temperature profiles for the corresponding kinetic experiments performed in this

study. Each column of the table is independent and not related to numbers on the same row

Ammonia affinity
constant

Ammonia
inhibition constant

Nitrous acid
inhibition constant

Influence of
pH Influence of T

Experiment

Accumulated TAN
concentration

[mgTAN-N L−1]

Accumulated TAN
concentration

[mgTAN-N L−1]

Accumulated
TNO2 concentration

[mgTNO2-N L−1] pH value
T

[◦C]

10 100 100 7 15
25 250 300 6.75 20
50 500 500 7.25 25
75 1000 700 6.5 30

100 2000 900 7.5 35
200 3000 1100 6.25 40
300 4000 1300 7.75 45
500 5000 1500 6 50

1000 6000 1700 8
2000 7000 1900 5.75

8000 2000 8.25
9000 5.5

10 000 8.5
20 000 5.25

8.75
5
9

was added. Aeration was turned off. The drop in DO
concentration was recorded until the concentration
reached 0.1 mgO2 L−1. Plotting the time derivative of
the DO concentration versus the concentration itself
yields a Monod curve expressing oxygen limitation of
the OUR.

Maximum OUR
To exclude substrate limitation, an excess of substrate
(1000 mgTAN-N L−1) was first added to the reactor.
The pH was varied between 5 and 9 in steps of 0.25
(Table 1) at temperatures of 25 ◦C and 35 ◦C. For
every pH value the maximum OUR was determined
twice and was linked to pH.

A similar experiment was conducted for the tem-
perature dependency. This time six different tem-
perature setpoints (15, 20, 25, 30, 35 and 40 ◦C)
were applied, keeping pH constant at 7. The tem-
peratures in the experiment were applied in an
increasing order because of practical considera-
tions.

Chemical analysis
Concentrations of TAN and TNO2 were analyzed
after proper dilution using spectrophotometric meth-
ods (Dr Lange GmbH, Germany) according to Stan-
dard Methods.17 Every sample was analyzed twice.
The absence of TAN and TNO2 at the begin-
ning and NO3

− at the end of the experiment was
checked semi-quantitatively with test strips (Merck-
oquant, www.vwr.com). The dissolved oxygen was
measured by Ingold (Mettler Toledo) Clarck type
oxygen electrode. The pH was measured with a glass
electrode.

0

20

40

60

80

100

0 200 400 600 800 1000 1200 1400 1600 1800 2000

TAN concentration [mgTAN-N/L]

O
U

R
 [

%
]

pH = 6.5 pH = 7 pH = 7.5

Figure 4. Process kinetics expressed as a percentage of OURmax

and TAN concentration obtained at 35 ◦C. These curves show that for
each experiment a different affinity constant would be obtained if
expressed in terms of the TAN concentration.

Parameter estimation
Parameter estimation was performed with the WEST

modelling and simulation software.4

RESULTS AND DISCUSSION
Ammonia affinity and inhibition constant
Figure 4 summarizes the OUR values measured at
different TAN concentrations, for different pH values
at 35 ◦C. These three Monod curves are expressed
in percentages, referring to the highest OUR value
for each experiment to enable comparison between
the different experiments. It can be seen from Fig. 4
that for each experiment a different affinity constant
would be obtained if expressed in terms of the TAN
concentration. A higher pH results in a lower affinity
constant for TAN: the TAN concentration at which
the OUR reaches half of its maximum value is then
lower.
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Figure 5. Process kinetics expressed as a percentage of OURmax

and NH3 concentration obtained at 35 ◦C. This data shows that
Monod curves coincide if expressed in NH3 concentration.

In order to test Anthonisen’s hypothesis that the
uncharged ammonia is the actual substrate for the
ammonium oxidizers, the Monod curves of the
three experiments aree expressed in terms of NH3

concentration in Fig. 5. From

TAN = NH3 + NH+
4 (9)

and

Ke,NH+
4

= NH3 · H+

NH+
4

= 1.13 10−9 at 35 ◦C (10)

the fraction of total ammonium present in the form of
uncharged ammonia (NH3) is given by

SNH3 = STAN

1 + 10−pH

Ke,NH+
4

(11)

Figure 5 shows that the Monod curves now coincide:
the ammonia affinity constant, reflecting the concen-
tration of uncharged ammonia at which the OUR
reaches half of its maximum value, remains almost
constant for varying pH.

The same experiment was conducted at 25 ◦C. In
order to compare experimental results at the two tem-
peratures (25 ◦C and 35 ◦C) two temperature (T in K)
dependencies for the equilibrium constant (Eqn (12)6

and Eqn (13)18) were used. Both dependencies yield
the same result.

