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Abstract:
Bioﬁlms of the ammonia oxidizing bacterium Nitrosomonas europaea were cultivated to study microbial processes
associated with ammonia oxidation in pure culture. We explored the hypothesis that the kinetic parameters of ammonia
oxidation in N. europaea bioﬁlms were in the range of those determined with batch suspended cells. Oxygen and pH
microelectrodes were used to measure dissolved oxygen (DO) concentrations and pH above and inside bioﬁlms and
reactive transport modeling was performed to simulate the measured DO and pH proﬁles. A two dimensional (2-D) model
was used to simulate advection parallel to the bioﬁlm surface and diffusion through the overlying ﬂuid while reaction and
diffusion were simulated in the bioﬁlm. Three experimental studies of microsensor measurements were performed with
bioﬁlms: i) NH3 concentrations near the Ksn value of 40mM determined in suspended cell tests ii) Limited buffering
capacity which resulted in a pH gradient within the bioﬁlms and iii) NH3 concentrations well below the Ksn value. Very
good ﬁts to the DO concentration proﬁles both in the ﬂuid above and in the bioﬁlms were achieved using the 2-D model.
The modeling study revealed that the half-saturation coefﬁcient for NH3 in N. europaea bioﬁlms was close to the value
measured in suspended cells. However, the third study of bioﬁlms with low availability of NH3 deviated from the model
prediction. The model also predicted shifts in the DO proﬁles and the gradient in pH that resulted for the case of limited
buffering capacity. The results illustrate the importance of incorporating both key transport and chemical processes in a
bioﬁlm reactive transport model.
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Introduction:
Kinetic parameters in bioﬁlms are difﬁcult to determine experimentally due to mass transfer limitations that
result in gradients of substrates and heterogeneous activity within a bioﬁlm (Rieﬂer and Smets 2003). Reactive
transport modeling is a very useful tool for simulating microbial reaction rates within bioﬁlms (Bernet et al.,
2005; Masic et al., 2010). The kinetic parameters determined for enzymatic reactions in batch or suspended
systems of an organism or consortium are sometimes used to represent the kinetics of those reactions in bioﬁlms
(Bernet et al., 2005; Mirpuri et al., 1997; Park et al., 2010). However, phenotypic and physiological differences
between suspended and bioﬁlm cells have been observed and can inﬂuence metabolic reactions (Costerton et al.,
1999; Lazazzera 2005; Monds and O’Toole 2009; Stewart and Franklin 2008). More research on autotrophic
bacteria is needed to conﬁrm that the modeled reaction kinetics in suspended cells can be applied to bioﬁlms.
Particularly, the enzymatic reaction catalyzing ammonia oxidation may be inﬂuenced by bioﬁlm formation due
to different levels of enzyme production during bioﬁlm growth and maintenance. In this work, we examined
kinetics of ammonia oxidation in both suspended cultures and bioﬁlms of the ammonia oxidizing bacterium,
Nitrosomonas europaea by comparing direct measurements to simulations using a reactive transport model.
Ammonia oxidizing bacteria (AOB) are a group of bacteria that oxidize ammonia to nitrite, the ﬁrst step of
nitriﬁcation. N. europaea is an AOB that has been well-characterized in pure cultures of suspended cells (Arp et
al., 2002), making it an ideal model AOB for kinetic studies. To effectively model nitrifying bioﬁlms, the kinetic
parameters for ammonia oxidation must be evaluated in a bioﬁlm. It should be noted that N. europaea oxidizes
NH3 and not NH4+, thus the pH dependent speciation of ammonia must be incorporated into a reactive transport
model.
Bioﬁlm kinetics have been evaluated using models that correlate bulk measurements of microbial activity to
reaction and diffusive mass transport (Park and Bae 2009; Perez et al., 2005). However, the use of
microelectrodes allows for spatially resolved measurement of species, such as dissolved oxygen (DO) and pH,
inside of bioﬁlms (Gieseke and deBeer 2004; Revsbech and Jorgensen 1986). Microelectrodes have been used to
measure concentration proﬁles

