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ABSTRACT: Shortcut nitrogen removal, that is, removal via
formation and reduction of nitrite rather than nitrate, has
been observed in membrane-aerated biofilms (MABs), but
the extent, the controlling factors, and the kinetics of
nitrite formation in MABs are poorly understood. We used
a special MAB reactor to systematically study the effects of
the dissolved oxygen (DO) concentration at the membrane
surface, which is the biofilm base, on nitrification rates,
extent of shortcut nitrification, and microbial community
structure. The focus was on anoxic bulk liquids, which is
typical in MAB used for total nitrogen (TN) removal,
although aerobic bulk liquids were also studied. Nitrifying
MABs were grown on a hollow-fiber membrane exposed to 3
mgN/L ammonium. The MAB intra-membrane air pressure
was varied to achieve different DO concentrations at the
biofilm base, and the bulk liquid was anoxic or with 2 gm�3

DO.With 2.2 and 3.5 gm�3 DO at the biofilm base, and with
an anoxic bulk-liquid, the ammonium fluxes were 0.75 and
1.0 gNm�2 day�1, respectively, and nitrite was the main
oxidized nitrogen product. However, with membrane DO of
5.5 gm�3, and either zero or 2 gm�3 DO in the bulk, the
ammonium flux was around 1.3 gNm�2 day�1, and nitrate
flux increased significantly. For all experiments, the cell
density of ammonium oxidizing bacteria (AOB) was rela-
tively uniform throughout the biofilm, but the density of
nitrite oxidizing bacteria (NOB) decreased with decreasing
biofilm DO. Among NOB, Nitrobacter spp. were dominant
in biofilm regions with 2 gm�3 DO or greater, while
Nitrospira spp. were dominant in regions with less than
2 gm�3 DO. A biofilm model, including AOB, Nitrobacter
spp., and Nitrospira spp., was developed and calibrated with
the experimental results. The model predicted the greatest
extent of nitrite formation (95%) and the lowest ammonium
oxidation flux (0.91 gNm�2 day�1) when the membrane
DO was 2 gm�3 and the bulk liquid was anoxic. Conversely,
the model predicted the lowest extent of nitrite formation
(40%) and the highest ammonium oxidation flux
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(1.5 gNm�2 day�1) when the membrane-DO and bulk-DO
were 8 gm�3 and 2 gm�3, respectively. The estimated
kinetic parameters for Nitrospira spp., revealed a high
affinity for nitrite and oxygen. This explains the dominance
of Nitrospira spp. over Nitrobacter spp. in regions with low
nitrite and oxygen concentrations. Our results suggest that
shortcut nitrification can effectively be controlled by manip-
ulating the DO at the membrane surface. A tradeoff is made
between increased nitrite accumulation at lower DO, and
higher nitrification rates at higher DO.
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Introduction

Total nitrogen (TN) removal from wastewater is an
increasingly important treatment objective, and cost-
effective TN removal methods are needed. Shortcut nitrogen
removal can enhance the cost-effectiveness of any TN
removal process. In shortcut nitrogen removal, ammonium
is oxidized to nitrite by ammonia oxidizing bacteria (AOB)
(‘‘shortcut nitrification’’), and then reduced to nitrogen gas
by denitrifying bacteria (DNB) (‘‘shortcut denitrification’’).
Shortcut nitrogen removal avoids formation of nitrate (van
Loosdrecht and Jetten, 1998), reducing oxygen requirements
by up to 25% and electron donor requirements by up to 40%
(Hellinga et al., 1998).

In order to achieve shortcut nitrogen removal, nitrite
oxidizing bacteria (NOB) must be inhibited. This can be
achieved by selective washout of NOB at high temperatures
(Hellinga et al., 1998), high free ammonia (FA) concentra-
tions (Anthonisen et al., 1976), high pH values (Villaverde
et al., 1997), or low dissolved oxygen (DO) concentrations
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(Munich et al., 1996). Most research on shortcut nitrogen
removal has focused on wastes with high NHþ

4 :COD ratios
and high temperatures, such as digester centrate, where
NOB-inhibiting conditions (e.g., high temperature, high
FA) are provided. For municipal wastewater treatment, the
most feasible inhibition method may be low DO (Yang
et al., 2007). Since AOB have higher yields and a lower half-
saturation coefficient for oxygen than NOB (Schramm
et al., 1998), they typically outcompete NOB at low DO
concentrations (Munich et al., 1996; Sliekers et al., 2005).
Unfortunately, it is difficult to maintain the correct DO for
shortcut nitrification and denitrification without inhibiting
nitrification or denitrification, as seen in the simultaneous
nitrification denitrification (SND) process (Pochana and
Keller, 1999).

An improved approach for DO control to achieve
shortcut nitrogen removal is the use of membrane-aerated
biofilms (MABs) (Syron and Casey, 2008). MABs use air or
oxygen-filled membranes to transfer oxygen to biofilms
naturally forming on the membrane surface (Semmens et al.,
2003). Unlike conventional biofilms, where electron donors
and oxygen enter the biofilm from the bulk liquid, MABs
supply oxygen from the attachment surface (Timberlake
et al., 1988). This makes MABs ideal for retaining nitrifying
bacteria, as they provide oxygen deep in the biofilm, where
nitrifiers are protected from detachment, predation, and
competition from heterotrophic bacteria (Cole et al., 2004;
LaPara et al., 2006). The DO at the base of anMAB can be set
by adjusting in the intra-membrane air pressure, providing
DO regions favorable to AOB but not to NOB (Terada et al.,
2006). When the outer portions of the MAB are anoxic,
denitrification can take place concurrently with nitrification
(Satoh et al., 2000).