Ke,NH+
4

= e
−6344

T + 273 (12)

Ke,NH+
4

= 10
−
(

2835.8
T + 273−0.6322+0.00123(T +273)

)
(13)

In Fig. 6 all collected experimental data (at two
temperatures) are given as a function of the NH3

concentration. This NH3 concentration was calculated
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Figure 6. Process kinetics expressed as a percentage of OURmax

and NH3 concentration, showing the coincidence of different
experimental results if expressed in terms of NH3 concentration.

Table 2. Resulting TAN affinity constants expressed in mgTAN-N L−1,

indicating the wide range of values obtained at different pH and

temperatures

pH

6.5 7 7.5

T [◦C]
25 420.1 133.4 42.7
35 210.8 67.2 21.7

with the temperature dependent equilibrium constant
and the measured TAN concentration using Eqn (10).

All data clearly overlap, indicating that NH3

rather than NH4
+ is the actual substrate. The

affinity constant for ammonia can be considered to
be independent of pH and temperature and was
determined to be 0.75 ± 0.052 mgNH3-N L−1. All
experimental data except the experiment at 25 ◦C and
pH 6.5 (because of experimental problems) were used
for this parameter estimation.

In Table 2 the resulting affinity constants for the
different experiments (T = 25 and 35 ◦C, pH = 6.5,
7, 7.5) expressed in mgTAN-N L−1 are given. Large
differences exist between the affinity constants. Inde-
pendent of the experiment it can be seen that the
ammonium affinity constant is high compared to val-
ues found in the literature for normal nitrifying sludge
(0.06–27.5 mgTAN L−1;19 0.034 mgNH3 –N L−1 at
20 ◦C20), although Suzuki et al.21 found a fairly high
affinity constant of 0.32 mgNH3 –N L−1 between 6.5
and 8.5 in cell-free extracts of Nitrosomonas europaea.
A possible explanation is that the SHARON organisms
are exposed to high ammonia concentrations and, as
such, are not selected for their substrate affinity.

A similar high affinity constant was found by
Hellinga et al.22 for their SHARON reactor (KNH

NH3
=

0.47 mgNH3 –N L−1 at 35 ◦C and pH 7) and Hunik
et al.23 for a pure culture of Nitrosomonas europea
(KNH

NH3
= 0.3 mgNH3 –N L−1 at 35 ◦C and pH 7).

Wyffels et al.24 used an ammonia affinity constant of
0.85 mgNH3 –N L−1 to simulate a partial nitritation
OLAND reactor. The value for this ammonia
affinity constant was calculated based on model-based
evaluation of reactor performance.
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Figure 7. Process kinetics expressed as a percentage of OURmax

and NH3 concentration (35 ◦C and pH = 8) showing inhibition of the
nitritation kinetics at high NH3 concentrations.

Ammonia inhibition was detected only in an
experiment at pH 8 at concentrations above
300 mgNH3-N L−1 as can be seen from Fig. 7. The
high ammonia concentration present in the lab-scale
SHARON reactor from which the sludge was sam-
pled might explain this absence of inhibition. The
SHARON organisms are adapted to high ammonia
concentrations.

This is in contrast with the findings of Groe-
neweg et al.25 who observed TAN inhibition at pH
8 at concentrations above 100 mgTAN-N L−1 or
10 mgNH3-N L−1.

Hellinga et al.21 performed a similar experiment at
40 ◦C and pH 7 and found no inhibition until concen-
trations of 6000 mgNH4-N L−1 or 93 mgNH3-N L−1.
The decrease of OUR in this experiment can probably
be attributed to salinity effects.26,27

Inhibition of ammonia was therefore not considered
further in this study aiming at optimizing the
SHARON reactor for the treatment of, for example,
digester effluent, which has a typical influent TAN
concentration of 1 gTAN-N L−1. The Monod term
dealing with ammonia inhibition was therefore omitted
from the kinetic expression.

Nitrous acid inhibition constant
The inhibition by TNO2 at two different pH-values
and two different temperatures is given in Fig. 8. The
curves are again expressed in TNO2 concentration and
percentage relative to the highest OUR at the given
temperature and pH. Clearly, the TNO2 inhibition
coefficient is different for the different cases but the
temperature dependency is not significant.