in nitrifying bioﬁlms to determine rates of nitrifying activity
(Gieseke et al., 2003; Okabe et al., 1999; Okabe et al., 2002) and
kinetic parameters (Schramm et al., 1999); and to evaluate kinetic
parameters in bioﬁlms without consideration of transport and ﬂuid
ﬂow effects (Yurt et al., 2003; Zhou et al., 2008). The concentration
proﬁles can also be used as direct measurements for model
calibration (Masic et al., 2010; Yurt et al., 2003). The model
developed here includes both diffusive and advective transport of
solutes and reaction kinetics within the bioﬁlm.
Fluid ﬂow has been incorporated into some bioﬁlm models, and
thus transport occurs in two directions, with the ﬂuid ﬂow (parallel
to the bioﬁlm surface) and by diffusion into the bioﬁlm; thus a 2-D
geometry is often required for modeling the advective transport of
species between an overlying ﬂuid phase and the bioﬁlm (Eberl and
Sudarsan 2008). A reactive transport model (RTM) used to evaluate
bioﬁlm kinetics must incorporate (i) the effect of advective
transport in the ﬂuid phase, (ii) the diffusive mass transfer from the
ﬂuid phase to the bioﬁlm, and (iii) diffusive transport within the
bioﬁlm.
The research presented here uses microelectrode measurements
and a 2-D reactive transport model to evaluate the kinetics of
ammonia oxidation in pure culture bioﬁlms of N. europaea. The
goals of this research were to: develop a 2-D RTM simulating
autotrophic AOB bioﬁlms that included mass transport both in the
ﬂuid and the bioﬁlm and aqueous species equilibria; and evaluate
the kinetic parameters for NH3 oxidation by N. europaea in bioﬁlms
by calibrating the model with experimental pH and DO measurements in the bioﬁlms. Such a study has not been previously
performed with a pure culture nitrifying bioﬁlm. Three studies that
integrated experimental microsensor measurements and modeling
were conducted to achieve these goals. In Study I, microelectrode
experiments under buffered conditions were performed at varying
concentrations of NH3 to evaluate kinetics and transport. In Study
II, pH buffer concentration was reduced to explore the effect of pH
gradients inside the bioﬁlm on microbial kinetics. Finally, for Study
III the afﬁnity of bioﬁlm cells towards NH3 was determined by
evaluating the kinetics of NH3 oxidation under NH3 limited
conditions.

Experimental Procedures
Bacterial Cultures
Batch cultures of N. europaea cells (ATCC strain 19718) were grown
for bioﬁlm reactor inoculation and suspended batch tests. Cell
cultivation was performed in 4-L ﬂasks containing 2 L of medium as
described previously (Radniecki et al., 2008). The ﬂasks were
inoculated with 25 mL of N. europaea culture and shaken
(100 RPM) at 30 C in the dark and cells were harvested upon
reaching late exponential phase on day 3 (OD600 ¼ 0.07).
Batch Tests
For batch tests, N. europaea cultures were harvested in late
exponential phase, centrifuged at 9000 RPM and suspended in
30 mM HEPES buffer adjusted to pH 7.8 with NaOH. Cells were
added to 155 mLWheaton bottles with septa caps containing 50 mL

of medium and the ﬁnal cell concentration was 6 mg protein L1.
The bottles were shaken (200–250 RPM) for 3 h at 30 C and NO2production was monitored by extracting liquid samples at 30-min
intervals and performing a colorimetric assay for NO2(Hyman and Arp 1995).
Biofilm Reactor
A drip ﬂow bioﬁlm reactor (DFR) was used to cultivate bioﬁlms of
N. europaea according to standard methods developed (Goeres
et al., 2009) with some modiﬁcations to the pumping rate and
medium composition (Lauchnor et al., 2011). Details on the DFR
operation and a schematic can be found in the Supporting
Information (Fig. S1).
Oxygen and pH Microsensor Measurements
After being cultivated to steady-state, determined by levels of
NO2- production, mature bioﬁlm samples on glass slide coupons
(7.5 cm x 2.5 cm) were removed from the DFR channels (10.16 cm
 2.55 cm) for microsensor measurements. The coupon
containing the bioﬁlm was placed inside a ﬂow cell connected
to a 5 L media reservoir maintained at 25 C with a recirculating
heater and open to the atmosphere (Table SI and Fig. S2). The
media from the reservoir was recirculated through the ﬂow cell at
a ﬂow rate of 50 mL min1. The media reservoir was continuously
sparged with air to ensure a constant concentration of dissolved
O2 at the saturation value.
Oxygen microsensors (OX-10) and pH microelectrodes (pH-10)
with tip diameters of 8–12 mm (Unisense, AS, Denmark) were used
to take vertical concentration proﬁles within the bioﬁlms. A
micromanipulator with motor controller (Marzhauser, Germany)
was used for positioning the microelectrodes relative to the bioﬁlm
surface and making vertical spatial steps (20–25 mm) while
proﬁling. Each vertical proﬁle was initiated in the bulk ﬂuid starting
1000 mm above the bioﬁlm. Data acquisition was performed on a
laptop computer using the SensorTrace Pro software (Unisense,
AS). Additional information on microelectrode methods can be
found in the Supporting Information.
Bioﬁlm depth and coverage on the slides was heterogeneous,
with the depth varying between 0–300 mm. Locations on the slide
for microelectrode measurements were found using the Stereomicroscope where the bioﬁlm was at least 200–300 mm in depth. All
locations used for microelectrode experiments were roughly along
the center line of the coupon (in direction of ﬂow) and within 2 cm
of the inﬂuent edge of the coupon. Three to ﬁve replicate proﬁles
were taken for each experimental condition tested.
Experimental Conditions
The liquid medium for microsensor experiments contained HEPES
buffer (1 or 10 mM) at pH 7.8. Atmospheric DO at 25 C was
258 mM, which provides the stoichiometric equivalent for oxidation
of 172 mM NH3. Ammonium was added as aliquots from a 0.5 M
(NH4)2SO4 stock solution to the media bath and the ﬂuid was
recirculated into the ﬂow cell for at least 1 h to ensure well-mixed
conditions. Increasing concentrations of (NH4)2SO4 were added to