Shortcut nitrogen removal has been verified in several
MAB studies. Downing and Nerenberg (2007, 2008)
studied a new MAB process, called the hybrid membrane
biofilm process (HMBP), where nitrification was carried out
in an MAB and denitrification was carried out by suspended
bacteria in the anoxic bulk liquid. When the DO at the
membrane–biofilm interface was 3.5 gm�3 in the HMBP,
the nitrite formation rate was at least three to four times
greater than that of nitrate (Downing and Nerenberg,
2008). Schramm et al. (2000) studied a nitrifying MAB in an
anoxic bulk liquid, and found that, with a DO concentration
of 6.4 gm�3 at the membrane surface, the nitrite production
rates were twice that of nitrate. Other MAB reactors
(MABRs) achieving TN removal had low levels of nitrate in
the biofilm (Hibiya et al., 2003), and an oxygen mass balance
in another study indicated that most oxygen transferred to
an MABR was used for ammonia oxidation, with little
oxygen remaining for nitrite oxidation (Terada et al., 2003).
Terada et al. (2006) showed that nitrification rates in an
MAB could be controlled by manipulating the intra-
membrane air supply pressure, which affects the oxygen
concentration at the membrane–biofilm interface, and
found nitrite accumulation in the bulk. However, oxygen
concentrations within the biofilm were not examined, nor
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was the relationship between oxygen concentrations and the
MAB’s microbial community structure. It was also unclear if
the oxygen concentration or ammonium loading was the
controlling parameter for shortcut nitrification in the study.

Nitrobacter spp. and Nitrospira spp. are commonly found
in nitrifying activated sludge processes, withNitrobacter spp.
historically assumed to be the dominant NOB (Siripong
and Rittmann, 2007). However, recent research suggests
that Nitrospira spp. are the dominant NOB in wastewater
treatment systems (Burrell et al., 1999; Harms et al., 2003;
Juretschko et al., 1998). It has been suggested that Nitro-
bacter spp. are r-strategists, whereas Nitrospira spp. are
K-strategists for nitrite (Blackburne et al., 2007b; Nogueira
and Melo, 2006). In an MAB with an anoxic bulk liquid,
Nitrospira spp. were dominant in the low DO portions of
the biofilm, while Nitrobacter spp. dominated the high
DO portions, suggesting the oxygen concentration also
plays a critical role in the competition of Nitrobacter spp.
and Nitrospira spp. (Schramm et al., 2000). The selection
of Nitrospira spp. and Nitrobacter spp. is important in
nitrification processes because Nitrobacter spp. have
significantly higher nitrite oxidation rates than Nitrospira
spp. (Schramm et al., 1999), which can impact the amount
of nitrite accumulation occurring in the system.

While MABs can achieve shortcut nitrogen removal, it is
not clear what DO concentration at the membrane surface
is required to achieve the desired oxygen gradients in the
biofilm to maximize the extent of shortcut nitrification.
Also, while low DO should increase nitrite accumulation,
it may also reduce ammonium oxidation rates by AOB,
and the tradeoff between obtaining a high degree of shortcut
nitrification and obtaining high nitrification rates is
unknown. This research uses fluorescence in situ hybridiza-
tion (FISH) and microsensors to systematically explore the
effects of DO on the extent of shortcut nitrification in an
MAB, nitrification kinetics in an MAB, and the abundance
of nitrifying bacteria in a nitrifying MAB. Biofilm modeling
was utilized to determine kinetic parameters for Nitrobacter
and Nitrospira spp., and infer the effects of oxygen gradients
on nitrification rates for a wider range of DO gradients.
Materials and Methods

Reactor Configuration

A column reactor with a single hollow-fiber membrane was
used to simulate an HMBP or MABR biofilm achieving
TN removal. The membranes used were a composite,
microporous polyethylene with a dense, polyurethane core
(HFM200TL, Mitsubishi Rayon, Japan). Nitrification per-
formance was studied as a function of intra-membrane air
supply pressure. A recycle reservoir was continuously
purged with nitrogen gas to maintain an anoxic bulk
liquid. The reactor consisted of a 6-mm inside diameter glass
tube, 20 cm in length, with three, 3-mm diameter ports
along the length of the column (Fig. 1). Reactor components



Figure 1. Schematic of column reactor.
are described in Table I. The ports were used for microsensor
measurements of DO, ammonium, nitrite, and nitrate in the
biofilm. A magnetic stir bar kept the reservoir well-mixed
with a high shear velocity, minimizing biofilm growth on
the glass surface. The total liquid volume in the reactor
was 56 mL. A volume of 40 mL was maintained in the
recirculation reservoir by an effluent pump. The influent
flow rate was 2 mL/min, providing a hydraulic retention
time (HRT) of 28 min. The short HRT prevented the
accumulation of suspended nitrifying bacteria, and anoxic
bulk liquid conditions during most of the experimental
conditions prevented nitrifying biofilms from growing on
glass surfaces. The reactor temperature was 228C. The
recirculation flow rate was 50 cm3min�1, resulting in a fluid
velocity of 30 cm s�1 and a Reynolds number of 680 inside
the column. The hollow-fiber membrane was normally
operated in dead end mode, but the fiber was vented on a
daily basis to prevent accumulation of water condensate.