Results for the six different experiments are again
summarized in one figure (Fig. 9) by expressing the
Monod curves in terms of HNO2, using

SHNO2 = STNO2

1 + Ke,HNO2

10−pH

(14)

where Ke,HNO2 is the acidity constant of the
nitrite/nitrous acid equilibrium (HNO2 ↔ NO2

− +
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OURmax and TNO2 concentration obtained at 35 ◦C. Bottom: Process
kinetics expressed as a percentage of OURmax and TNO2

concentration obtained at pH 7.5. These curves show that for each
experiment a different inhibition constant would be obtained if
expressed in terms of the TNO2 concentration.
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concentration, showing the coincidence of different experimental
results if expressed in terms of HNO2 concentration.

H+). For this equilibrium constant a temperature (T in
K) dependency was used as given by5

Ke,HNO2 = e
−2300

T + 273 (15)

From Fig. 9 it is clear that HNO2 is the real
inhibitor since all curves now coincide, although less
pronounced than for the affinity constant. This HNO2

inhibition was not found by Anthonisen et al.6

Note that the inhibition curve is only determined
up to 60% inhibition. This is because the experiments
were stopped at 2000 mgTNO2-N L−1, which is in
practice the upper level for TNO2 concentrations in
a SHARON reactor treating digester effluent. Also,
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Figure 10. Process kinetics expressed in percent and O2

concentration for KO2,NH determination.

from Fig. 9 KI,HNO2 could be determined to be 2.04 ±
0.017 mgHNO2-N L−1. This time all six experiments
could be included for parameter estimation. The
value is tenfold higher than the one determined by
Hellinga et al.22 (0.203 mgHNO2-N L−1 at pH 7 and
T = 35 ◦C), indicating high nitrous acid resistance,
possibly because the system has run at higher
concentrations resulting in adaptation of the biomass.

Oxygen affinity constant
No real influence of pH and/or temperature on KNH

O2

was noticed in the different experiments in which the
OUR evolution as a function of a lowering oxygen
concentration was observed. The average KNH

O2
was

determined to be 0.94 ± 0.091 mgO2 L−1. This value
is well within the range of values found in the
literature for activated sludge nitrifiers in general and
ammonium oxidizers in particular (0.16–2 mgO2 L−1,
as recently summarized by Guisasola et al.28). As an
example, the results from three experiments at pH 7
and 25 ◦C are depicted in Fig. 10.

Maximum specific growth rate
The maximum specific growth rate (µNH

max) was
determined from the parameters estimated above in
dedicated batch experiments, as well as from steady
state data from the continuous SHARON reactor over
a 24 day period.15 Inserting the 24 daily measurements
one by one in the following well-known chemostat
equation

D = 1
HRT

= µNH

= µNH
max

CNH3

CNH3 + KNH
NH3

KNH
I,HNO2

CHNO2 + KNH
I,HNO2

× CO2

CO2 + KNH
O2

(16)

gives µNH
max = 1.0 ± 0.2 d−1.

This value is lower than normally found in the
literature (e.g. 1.5 d−1 at 35 ◦C and pH 721), possibly
because pH has a direct effect on the specific growth
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Figure 11. Influence of pH at 25 ◦C and 35 ◦C on the OUR.

rate, which is not taken into account in the above
equation.

In order to investigate the direct influence of pH
at two different temperatures (25 ◦C and 35 ◦C) the
OUR of the SHARON organisms at varying pH was
measured (Fig. 11). The pH experiment was designed
in such a way that within the normal pH operational
conditions of the SHARON reactor (pH between 6
and 8) the measured pH effect was intrinsic and not
influenced by nitrous acid inhibition. At the time
of the experiment the influent TAN concentration
was 1000 mgTAN-N L−1 and the HRT was 1.54 d,
while the average TAN removal was 50%. This means
that about 325 mgTAN-N L−1 d is converted into
TNO2. The experiment lasted 3 h, which means that
at these conditions a maximum of 40 mgTNO2-N L−1

will be formed. A concentration of 40 mgTNO2-N L−1

corresponds with 0.089 mgHNO2-N L−1 at pH 6 and
0.87 mgHNO2-N L−1 at pH 5. This means that for
the typical operation range of the SHARON reactor
(pH 6–8), the nitrous acid inhibition during the pH
influence experiments was limited to a maximum
5–10%, as can be concluded from Fig. 9. Again curves
are expressed in percent relative to the highest OUR
for the given temperature. This OUR was fitted to

OUR [%] = 100
KpH

KpH − 1 + 10|pHopt−pH| (17)

with KpH and pHopt estimated to be 8.21 ± 0.87 and
7.23 ± 0.027 respectively. According to this equation a
pH of 6.8 would lead to approximately 20% reduction
in OUR. So, at an optimal pH of 7.23 the µmax would
be 1.25 d−1 compared to 1.0 d−1 at pH 6.8. Figure 11
has an important engineering conclusion, i.e. there
exists a narrow pH interval between 6.5 and 8 where
the growth rate is optimal.