the bath in order to compare DO proﬁles under different conditions
on the same bioﬁlm samples.
The experimental conditions for the three microsensor studies
are outlined in Table I. Each study was conducted under steadystate conditions; which were ascertained by taking multiple
measurements over time to verify that there were no changes in the
concentration proﬁles.

Model Development
Batch Model
The COMSOL version 4.1 Reaction Engineering Module was used to
create a transient kinetic model of NH3 oxidation in a batch system
in the absence of mass transport. Acid-base equilibrium equations
as well as the Monod rate equation for ammonia oxidation were
included to describe the chemistry in the batch system. Biomass [X]
was speciﬁed as a constant because cell concentration did not
change over the 2 h tests. The data from the short term batch
experiments describe above were imported into the COMSOL model
to calibrate the kinetic parameters kmax and Ksn. The batch model
was also used to evaluate the model performance with the addition
of buffering and pH change.

2-D Model Equations
A 2-D bioﬁlm model was developed with ﬂuid and bioﬁlm
subdomains (Fig. 1). The bioﬁlm geometry was a ﬂat surface with a
uniform depth of 300 mm, which was the approximate maximum
measurement determined by microscopic examination of the
bioﬁlms. In the bioﬁlm model, growth and detachment of bioﬁlm
biomass was ignored due to the short-term duration of experiments. Conservation of mass equations were solved for chemical
species involved in the reactions for AOB respiration and
equilibrium aqueous chemistry.
The mass balance equation for the ﬂuid subdomain contained
both advective and diffusive transport of solutes at steady-state, as
follows:
ux
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In equation 1, ux is the ﬂuid velocity in the x-direction, Di is the
diffusion coefﬁcient (Table II) and no reaction in the ﬂuid is
assumed. Steady-state conditions were veriﬁed by repeated proﬁle
measurements, which showed no change with time. The solution
for the ﬂuid velocity ﬁeld was generated from the Navier-Stokes
equation, assuming laminar ﬂow in only the x-direction close to a

ﬂat surface with no ﬂow at the surface and an upper boundary of
maximum velocity, umax.
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In equation 2, d is the depth above the bioﬁlm at which the ﬂuid
velocity is equal to the maximum ﬂuid velocity, umax. In equation 3,
total ﬂow rate is QT, the cross sectional area of the ﬂow cell inlet is
Ainlet and w is the diameter of the inlet port. The resulting velocity
proﬁle is parabolic with ux(y ¼ 0) ¼ 0 at the bioﬁlm surface and
ux(y ¼ d) ¼ umax. The slide was positioned more than 2 cm
downstream of the inlet port and a mesh screen was placed
upstream of the slide to diffuse the ﬂow, thus the velocity proﬁle was
assumed to be fully developed at the bioﬁlm.
In the bioﬁlm it was assumed that solute transport was solely by
diffusion, thus the following steady-state mass balance equation in
2-D for a reacting solute in the bioﬁlm was used:

R ¼ Deff
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þ
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ð4Þ

R is the reaction rate of species C and Deff is the diffusion
coefﬁcient in the bioﬁlm. In equation 4, the effective diffusion
coefﬁcient of species i in the bioﬁlm, Deff,i, is equal to the diffusion
coefﬁcient in water, Di, multiplied by an effectiveness factor to
account for diffusive resistance due to the cell matrix (Wood et al.,
2001). Following (Wood et al., 2002), we used a value of 0.8 for all
species to correct for effective diffusion Deff. A sensitivity analysis of
the effective diffusivity (SI and Fig. S3) indicated that no observable
difference was found between effectiveness factors of 0.7 and 1 in
the bioﬁlm.
To describe R for each species the reaction rates in Table III were
calculated and the stoichiometry of the species in the table was
multiplied by the reaction rates to determine the net change in
species. The oxidation of NH3 to NO2- by N. europaea was modeled
according to the following reaction: NH4þ þ 1.5O2!NO2- þ 2Hþ
þ H2O (Tarre and Green 2004). The kinetic model typically used for
NH3 oxidation is the Monod equation with dual substrate
dependence on NH3 and O2 (Downing and Nerenberg 2008; Park
et al., 2010; Perez et al., 2009).
RAOB ¼ kmax X

NH 3
O2
K sn þ NH 3 K so þ O2

ð5Þ

In equation 5, kmax is the maximum rate coefﬁcient, while Ksn
and Kso are half-saturation coefﬁcients for NH3 and O2, respectively.