Testing Conditions

Four intra-membrane supply pressures were tested in
separate column reactors. Each column reactor was
inoculated with activated sludge from the Plattville, WI
municipal wastewater treatment plant, which was achieving
nitrification to nitrate when the sludge was collected. The
influent ammonium concentration was 3 gNm�3, a typical
value for an HMBP, which is a completely mixed system
(Downing and Nerenberg, 2008). The loading rate was
33 gNm�2 day�1, much higher than the typical 1
gNm�2 day�1 removal rates for MABs (Downing and
Nerenberg, 2007). The high loading rate resulted in little
ammonium removal within the reactor, keeping the
Table I. Column reactor components.

Component Inside diameter Length Volume Surface area

Glass tube 6 mm 40 cm 5 mL —

Rubber tubing 6 mm 10 cm 1.25 mL —

Reservoir — — 50 mL —

Membrane 280 mm 18 cm — 2.7� 10�3 m2
ammonium concentration close to the influent value. Also,
the low HRT kept bulk-liquid nitrite and nitrate concentra-
tions at low levels, as would be found in an HMBP with
denitrification in the bulk liquid (Downing and Nerenberg,
2007), or an MABR with denitrification in the outer biofilm
layer (Hibiya et al., 2003; Semmens et al., 2003; Walter et al.,
2005).

Four DO gradients were studied. Experiments 1, 2, and
3 had anoxic bulk liquid and intra-membrane supply
pressures of 14, 35, and 70 kPa, respectively. In Experiment
4, the bulk liquid DO was 2 gm�3 and the intra-membrane
supply pressure as 70 kPa. Each test was run for 56 days, with
microsensor measurements taken at days 42 and 56, and
FISH analyses run on biofilm samples from day 56.

Analytical Methods

Ammonia (NH3-N) concentrations were monitored in the
bulk liquid using the salicylate method (Hach, Loveland,
CO). A glass electrode pH meter was used to monitor pH.
Nitrate (NO�

3 -N) and nitrite (NO
�
2 -N) were analyzed by ion

chromatography (IC2500 with AS11/AG11 column, Dionex
Corp., Sunnyvale, CA.).

Activity Measurements

Clark-type oxygen microsensors (Revsbech and Jorgensen,
1986) with a tip diameter of 10 mm were used to measure
DO concentrations in the biofilms (Ox10, Unisense A/S,
Aarhus, Denmark). Liquid ion exchange (LIX) microsensors
were constructed to measure ammonium, nitrate, and
nitrite concentrations in the biofilm. LIX construction was
completed as previously described (Geiseke and De Beer,
2004). Nitrate (De Beer and Sweerts, 1989) and ammonium
(De Beer and van den Heuvel, 1988) microsensors were
constructed with a tip diameter of 3–5 mm, and the nitrite
electrodes had a tip diameter of 10–15 mm (De Beer et al.,
1997). All measurements were taken at spatial intervals of
20 mm through the biofilm. The sensors were moved
through the biofilm with a micro-manipulator (Model
MM33-2, Unisense A/S).

Microprofile measurements were made at each of the
three sampling ports in the reactor on days 42 and 56. Three
to five microprofiles were taken for each port. The biofilm
thickness was relatively consistent along membrane length
for a given experiment. A total of 9–15 sets of profiles were
analyzed for each reactor on each sampling date.

Microbial flux into the biofilm was calculated to assess the
nitrification rate as well as the nitrite and nitrate production
rates (Geiseke and De Beer, 2004). Flux, J, between two
points can be calculated using Fick’s first law:

Jab ¼ �Deff

Ca � Cb

Xa � Xb

(1)

The flux required for rate calculations is the flux through
the diffusion boundary layer. The thickness of the diffu-
sion boundary layer, db, replaces the Xa�Xb term in
Downing and Nerenberg: Effect of Oxygen Gradients 3
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Equation (1). The diffusion boundary layer thickness was
calculated as previously described (Downing and Neren-
berg, 2008).
Fluorescence In Situ Hybridization

After microsensor measurements were completed on day 56,
each membrane was removed from the respective reactor
and fixed in freshly prepared paraformaldehyde (4% in
phosphate buffer solution (PBS)) at 48C for 1 h and washed
in PBS. Membrane bound biofilms were embedded in OCT
compound (Tissue Teck, Elkhart, Indiana) and sectioned
with a cryostat (Leica CM1100) at �208C (Schramm et al.,
2000). Each section was 5-mm thick. Sections were placed on
a six-welled slide (Erie Scientific, Portsmouth, NH) and
dehydrated using a series of ethanol baths at 50%, 80%, and
100%, followed by drying in a 468C oven for 1 h.

Four FISH probes were implemented: Nso190, which
targets the majority of AOB (Mobarry et al., 1996); NIT3,
which targets Nitrobacter spp. (Wagner et al., 1996);
NSR1156, which targets Nitrospira spp. (Schramm et al.,
1998); and EUB338, which targets general bacteria (Amann
et al., 1990). Probes, hybridization conditions, and washing
conditions are as described previously (Amann et al., 1990;
Mobarry et al., 1996; Schramm et al., 1998; Wagner et al.,
1996). Oligonucleotides were synthesized and fluorescently
labeled with florochromes Cy3, Cy5, or FITC by Operon
Biotechnologies, Inc. (Huntsville, AL).