In Fig. 12 the influence of temperature on the
OUR of the SHARON organisms determined in two
independent batch tests at pH 7 is depicted. This
OUR was fitted to the modified Ratkowsky model12

(T in ◦C), given by

OUR = 100[b(T − Tmin)]2 {
1 − ec(T−Tmax)

}
(18)

478 J Chem Technol Biotechnol 82:471–480 (2007)
DOI: 10.1002/jctb



Influence of temperature and pH on the nitritation process

0

20

40

60

80

100

10 20 30 40 50 60

Temperature [°C]

O
U

R
 [

%
]

Experiment 1
Experiment 2
Fit

Figure 12. Influence of temperature at pH 7 on the OUR.

with b = 0.045 ± 0.002, c = 0.0459 ± 0.0068, Tmin =
10.12 ± 0.76 and Tmax = 56.06 ± 1.00. It is clear that
temperatures between 35 ◦C and 45 ◦C are optimal
for the SHARON process. However, only short-term
temperature effects were investigated here. Long-term
exposure to a different temperature would lead to
adaptation and temperatures above 40 ◦C would to
lead to deactivation.

CONCLUSIONS
In this study the kinetics of the SHARON nitrita-
tion process were assessed. Batch experiments at two
different temperatures (25 and 35 ◦C) and three dif-
ferent pH values (6.5, 7 and 7.5) with SHARON
sludge clearly confirmed that ammonia rather than
ammonium is the actual substrate for ammonium oxi-
dizers. From these experiments the ammonia affinity
constant was determined to be 0.75 mgNH3-N L−1,
and was found not to depend on pH or temper-
ature. In contrast with the findings of Anthonisen
et al.,6 ammonia inhibition of ammonium oxidizers
was only detected at high concentrations. This can be
attributed to adaptation of the SHARON process to
high ammonia concentrations.

Further, similar inhibition-focused experiments
have shown that nitrous acid rather than nitrite is
the actual inhibitor of the SHARON organisms. For
the nitrous acid inhibition coefficient, a value of
2.04 mgHNO2-N L−1 was found, also independent of
pH and temperature.

The oxygen affinity constant was determined to be
0.94 mgO2 L−1, independent of pH and temperature.

The direct influence of pH and temperature on
the maximum OUR of SHARON biomass was
determined, indicating the existence of a narrow pH
and temperature interval between 6.5 and 8 and 35
and 45 ◦C, respectively, where the OUR is optimal.

The parameter values determined in this study will
now be implemented in a simulation model for further
optimization of the SHARON process.

ACKNOWLEDGEMENTS
This study was supported by the EU by means of
the ICON project, no. EVK1-CT2000-054. Peter

Vanrolleghem is Canada Research Chair in Water
Quality Modelling.

REFERENCES
1 Mulder A, van de Graaf AA, Robertson LA and Kuenen JG,

Anaerobic ammonium oxidation discovered in a denitrifying
fluidized bed reactor. FEMS Microbiol Ecol 16:177–184
(1995).

2 van Dongen U, Jetten MSM and van Loosdrecht MCM, The
SHARON-Anammox process for treatment of ammonium
rich wastewater. Water Sci Technol 44:153–160 (2001).

3 Jetten MSM, Horn SJ and van Loosdrecht MCM, Towards a
more sustainable wastewater treatment system. Water Sci
Technol 35:171–180 (1997).

4 Vanhooren H, Meirlaen J, Amerlinck Y, Claeys F, Vangheluwe
H and Vanrolleghem PA, Modelling biological wastewater
treatment. J Hydroinformatics 5:27–50 (2003).

5 Dochain D and Vanrolleghem PA, Dynamical Modelling and
Estimation in Wastewater Treatment Processes. IWA Publishing,
London (2001).

6 Anthonisen AC, Loehr RC, Prakasam TBS and Srinath EG,
Inhibition of nitrification by ammonia and nitrous acid.
J Water Pollut Control Fed 48:835–852 (1976).

7 Hao X, Heijnen JJ and van Loosdrecht MCM, Model-based
evaluation of temperature and inflow variations on a
partial nitrification-ANAMMOX biofilm process. Water Res
36:4839–4849 (2002).

8 Jetten MSM, Strous M, van de Pas-Schoonen KT, Schalk J,
van Dongen UGJM, Van De Graaf AA, et al, The anaerobic
oxidation of ammonium. FEMS Microbiol Rev 22:421–437
(1999).