Table I. Experimental conditions for microsensor measurements.

1

NH4-T (mmol L )
Initial NH3 (mmol L1)
HEPES buffer (mmol L1)
Biofilm age (days cultivated)

Study I – kinetic evaluation

Study II – pH gradient

Study III – NH3 limitation

0, 1, 5, 5 þ ATU
0, 0.034, 0.171
10
42

0.5, 1.5, 5
0.017, 0.051, 0.171
1
51

0, 0.05, 0.1, 0.25, 5
0, 0.0017, 0.0034, 0.0086, 0.171
10
49

Figure 1.

Model of 2-D reaction and transport in biofilm.

Endogenous respiration was included, where the decay coefﬁcient,
b, of 0.15 d1 was estimated from DO proﬁles taken with no NH3
present (SI, Fig. S4) and multiplied by a yield, Y, of 2.1 mg protein
per mmol O2 (Rittmann and McCarty 2001).
The aqueous chemistry of the system and acid-base equilibria
were taken into account to determine the fraction of total
ammonium species (NH4-T) that is available as free NH3(aq) for
microbial reaction and to model the pH in the system as a function
of HEPES buffering capacity. To incorporate the acid-base equilibria
in the RTM, the equilibrium reactions were represented as
reversible reactions with high rate constants.

K aN ¼

k1 NH 3  H þ
¼
k2
NH þ
4

ð6Þ



þ
Req ¼ k2 K aN  NH þ
4  NH 3  H

ð7Þ

Three equations in the form of equation 6 were used to account
for equilibria of NH3/NH4þ, HEPES acid/base, and H2CO3/HCO3(Table II and III). A bulk ﬂuid concentration of 105 mol L1 H2CO3
was used to simulate equilibrium with atmospheric CO2. The

Table II. Physical constants and kinetic parameters for the biofilm model.
Value
Parameter
Flow rate
Inlet width
Fluid height above biofilm at vmax
Diffusion coefficients
Ammonium
Ammonia
Oxygen
Nitrite
Protons
HEPES
HCO3-/H2CO3
Acid-Base Equilibrium Constants
NH3/NH4þ
HEPES Acid/Base
HCO3-/H2CO3
Kinetic parameters
Half-saturation for O2
Half-saturation for NH3
Maximum rate
Endogenous decay
Effective diffusivity

QT
w
d

50
0.5
1.0

Units
mL min1
cm
cm
s1
s1
s1
s1
s1
s1
s1

Source
Measured
Measured
Measured

DNH4þ
DNH3
DO2
DNO2DHþ
DHEPES
D

1.96e-5
1.64e-5
2.0e-5
1.7e-5
9.3e-5
6.2e-6
7.5e-6

cm2
cm2
cm2
cm2
cm2
cm2
cm2

KaN
KaH
KaDIC

109.25
107.8
106.3

mol L1
mol L1
mol L1

[Lide 2007]
[Lide 2007]
[Lide 2007]

Kso
Ksn
kmax
k2
b
eff

15.6
4–40
0.005
106
8.2e-5
0.8

mmol L1
mmol L1
mmol mg prot.1 s1

[Rittmann and McCarty 2001]
Fitted in studies 1, 2
Fitted in study 1

mmol mg prot.1 s1
–

Fitted
[Wood et al., 2002]

[Kreft et al., 2001]
[Cussler 1997]
[Cussler 1997]
[Kreft et al., 2001]
[Robinson and Stokes 1959]
[Robinson and Stokes 1959]
[Robinson and Stokes 1959]

Table III. Kinetic and equilibrium rate expressions.
Reaction
Ammonia oxidation
NH3/NH4þ

equilibrium
HEPES buffer equilibrium
Bicarbonate equilibrium
Endogenous respiration

Expression
Kmax XNH3 O2
Ksn þNH3 Kso O2
k2 ½Ka NHþ
4 

NH3 Hþ 
k2 ½Ka HEPESacid  HEPE


þ
k2 Ka H2 CO3  HCO
3 H
bX

NH3

NH4þ

Hþ

O2

HEPES base

HEPES acid

H2CO3

HCO3-

1

–

1

2

1.5

–

–

–

–

1
–
–
–

1
–
–
–

–
–
–
–

1
1
1
–

–
–
–
1

–
1
–
–

–
1
–
–

–
–
1
–

–
–
1
–

equilibria between species were veriﬁed in the model solution by
comparing the right side of equation 6 with the equilibrium
constants.
In Figure 1, the boundary conditions for each species are
shown in addition to the model mass balance equations. At the
efﬂuent, diffusive ﬂux is negligible in the direction of ﬂow, which
is validated by the magnitude of diffusion coefﬁcients for the
species (Table II).