All hybridizations were completed at 468C for 90 min in a
hybridization buffer containing 0.9 M NaCl, formamide
at the percentage previously indicated (Amann et al., 1990;
Mobarry et al., 1996; Schramm et al., 1998; Wagner et al.,
1996), 20-mM Tris–HCl (pH 7.4), and 0.01% SDS (Manz
et al., 1992). The probe concentration was 5 ng/mL.
Hybridization was followed by a stringent washing step at
488C for 10 min in washing buffer containing 20 mM
Tris–HCl (pH 7.4), NaCl at the concentration previously
indicated (Amann et al., 1990; Mobarry et al., 1996;
Schramm et al., 1998; Wagner et al., 1996), and 0.01% SDS.
Washing buffer was removed by rinsing the slides with
distilled water. The slides were air dried in the dark,
and stained with 4,6-diamidino-2-phenylindole (DAPI,
1 ng/mL) for 2 min in the dark on ice, and rinsed again
with distilled water. The slides were then mounted in an
antifadent in phosphate buffered saline (Citifluor AF100,
Citifluor, Ltd., London, UK) in an aqueous solution of
polyvinyl alcohol (CFPVOH, Citifluor, Ltd.) to avoid
bleaching. Images were examined with an epifluorescence
microscope (Nikon Eclipse 90i).

Quantification was accomplished using MetaMorph
software (Molecular Devices, Sunnyvale, CA). The area of
a single, dispersed cell hybridized with each of the probes
was first determined. This area was then assigned as a single
cell. Area of cell clusters in the biofilm were then assigned
cell counts via the automated cell-count function in
MetaMorph. A grid of 10 mm� 10 mm squares was applied
to each image, and cell counts in each grid square were
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made. These grids were then assigned distances from the
membrane surface. Thresholding was completed manually
and verified with manual cell counts of dispersed cells. A
total of 10 images were analyzed for each probe at each
condition.
Modeling

A biofilm model was developed using the AQUASIM
2.0 computer program (Wanner and Reichert 1996) to
predict MAB performance under a wide range of intra-
membrane supply pressures. The kinetics of AOB genera
have been well documented, and there are accepted values
(Kindaichi et al., 2006; Prosser 1989; Wiesmann 1997).
However, ranges of kinetic parameters for Nitrobacter spp.
have been reported in the literature (Laanbroek and Gerards
1993; Laanbroek et al., 1994; Schramm et al., 1999), and
only a few studies have examined Nitrospira spp. kinetics
(Kim and Kim 2006; Kindaichi et al., 2006; Schramm et al.,
1999). Recent studies have improved estimates of half
saturation coefficient for oxygen (Ko) and nitrite (Ks) for
Nitrobacter spp. and Nitrospira spp. (Blackburne et al.,
2007a,b), and estimated the in situ maximum growth
rate ðm̂Þ for Nitrospira spp. grown in a biofilm (Kindaichi
et al., 2006).

The model was similar to past MAB models (Shanahan
and Semmens, 2004), but was extended to include three
microbial populations: AOB,Nitrobacter spp. andNitrospira
spp. The kinetic parameters are shown in Table II. AOB were
modeled with kinetic parameters forNitrosomonas eutropha,
as previous studies showed this lineage to be dominant
in nitrifying MABs (Schramm et al., 2000). A detailed
description of the stoichiometry and processes incorporated
in the model are shown in Appendix A. Rather than model
gas transfer via the hollow-fiber membrane, the DO at the
membrane–biofilm interface was fixed as a model input
parameter. The DO concentration at the membrane–biofilm
interface was taken from experimental results. The biofilm
density was assumed to be constant through the biofilm.
Biofilm density has been shown to vary with depth in an
MAB containing both nitrifiers and heterotrophs (Shanahan
et al., 2005); however, density in a mainly nitrifying MAB
was shown to be relatively consistent through the use of
FISH (Downing and Nerenberg, 2008), and therefore the
density was assumed to be constant.

The kinetic parameters forNitrobacter spp. andNitrospira
spp. were fit to the experimental data for the three intra-
membrane conditions, using the ranges of values provided
in Table II as maximum and minimum possible values The
error was minimized using relative least-squares minimiza-
tion to determine the set of kinetic parameters that best fist
the experimental data.

Sensitivity analysis of the Ko, Ks, and m̂ values for both
Nitrobacter spp. and Nitrospira spp. was completed by
varying each parameter by 10%, while the remaining
parameters remained constant. The percent change in the
nitrite flux, nitrate flux, and Nitrobacter spp. and Nitrospira



Table II. Kinetic parameters used in the Aquasim model.