9 Helder W and De Vries RTP, Estuarine nitrite maxima and
nitrifying bacteria (Ems-Dollard estuary). Netherlands J Sea
Res 17:1–18 (1983).

10 Knowles G, Downing AL and Barrett MJ, Determination of
kinetic constants for nitrifying bacteria in mixed culture, with
the aid of electronic computer. J Gen Microbiol 38:263–278
(1965).

11 Stratton FE and McCarty PL, Microbiological aspects of
ammonia oxidation of swine waste. Canadian J Microbiol
37:918–923 (1967).

12 Zwietering MH, de Koos JT, Hasenack BE, de Witt JC and
van’t Riet K, Modeling of bacterial growth as a function of
temperature. Appl Environ Microbiol 57:1094–1101 (1991).

13 Sinclair CG, Microbial process kinetics. In: Basic Biotechnology,
ed. by Bu’lock J and Kristiansen B. Academic Press, London,
pp. 75–131 (1988).

14 Henze M, Harremoes P, LaCour Jansen J and Arvin E, Wastew-
ater Treatment: Biological and Chemical Processes. Springer-
Verlag, Berlin (1995).

15 Van Hulle SWH, Van Den Broeck S, Maertens J, Villez K,
Donckels BMR, Schelstraete G, et al, Construction, start-
up and operation of a continuously aerated laboratory-scale
SHARON reactor in view of coupling with an Anammox
reactor. Water SA, 31:327–334 (2005).

16 Spanjers H, Vanrolleghem P, Olsson G and Dold P, Respirom-
etry in control of activated sludge processes. Water Sci Technol
34:117–126 (1996).

17 American Public Health Association Inc. (APHA), Standard
Methods for the Examination of Water and Wastewater, 18th
edn. New York (1992).

18 Helgeson HC, Complex dissociations in aqueous solutions at
elevated temperatures. J Phys Chem 71:3121–3136 (1967).

19 Pynaert K, Nitrogen removal in wastewater treatment by means
of oxygen-limited autotrophic nitrification-denitrification.
PhD thesis, Ghent University, Faculty of Applied Biological
Sciences (2003).

20 Wiesmann U, Biological nitrogen removal from wastewater, in
Advances in Biochemical Engineering/Biotechnology, 51, ed. by
Fiechter A. Springer-Verlag, Berlin, pp. 113–154 (1994).

J Chem Technol Biotechnol 82:471–480 (2007) 479
DOI: 10.1002/jctb



SWH Van Hulle et al.

21 Suzuki I, Dular U and Kwok SC, Ammonia or ammonium ion
as substrate for oxidation by Nitrosomonas europaea cells and
extracts. J Bacteriol 120:556–558 (1974).

22 Hellinga C, van Loosdrecht MCM and Heijnen JJ, Model
based design of a novel process for nitrogen removal
from concentrated flows. Math Comput Model Dynam Syst
5:351–371 (1999).

23 Hunik JH, Meijer HJG and Tramper J, Kinetics Nitrosomonas
europaea at extreme substrate, product and salt concentra-
tions. Appl Microbiol Biotechnol 37:802–807 (1992).

24 Wyffels S, Van Hulle SWH, Boeckx P, Volcke EIP, Van Cleem-
put O, Vanrolleghem PA, et al, Modelling and simulation
of oxygen-limited partial nitritation in a membrane-assisted
bioreactor (MBR). Biotechnol Bioeng 86:531–542 (2004).

25 Groeneweg J, Sellner B and Tappe W, Ammonia oxida-
tion in nitrosomonas at NH3 concentrations near Km:

Effects of pH and temperature. Water Res 28:2561–2566
(1994).

26 Moussa MS, Lubberding HJ, Hooijmans CM, van Loos-
drecht MCM and Gijzen HJ, Improved method for deter-
mination of ammonia and nitrite oxidation activities in mixed
bacterial cultures. Appl Microbiol Biotechnol 63:217–221
(2003).

27 Mosquera-Corral A, Gonzalez F, Campos JL and Méndez R,
Partial nitrification in a SHARON reactor in the presence
of salts and organic carbon compounds. Process Biochem
40:3109–3118 (2005).

28 Guisasola A, Jubany I, Baeza JA, Carrera J and Lafuente J,
Respirometric estimation of the oxygen affinity constants for
biological ammonium and nitrite oxidation. J Chem Technol
Biotechnol 80:388–396 (2005).

480 J Chem Technol Biotechnol 82:471–480 (2007)
DOI: 10.1002/jctb