Model Solution
The RTM was solved using the COMSOL 4.1 Multiphysics package
with the Chemical Reaction Engineering module. COMSOL uses a
ﬁnite element method to solve the PDEs describing the species
concentrations at each model node. The computational grid was 200
nodes in the x-direction (ﬂuid ﬂow), and in the y-direction there
were 40 nodes in the ﬂuid and 30 nodes in the bioﬁlm domain. A
transient solver was used to iteratively solve for all chemical species
until arriving at the steady-state solution.
The model solution for the ﬂuid ﬂow equation was veriﬁed by
comparison with the analytical solution for the velocity ﬁeld
(equation 2). The model solution for chemical species was veriﬁed
by performing mass balances on nitrogen species in the system, to
conﬁrm that the modeled reactions resulted in stoichiometric
changes in product (NO2-) and reactants (NH3, O2).

Figure 2.

NO2-

Least Squares Method
For the 2-D bioﬁlm model calibration, a least-squares error method
was used for comparison of experimental data and model prediction
of the oxygen proﬁles in the bioﬁlms to determine the best ﬁt kinetic
parameters, Ksn and kmax. The parameter ﬁtting was done manually
for each parameter with a range of parameter values, until a
minimum value for the sum of squared error was found to two
signiﬁcant ﬁgures.

Results And Discussion
Batch Experiments—Suspended Cell Kinetic Parameters
Short term experiments and a batch model were used to simulate
NH3 oxidation kinetics with suspended cells. The Monod term for
oxygen in equation (5) was assumed to be 1 ([O2] >> Kso),
because the reactors were well shaken with adequate headspace. In
medium containing 5 mmol L1 NH4-T, the rate of NO2- production
over 30 min determined by linear regression was 0.05 mmol mg
protein1 s1. This value was used as kmax in the batch model
(Fig. 2). This parameter is within the range of maximum NH3
oxidation rates from previous studies, which vary from 0.023 mmol
mg protein1 s1 (Radniecki et al., 2008) to 0.096 mmol mg
protein1 s1 (Keener and Arp 1993). Although nitrite accumulation at or above 5 mM can inhibit AOB (Stein and Arp 1998), this

Results of nitrite production and pH change in batch experiments conducted with 5 mM NH4-T and compared to the batch Reaction Engineering COMSOL model. (A)
Nitrite accumulation over time (B) pH decrease over time due to ammonia oxidation. Data points are averages of triplicate experiments (&) and lines are model simulations with
optimized kinetic parameters. Error bars represent standard deviations of experiments.

was not considered in the model. The Monod rate equation used to
model ammonia oxidation did not consider pH dependence of
either the kinetic parameters or nitrite inhibition, but these terms
can be added in further studies. The batch COMSOL model was able
to accurately simulate the nitrite production rate in the batch system
using a Ksn value of 40 mM NH3 (Fig. 2A). These results agree with a
previous study that experimentally determined the Ksn value to be
23–58 mM NH3 for N. europaea (Suzuki et al., 1974). Using pH data
from the same batch experiment, the pH shift during NH3 oxidation
was modeled (Fig. 2B). The pH data was best simulated when both
carbonate and HEPES equilibrium equations were included in the
batch model (Fig. 2B). The reduction in NO2- production rate over
time was a result of a combined effect of ammonia depletion and
the pH decrease that additionally limits the NH3 available to AOB.
Study I – Biofilm Kinetics of Ammonia Oxidation
DO proﬁles were taken in bioﬁlms submerged in the ﬂow cell with
media containing 0, 1 and 5 mmol L1 NH4-T (Fig. 3A). DO
consumption increased from the 1 mmol L1 to 5 mmol L1 NH4-T,
as evidenced by the steeper slope and lower DO concentration in the
5 mmol L-1 proﬁle. This indicated that with 1 mmol L1 NH4-T,