Variable Description Valuea References

AOB (Nitrosomonas eutropha)

m̂AOB Maximum specific growth rate for AOB 0.48 day�1 Adapted from Prosser (1989)

YAOB Yield for AOB 0.3 gX gN�1 Shanahan and Semmens (2004)

qmax,AOB Maximum substrate utilization rate for AOB 1.6 gN gX�1 day�1 Adapted from Prosser (1989)

bAOB Decay coefficient for NOB 0.13 day�1 Terada et al. (2006)

Ks,AOB Half saturation coefficient for ammonium 0.9 gNm�3 Shanahan and Semmens (2004)

Ko,AOB Half saturation coefficient for oxygen 0.24 gm�3 Shanahan and Semmens (2004)

Nitrobacter spp.

m̂Nit Maximum specific growth rate for Nitrobacter spp. 0.3–0.34 day�1 Adapted from Prosser (1989)

Ynit Yield for Nitrobacter spp. 0.08 gX gN�1 Blackburne et al. (2007a)

qmax,Nit Maximum substrate utilization rate for Nitrobacter spp. 3.76–4.2 gN gX�1 day�1 Adapted from Prosser (1989)

bNit Decay coefficient for Nitrobacter spp. 0.1 day�1 Terada et al. (2006)

Ks-Nit Half saturation coefficient for nitrite 0.36–0.39 gNm�3 Blackburne et al. (2007b)

Ko-Nit Half saturation coefficient for oxygen 0.35–0.51 gm�3 Blackburne et al. (2007b)

Nitrospira spp.

m̂Nsr Maximum specific growth rate for Nitrospira spp. 0.264–0.33 day�1 Adapted from Kindaichi et al. (2006)

YNsr Yield for Nitrospira spp. 0.15 gX gN�1 Blackburne et al. (2007a)

qmax,Nsr Maximum substrate utilization rate for Nitrospira spp. 1.76–2.2 gN gX�1 day�1 Adapted from Prosser (1989)

bNsr Decay coefficient for Nitrospira spp. 0.1 day�1 Terada et al. (2006)

Ks-Nsr Half saturation coefficient for nitrite 0.27–0.33 gNm�3 Blackburne et al. (2007b)

Ko-Nsr Half saturation coefficient for oxygen 0.4–0.68 gm�3 Blackburne et al. (2007b)

aX is biomass expressed as dry weight.
spp. population fractions was used to assess the sensitivity of
the model to the kinetic parameters. The sensitivity analysis
was performed for the membrane surface DO of 5 gm�3.
This condition was chosen because it resulted in similar
nitrite and nitrate fluxes, and similar amounts ofNitrobacter
spp. and Nitrospira spp.

After determining best-fit kinetic parameters for NOB,
the model was used to assess a broader range of membrane
surface DO concentrations and the impact of bulk liquid DO
concentration on shortcut nitrification.
RESULTS

Experimental Results

Oxygen Gradients

Due to the decreased oxygen transfer at lower intra-
membrane pressures (Terada et al., 2006), the measured DO
concentration at the membrane surface can be less than
predicted by Henry’s Law. Table III compares the measured
oxygen concentrations to those calculated from Henry’s
Law, assuming a Henry’s Constant (KH) for oxygen of
Table III. Oxygen concentration at the membrane–biofilm interface and biofi

Experiment

Intra-membrane

Pressure (gauge) (kPa)

Calculated oxygen concentration

at membranea (gm�3)

1 14 9.5

2 35 11.2

3 70 14.1

4 70 (aerobic bulk) 14.1

aEquilibrium concentration at membrane–biofilm interface determined base
41.6 mg L�1 atm�1 (Manahan, 1993), and compressed air as
the supply gas. Table III also provides the measured biofilm
thicknesses, and the percent of biofilm thickness exposed
to DO concentrations below 2 gm�3. Decreased intra-
membrane pressure resulted in decreased DO concentra-
tions at the membrane surface, effectively reducing the
oxygen gradient in the MAB.

Nitrification Rates and Nitrite Accumulation

Profiles for DO, ammonium, nitrite, and nitrate were
determined using microsensors (Fig. 2). Since the values for
days 42 and 56 were very similar, the biofilm was assumed
to be at steady state by day 42, and the data from both
dates were combined in Figure 2. Each plot is in terms of
normalized biofilm thickness, as biofilm thickness varied
among sampling locations and dates by 10–20 mm.

In Experiment 4, where the bulk liquid DO was
approximately 2 gm�3, a significant amount of biofilm
was observed on the walls of the column reactor. This
resulted in reduced bulk liquid ammonium concentrations,
but the flux of ammonium into the biofilm should not have
been impacted, because the ammonium concentrations were
still above their rate-limiting values. Wall growth was only
lm thickness.

Measured oxygen concentration

at membrane (gm�3)

Biofilm

thickness (mm)

Biofilm with DO

below 2 gm�3 (%)

2.2� 0.2 80 85

3.5� 0.2 100 65

5.5� 0.6 100 40

5.5� 0.4 120 0

d on Henry’s constant (KH) and air pressure supplied to membrane lumen.

Downing and Nerenberg: Effect of Oxygen Gradients 5
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Figure 2. Microsensor profiles for operating pressures of (a) Experiment 1 (14 kPa), (b) Experiment 2 (35 kPa), (c) Experiment 3 (70 kPa), and (d) Experiment 4 (70 kPa with an

aerobic bulk liquid). Note that the oxygen profile is on a secondary axis in (c) and (d) and the nitrogen axis has a different scale in (d) than the remaining figures. The abscissa is

normalized biofilm thickness relative to the total thickness, with zero representing the base of the biofilm and 1.0 the outer edge of the biofilm.
observed in Experiment 4. The bulk liquid DO was below
1 gm�3 in Experiment 3, and it was anoxic in the remaining
experiments, which effectively limited wall growth.

The flux of ammonium, nitrite, and nitrate were
calculated based on the concentration difference between
the biofilm surface and the bulk liquid and the thickness
of the liquid diffusion layer. Flux results are summarized
in Figure 3. The liquid diffusion layer thickness was
approximately the same between each experiment for each
compound, with diffusion layer thicknesses of approxi-
mately 7, 6, and 9 mm for ammonium, nitrite, and nitrate,
respectively. The ammonium flux rate matched the sum of
the nitrite and nitrate flux rates within 5%. The ammonium
flux decreased with each decrease in intra-membrane
operating pressure, most likely due to increasing oxygen
limitation in the biofilm.