NH3 was at or below Ksn for at least some of the bioﬁlm cells. At a
NH4-T concentration of 1 mM, the NH3 species concentration is
34 mM, which is similar to the Ksn value, or half saturation constant
of 40 mM determined in the batch system, indicating that batch cells
at this concentration would oxidize NH3 at half of the maximum rate
observed at 5 mM NH4-T.
Allylthiourea (ATU), a speciﬁc inhibitor of AMO, was added to
the water bath to a ﬁnal concentration of 100 mM with 5 mmol L1
NH4-T present. Upon ATU addition, NH3 oxidation ceased and O2
increased in the bioﬁlms as it was no longer being consumed for
ammonia oxidation. The response to ATU was rapid and the
dissolved O2 at the bioﬁlm surface returned to 90% of atmospheric
DO concentration within 10 min of ATU addition. After addition of
ATU, a slight decline in DO inside the bioﬁlms was observed
(Fig. 3A) indicating endogenous respiration in the absence of NH3
oxidation, which was ﬁtted to a model proﬁle by calibrating the
endogenous decay constant (b) in Figure S4.
The pH was between 7.6 and 7.8 throughout the ﬂuid and bioﬁlm
(SI, Fig. S5). The excess buffering capacity of 10 mM HEPES
prevented the Hþ produced during NH3 oxidation from causing
a pH drop in the bioﬁlm. This allowed for evaluation of AOB bioﬁlm
kinetics without pH gradients impacting NH3 availability.

1-D vertical profiles of DO, NH3 and NO2- from Study 1 at a location 2 cm from the inlet. A) Measured DO in the presence of various NH4-T concentrations: 0 mmol L1
(&), 1 mmol L1 (&), 5 mmol L1 (*), 5 mmol L1 after addition of ATU () B) Model fit to DO measurements at the same location by optimization of maximum rate where
Ksn ¼ 40 mM NH3 and kmaxX ¼ 0.025 mol L1 s1 C) Modeled NH3 and NO2- concentrations at the same location. Lines represent model solutions at NH4-T concentrations of 1 mM
(dashed line) and 5 mM (solid line), using a Ksn of 40 mM NH3 and biomass concentration of 5,000 mg protein L1. Error bars represent standard deviation of triplicate profiles.

Figure 3.

Biomass concentration [X] was estimated from experimental
measurements. It is difﬁcult to obtain exact values for [X] in a
bioﬁlm, which often requires microscopic methods to evaluate the
bioﬁlm geometry and structure (Downing and Nerenberg, 2008).
Here, the biomass volumetric concentration was estimated as
[X] ¼ 5 mg protein cm3 based on dimensions of the coupon,
bioﬁlm depth, and total protein measurements.
Results of a model simulation showing the 2-D proﬁle of DO
along the coupon with 5 mM NH4-T are presented in the SI,
Figure S6. The parameter kmax was calibrated to the 5 mM NH4-T
DO proﬁle while Ksn and Kso were kept constant (Fig. 3C). In this
case, NH3 >> Ksn, making the model insensitive to Ksn and
allowing kmax to be optimized independently. The best ﬁt value for
kmax of 0.005 mmol mg protein1 s1 was ten-fold lower than the
batch kmax value of 0.05 mmol mg protein1 s1. This may be due to
inaccuracies in the active biomass density, [X], which has a similar
inﬂuence on the model as kmax and the combined parameter can be
represented as kmaxX ¼ 0.025 mol L1 s1. The bioﬁlm model also
assumed that all of the bioﬁlm cells are active, which may not be
valid and would effectively reduce [X]. Reducing kmax to ﬁt the data
can represent a reduction in active biomass, meaning that there
may be a smaller fraction of active cells in the bioﬁlm than in a

suspended cell culture. Alternatively, kmax may in fact be lower in
the bioﬁlms than in exponential cells due to lower AMO production.
The suspended cell Ksn value of 40 mmol L1 derived from
batch experiments was used in the simulations of the bioﬁlm
proﬁles to determine if the afﬁnity of bioﬁlm and suspended cells
was similar (Fig. 3B). The model ﬁt to the 1 mM NH4-T case,
where Ksn was more signiﬁcant due to the lower NH3
concentration, indicates that the Ksn derived from batch cells
can be used for NH3 oxidation in bioﬁlms, in this case. The halfsaturation constant for oxygen, Kso, was assigned a value from the
literature and a sensitivity analysis was performed on that value
for both 1 and 5 mmol L1 NH4-T, indicating low sensitivity
under these conditions to Kso (SI Fig. S7).
The concentration proﬁles of NH3 and NO2- were also
simulated in the 2D RTM (Fig. 3C). The ﬂuxes of these species
into and out of the bioﬁlm were used in mass balance calculations
to verify that the model accurately simulated the ammonia
oxidation reaction. It can also be observed that the NH3
concentration within the bioﬁlm remains constant with depth,
indicating that in a pH buffered medium the equilibrium of NH3
with NH4þ has a buffering effect that results in constant NH3
concentration even as it is consumed by AOB.

Figure 4. 1-D vertical profiles of DO, pH NH3, and NO2- from Study 1 at a location 2 cm from the inlet DO and pH measured profile data and model results from Study II. Symbols
indicate data for 0.5 mM (~), 1.5 mM (), and 5 mM NH4-T (*). Lines are model results for 0.5 mM (solid), 1.5 mM (long dash), and 5 mM NH4-T (short dash). A) Dissolved oxygen
B) pH profiles C) predicted NH3 at same location along biofilm length.

In Study I as in the other studies, the model was slightly less
accurate ﬁtting the DO concentrations inside the bioﬁlms in
comparison to the ﬂuid. This is due to the ﬂuid boundary condition
and ability to model the velocity proﬁle with 2-D diffusion. The
proﬁle inside the bioﬁlm was more inﬂuenced by the reaction rate of
AOB, which carries more uncertainty and requires estimation of the
Monod kinetic parameters.

DO and pH (Fig. 4A and B). The simulations indicated that at the
same NH4-T concentrations, NH3 species concentration was lower
in the bioﬁlm in Study II (Fig. 4C) than the simulations of Study I
with adequate buffering (Fig. 3C). This difference was due to
lower pH with insufﬁcient buffering and a much lower fraction of
the total ammonia being present as NH3.
Study III—Ksn Analysis in Biofilms

Study II—pH Model
The proﬁles taken in Study II with only 1 mM HEPES buffer conﬁrm
that pH gradients develop inside the bioﬁlms when the buffering
capacity is low, which correlates with DO consumption by NH3
oxidation (Fig. 4A and B). Studies of nitrifying bioﬁlm on chalk
particles have also shown reduction in pH by the bioﬁlm cells in
medium as low as pH 5 (Gieseke et al., 2006). DO concentration
with 1.5 and 5 mmol L1 NH4-T remained higher than in Study I,
due to less available NH3 at lower pH (Fig. 4A).
The 2D bioﬁlm model, with the kinetic parameters derived from
the batch model and Study I, was able to simulate the data for both

The goal of the ﬁnal set of bioﬁlm DO proﬁles was to evaluate the
value of Ksn by measuring DO proﬁles under NH3-limiting
conditions with buffering capacity of Study I. DO was measured in
bioﬁlms at concentrations of 0.05, 0.1, 0.25, and 5 mmol L1 NH4-T
(Fig. 5A and C). NH3 is the limiting substrate at concentrations of
0.1 and 0.05 mmol L1 NH4-T, as O2 was not completely consumed
(Fig. 5A). At NH4-T concentrations of 0.25 mmol L1 and higher,
the O2 proﬁles indicated complete consumption of DO, similar to
the 5 mM NH4-T case in Study I (Fig. 3A).
The model did not ﬁt the DO proﬁles from Study III well with
the kmax and Ksn used in Study I and II (Fig. 5A). The predicted

Figure 5. 1-D vertical profiles and corresponding model results of DO, pH and NH3 from Study III at a location 2 cm from the inlet. Symbols represent measured concentrations
of DO in the presence of NH4-T concentrations of 0.05 (*), 0.1 (D), 0.25 (), and 5 mmol L1 (~). Lines represent simulations with 0.05 (solid), 0.1 (long dash), 0.25 (dash dot), and 5
(short dash) mmol L1 NH4-T. (A) Data compared to model simulations using Study 1 fitted parameters (Fig. 3): Ksn ¼ 40 mM NH3 and kmaxX ¼ 0.025 mol L1 s1. (B) Model simulations
with re-fitting kmaxX ¼ 0.25 mol L1 s1. (C) Model simulations with re-fitted parameter Ksn ¼ 4 mM NH3 with kmaxX ¼ 0.025 mol L1 s1. (D) Model simulations of NH3 concentration
with depth for re-fitted model parameters in C. Error bars represent standard deviation of triplicate profiles.