Nitrite accumulation was found in each experiment, with
an increasing fraction of the oxidized nitrogen accounted for
by the nitrite flux with decreasing intra-membrane supply
pressure. Full nitrite accumulation was achieved under an
operating pressures of 14 kPa, which resulted in oxygen
concentration of less than 2 gm�3 in over 85% of the biofilm.
Figure 3. Fluxes of ammonium, nitrite, and nitrate under varying intra-membrane

operating pressures. Ammonium fluxes are into the biofilm, while nitrate and nitrite

are out of the biofilm. Experiment 1 had 14 kPa intra-membrane air supply pressure;

Experiment 2 had 35 kPa; Experiment 3 had 70 kPa; and Experiment 4 had 70 kPa, with

an aerobic bulk liquid.
Abundance of Nitrifying Bacteria

Quantification of the distribution of AOB and NOB within
the biofilm was performed for each experiment using FISH.
For all experiments, the AOB density was similar throughout
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the biofilm, with an average density of 200� 109 cells cm�3.
However, the total NOB density decreased sharply with
distance from the membrane surface. Also, the maximum
NOB density, which occurred at the membrane–biofilm
interface, decreased with decreasing intra-membrane
pressures.



No nitrate formation was detected at the lower intra-
membrane operating pressures (Experiments 1 and 2),
where the NOB density was less than approximately 10% of
that of AOB density. When the NOB population was
subdivided into Nitrobacter spp. and Nitrospira spp., a shift
in the dominant species was revealed (Fig. 4a and b). At an
intra-membrane pressure of 70 kPa,Nitrobacter spp. was the
dominant NOB at the membrane surface, with a density
of approximately 18� 109 cells cm�3, as compared to a
density of 11� 109 cells cm�3 for Nitrospira spp. The
Nitrospira spp. density at the membrane surface remained
approximately the same for each oxygen condition, but the
Nitrobacter spp. density decreased to 8� 109 cells cm�3 and
2� 109 cells cm�3 for operating pressures of 35 and 14 kPa,
respectively.

A similar population shift was observed in the biofilm
30–60 mm from the membrane. At an intra-membrane
pressure of 70 kPa, the NOB population was approximately
50% Nitrobacter spp. and 50% Nitrospira spp. At 35 kPa, the
concentration of Nitrospira spp. was around twice that of
Nitrobacter spp., and no Nitrobacter spp. were detected at a
distance from the membrane greater than 30 mm at 14 kPa,
where Nitrospira spp. were present at approximately the
same density as at 35 kPa. Very few NOB were detected at
distance greater than 60 mm from the membrane.

In Figure 4, standard deviation for each bar (n¼ 10
images) ranged from 30% to 40% for the densities of
NOB. This large error was associated with the cluster-
ing ofNOBwithin the biofilm.Nitrospira spp. andNitrobacter
spp. were present in clusters through the biofilm, and
therefore portions of the biofilm effectively had a zero density
of NOB, while others had elevated densities.
Modeling Results

Parameter Fitting

The model was calibrated with the experimental data to
determine the applicable kinetic parameters. The best fit
Figure 4. a: Nitrobacter spp. and (b) Nitrospira spp. densities in the biofilm
kinetic parameters for Nitrobacter spp. and Nitrospira spp.
are shown in Table IV. The Ko forNitrobacter spp. was at the
low end of the values reported by Blackburne et al. (2007b),
and the Ko for Nitrospira spp. was at the high end of the
values reported by Blackburne et al. (2007b). The maximum
specific growth rates, m̂, for both Nitrobacter spp. and
Nitrospira spp. were within the range of maximum specific
growth rates for NOB in a biofilm (Kindaichi et al., 2006).
A comparison of the model and experimental fluxes for
ammonium, nitrite, and nitrate is shown in Table V.

The model indicated that the fluxes and ecology were
highly sensitive to m for bothNitrobacter spp. andNitrospira
spp. The fluxes had low sensitivity to Ko and Ks, but the
ecology was sensitive to these values. See Appendix A for
detailed results of the sensitivity analysis. A wide range of
m̂ values have been reported for Nitrobacter spp. and
Nitrospira spp. (Ehrich et al., 1995; Kindaichi et al., 2006;
Prosser 1989), and the in situ m̂ for Nitrospira spp. in a
biofilm has been shown to vary depending on the growth
state of the biofilm (Kindaichi et al., 2006). Given the high
sensitivity to m̂, and its potential variability, verification of
the m̂ value when modeling other experimental systems may
be necessary. The K values estimated by Blackburne et al.
(2007a,b) adequately predicted our observed shifts from
Nitrobacter spp. to Nitrospira spp. with decreasing oxygen
and nitrite concentrations.
Impact of Oxygen on Ammonium and Nitrite Fluxes

Using the kinetic parameters shown in Table II, the
biofilm model was used to determine fluxes of nitrite,
nitrate, and ammonium for various membrane-surface DO
concentrations (Fig. 5), and for various combinations of DO
at the membrane surface and DO in the bulk liquid
(Table VI). With an anoxic bulk liquid, ammonium
oxidation fluxes increased with increasing DO concentra-
tions at the membrane surface, with a sharp increase from
1 to 2 gm�3 DO and a more linear increase from 2 to
8 gm�3 (Fig. 5). Consistent with the experimental results,
at varying intra-membrane pressures. Error bars were omitted for clarity.
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Figure 5. Model-predicted fluxes of nitrite, nitrate, and ammonia at varying

membrane surface DO concentrations.