DO concentrations in the bioﬁlm were higher than the observed
data, thus the model under-predicted NH3 oxidation rates in the
bioﬁlms, particularly at low NH3 concentrations. The kmaxX
parameter was optimized to the 0.05 and 0.1 mM NH4-T cases,
but an accurate ﬁt for all proﬁles could not be achieved (Fig. 5B).
The Ksn value was adjusted to obtain optimal least-squares ﬁt to
the DO proﬁles for 0.05 and 0.1 mM NH4-T. The re-ﬁtting resulted
in Ksn of 4 mM NH3, which is 10-fold lower than the value
determined in batch experiments and used in Studies I and II
(Fig. 5C). With this lower Ksn value, all four proﬁles in Study III
were accurately simulated by the model. The better ﬁts could not
be obtained by changing the Kso due to the high value that would
be needed, which did not ﬁt the simulations in Study I (SI,
Fig. S7).
The model predicted that NH3 was completely consumed with
0.05 and 0.1 total NH4 (Fig. 5D), which conﬁrmed that DO was
not the limiting substrate in this case. The simulation of bioﬁlms
with low available NH3 concentration in Study III predicted a
lower Ksn value of 4 mmol L1, indicating higher afﬁnity for NH3
than predicted in Studies I and II, as well as previous work
(Suzuki et al., 1974).
The Ksn for Study III was not successful in simulating the ﬁrst
two studies with the same values of kmax and X (SI, Fig. S8). The
bioﬁlms in all three experiments were grown under the same
conditions prior to transferring into the experimental chamber.
While both the low buffered (Study II) and low NH3 (Study III)
cases resulted in similar DO and NH3 proﬁles, the bioﬁlm pH was
different in the two cases. The pH dropped to 6.5–6.9 in the Study II
bioﬁlm because there was insufﬁcient buffering capacity; but Study
III had a constant pH of 7.8 in the bioﬁlm due to the excess HEPES
buffer in the ﬂuid. The Monod rate equation used to model
ammonia oxidation did not consider pH dependence of the kinetic
parameters or nitrite inhibition. These terms can be added in future
studies using the same 2D reactive transport model in COMSOL to
determine if they are signiﬁcant.

Conclusions
Microsensors were used in this study to measure O2 and pH in N.
europaea bioﬁlms under a range of NH3 concentrations and buffer
concentrations, in order to calibrate an advective transport bioﬁlm
model in COMSOL. The advective transport model presented in
Equation 1 effectively simulated the advective component of the
model. The resulting model was also able to predict the
concentration proﬁles of other aqueous species such as NO2- and
NH3. The 2-D model in COMSOL can also be used in other systems
with microsensor proﬁles, where the ﬂuid phase hydrodynamics
can be characterized.
The Ksn value was initially ﬁtted from the batch data, where Kso
was insigniﬁcant due to constant agitation of batch bottles to ensure
adequate oxygen supply. From the data and our sensitivity analyses,
it is clear that Kso must be very small to drive the oxygen
concentrations to zero within a short bioﬁlm depth (Table SI, Fig
S7). Although sensitivity analyses were performed on Kso to validate
the use of a literature value, additional ﬁtting can be done using the
model to determine if a more accurate optimal value can be
obtained for Kso.

Table IV. Kinetic parameters determined with model simulations.
Ksn

Batch model
Biofilm Study I
Biofilm Study II
Biofilm Study III

mmol L
NH3
40
40
40
4

Kso
1

mmol L
O2
NA
15.6
15.6
15.6

1

kmax

X

mmol NH3 mg
protein1 s1
0.05
0.005
0.005
0.005

mg prot.
L1
5.7
5,000
4,500
5,000

In the bioﬁlm Study I, Ksn from the batch system was able to
simulate the DO proﬁles, although the resulting kmax was much
lower than that determined in the batch suspended cell experiments
(Table IV). This result could indicate that only a fraction of the
biomass in the bioﬁlm was active, or that N. europaea cells in a
bioﬁlm cannot oxidize NH3 at the same maximum rate as
suspended cells.
The model was able to simulate pH and the impact of acid-base
equilibria on AOB activity. This is necessary for nitriﬁcation, as the
reactions involved produce acid (Hþ), which impacts the substrate
availability of NH3. The acid-base equilibria in the model along with
the kinetic constants developed in Study 1 were able to model the
DO and pH proﬁles in Study II (Table IV). The model can be used in
other kinetic studies of microbial bioﬁlms in environments where
both acid-base equilibria and microbial kinetics inﬂuence each
other. This demonstrates the need to consider acid-base equilibria
when evaluating some bioﬁlm catalyzed reactions.
In Study III, NH3 was the limiting substrate and the ﬁtted Ksn
value was 4 mmol L1, which was an order of magnitude lower than
the value used in Studies I and II. The dual substrate Monod model
used for NH3 oxidation may result in under prediction of rates when
both substrates are at lower concentrations near the Ksn. For this
reason, it is possible that in the case where neither substrate was
replete, a lower Ksn for NH3 was needed to compensate for the rate
equation. More investigations of different kinetic equations to
describe NH3 oxidation can be performed using the 2D COMSOL
model developed in this work.
This study has shown that a 2-D model can be calibrated to
microsensor proﬁles to determine kinetic parameters of NH3
oxidation in N. europaea bioﬁlms. This model may be used for short
term kinetic and inhibition studies of N. europaea as well as
modiﬁed for other single or multispecies bioﬁlms. Future work with
this model will include addition of inhibition kinetics to the 2-D
model, and comparison with DO proﬁles of N. europaea bioﬁlms
during exposure to wastewater contaminants.
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