Table IV. Best fit kinetic parameters for NOB.

Parameter Value

Nitrobacter spp.

m̂Nit 0.31 day�1

Ko,Nit 0.51 gm�3

Ks,Nit 0.39 gNm�3

Nitrospira spp.

m̂Nsr 0.28 day�1

Ko,Nsr 0.4 gm�3

Ks,Nsr 0.27 gNm�3
nitrite was dominant when the DO at the membrane surface
was below 3 gm�3. The nitrite and nitrate fluxes were almost
equal when the DO was 5 gm�3. Even at the high DO
concentrations, a significant amount of nitrite accumulation
was predicted (approximately 40%). This shows that
considerable shortcut nitrogen removal is always present,
an effect not captured by previous models that consider
nitrification to nitrate in a single step (Shanahan and
Semmens, 2004).

The impact of bulk liquid oxygen concentrations was also
examined with the model. Experimental results indicated
little difference in ammoniumfluxes when the bulk liquid was
anoxic (Experiment 3) or when the bulk DO was 2 gm�3

(Experiment 4). The model predicted higher ammonium
fluxes at higher bulk liquid DO concentrations, but generally
lower percentages of nitrite accumulation (Table VI).
Discussion

Oxygen Gradients

The intra-membrane air supply pressure of anMAB is a readily
controllable variable, and a desirable means for selecting for
nitrite accumulation in the HMBP or other MAB systems.
Microsensor measurements indicated that intra-membrane
operating pressure effectively controlled the oxygen gradients
in the MAB. Previous biofilm studies found an oxygen
concentration of 2 gm�3 to be an effective means for
controlling nitrite accumulation in hybrid, suspended and
attached-growth systems (Chung et al., 2007), and Nitrobacter
spp. populations were shown to decrease in a nitrifying biofilm
at around 2 gm�3 (Schramm et al., 2000). In our studies, when
the intra-membrane pressure was 35 kPa, the majority of the
Table V. Comparison of experimental and model fluxes for each experimental condition.

Experiment

Oxygen

concentration (gm�3)

Flux

Ammonium

(gNm�2 day�1)

Nitrite

(gNm�2 day�1)

Nitrate

(gNm�2 day�1)

Exp. Model Exp. Model Exp. Model

1 2.2 0.74 0.7 0.63 0.57 0.01 0.1

2 3.2 1.01 1.27 1 0.96 0.04 0.286

3 5.5 1.3 1.37 0.43 0.64 0.64 0.715

4 5.5 1.26 1.18 0.34 0.3 0.84 0.81
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biofilm had oxygen concentrations below 2 gm�3, and high
levels of nitrite accumulation were observed. The entire biofilm
was near or below 2 gm�3 oxygen when the intra-membrane
pressure was 14 kPa. While this low oxygen condition resulted
in complete nitrite accumulation, reduced ammonium fluxes
were observed.
Nitrite Accumulation

Our results suggest that nitrite accumulation can be
achieved in an MAB, even at high membrane-surface and
bulk-liquid DO concentrations. In our experiments, the
optimal condition occurred when the DO at the membrane
surface was approximately 3.5 gm�3 and the bulk liquid was
anoxic (Experiment 2). In this case, almost complete nitrite
accumulation was achieved, with relatively high ammonium
oxidation fluxes. At lower membrane surface DO concen-
trations, the ammonium oxidation flux decreased signi-
ficantly, while at higher DO concentrations, much less
nitrite accumulation occurred. Modeling results indicated
that nitrite accumulation exceeding 40% of the oxidized
nitrogen can occur even at membrane DO concentrations of
8 gm�3. In practice, a compromise must be made between
higher nitrification fluxes, leading to more compact
treatment processes, and shortcut nitrification, leading to
lower demands for electron donors for denitrification. The
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biofilm region with DO below 2 gm�3 appears to control the
extent of nitrite accumulation.

NOB cell densities decreased with decreasing DO
concentrations, favoring nitrite accumulation. Also, the
dominant species of NOB shifted from Nitrobacter spp. to
Nitrospira spp. This is significant, because Nitrospira spp.
have lower nitrite oxidation rates than Nitrobacter spp.
(Table II). Even though NOB are present at low operating
pressures, the slow kinetics of Nitrospira spp. results in
reduced contribution to nitrate fluxes.

Kinetic parameters found through modeling indicated that
the m̂ value for Nitrobacter spp. was higher than that for
Nitrospira spp., whereas the K values for Nitrospira spp. were
lower than Nitrobacter spp.. This is consistent with previous
research suggesting that Nitrobacter spp. are r-strategists,
whereas Nitrospira spp. are K-strategists (Blackburne et al.,
2007b; Kim and Kim, 2006; Nogueira and Melo, 2006;
Schramm et al., 1999). The best fit parameters indicate that
Nitrospira spp. are favored in both low nitrite and low oxygen
conditions. Previous research indicated nitrite to be the main
factor governing competition between Nitrobacter spp. and
Nitrospira spp. in suspended growth cultures (Blackburne et al.,
2007b; Nogueira and Melo, 2006), whereas Schramm et al.
(2000) found aNitrospira spp. peak where oxygen disappeared
in anMAB, suggesting that oxygen affinity may also play a role
in selection of Nitrospira spp. overNitrobacter spp. Our results
suggest that both nitrite and oxygen affinity play a role in the
selection of Nitrospira spp. over Nitrobacter spp, as the K for
oxygen and nitrite for Nitrospira spp. is lower than for
Nitrobacter spp. The lower m̂ value for Nitrospira spp. suggests
that, even when Nitrospira spp. are present, they do not
contribute to nitrate fluxes as much as Nitrobacter spp.

The shift in NOB population observed in theMABs would
be expected to be similar in other biofilm systems where
shortcut nitrification has been reported (e.g., biofilm airlift
suspension (BAS) reactors (Garrido et al., 1996) and
sponge based biofilm reactors (Chung et al., 2007)). A
similar impact of oxygen concentration on nitrite accumu-
lation would also be expected in biofilm systems with bulk
aeration. The main difference between an MAB (where
oxygen is delivered at the substratum) and a biofilm in a BAS
or similar biofilm reactor (where oxygen is supplied via the
bulk liquid) is the location of the Nitrobacter spp in
the biofilm. In a biofilm with bulk-liquid aeration, the
Nitrobacter spp. are located at the outer edge of the biofilm,
where the oxygen concentration is the highest, whereas in
the MAB the Nitrobacter spp are located at the base of the
biofilm. Due to the location of Nitrobacter spp., greater
Nitrobacter spp. detachment and washout may occur in a
biofilm system with bulk aeration (Elenter et al., 2007).

Conclusions

Shortcut nitrification was quantified in an MAB as a
function of membrane and bulk DO concentrations. The
extent of nitrite formation was related to the fraction of
biofilm with DO below 2 gm�3. A tradeoff exists between
Downing and Nerenberg: Effect of Oxygen Gradients 9
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obtaining high ammonium oxidation fluxes at high
membrane DO concentrations and obtaining high nitrite
accumulation at low membrane DO concentrations. In
carbon limited wastewaters, it may be beneficial to operate
an HMBP or MABR at decreased intra-membrane pressures
to maximize nitrite production, minimizing exogenous
electron donor requirements. In a wastewater with sufficient
carbon, higher intra-membrane pressures may be desirable
to achieve higher nitrification rates, while still achieving a
substantial degree of nitrite accumulation.
Appendix AIV. Sensitivity analysis of NOB kinetic parame

Parameter

P

Nitrite

flux (%)

Nitrate

flux (%)

m̂Nit �20a 40

m̂Nsr �10 14

KO,Nit 3 �9

KO,Nsr 1 �2

Ks,Nit 3 �9

Ks,Nsr 1 �2

aValues in bold indicate percent changes >10% during se

Appendix AII. Stoichiometric matrix.

NHþ
4 -N NO�

2 -N N

Aerobic ammonium oxidation �1
YAOB

1
YAOB

Aerobic nitrite oxidation, Nitrobacter spp. — �1
YNit

Aerobic nitrite oxidation, Nitrospira spp. — �1
YNsr

Decay of AOB — —

Decay of Nitrobacter spp. — —

Decay of Nitrospira spp. — —

Appendix AI. Kinetic rate expressions.

Process

Aerobic ammonium oxidation

Aerobic nitrite oxidation, Nitrobacter spp.

Aerobic nitrite oxidation, Nitrospira spp.

Decay of AOB

Decay of Nitrobacter spp.

Decay of Nitrospira spp.

Appendix AIII. Physical Parameters.

Parameter Description

r Biofilm density

DNHþ
4 �N Diffusivity of ammonium 1.5

DNO�
2 �N Diffusivity of nitrite 1.4

DNO�
3 �N Diffusivity of nitrate 1.4

DO2 Diffusivity of oxygen 1.5

LDL Thickness of liquid diffusion layer
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Appendix A
ters.

ercent change

Nitrobacter spp.

population (%)

Nitrospira spp.

population (%)

57 �38

�26 106

�8 6

�2 �11

�12 6

�2 �13

nsitivity analysis.

O�
3 -N O2 XAOB XNit XNsr

— �ð3:42� 1:42YAOBÞ
YAOB

1 — —

1
YNit

�ð1:14� 1:42YNitÞ
YNit

— 1 —

1
YNsr

�ð1:14� 1:42YNsrÞ
YNsr

— 1 —

— — �1 —

— — — �1 —

— — — — �1

Rate expression

qmax;AOBYAOB
NHþ

4

NHþ
4 þ KS;AOB

O2

O2 þ KO;AOB
XAOB

qmax;NitYNit
NO2

NO2 þ KS;Nit

O2

O2 þ KO;Nit
XNit

qmax;NsrYNsr
NO2

NO2 þ KS;Nsr

O2

O2 þ KO;Nsr
XNsr

bAOBXAOB

bNitXNit

bNsrXNsr

Value References

10 kgm�3 Rittmann and McCarty (2001)

� 10�4 m2 day�1 Adapted from Schramm et al. (1999)

� 10�4 m2 day�1 Adapted from Schramm et al. (1999)

� 10�4 m2 day�1 Adapted from Schramm et al. (1999)

� 10�4 m2 day�1 Adapted from Schramm et al. (1999)

7 mm Calculated for this study
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