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Abstract The purpose of this study was to examine the
effects of different nutrient (carbon, nitrogen, oxygen)
concentrations on the microbial activity and community
structure in membrane-aerated biofilms (MABs). MABs
were grown under well-defined conditions of fluid flow,
substrate concentration, and membrane oxygen partial
pressure. Biofilms were then removed and thin-sliced
using a cryostat/microtome parallel to the membrane.
Individual slices were analyzed for changes with depth in
biomass density, respiratory activity, and the population
densities of ammonia-oxidizing and denitrifying bacteria
populations. Oxygen-sensing microelectrodes were used
to determine the depth of oxygen penetration into each
biofilm. Our results demonstrated that ammonia-oxi-
dizing bacteria grow near the membrane, while denitri-
fying bacteria grow a substantial distance from the
membrane. However, nitrifying and denitrifying bacteria
did not grow simultaneously when organic concentra-
tions became too high or ammonia concentrations be-
came too low. In conclusion, membrane-aerated biofilms
exhibit substantial stratification with respect to com-
munity structure and activity. A fundamental under-
standing of the factors that control this stratification will
help optimize the performance of full-scale membrane-
aerated biofilm reactors for wastewater treatment.
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Introduction

All municipal and many industrial wastewaters contain
carbonaceous and nitrogenous pollutants that would

adversely affect surface water quality if they were re-
leased untreated. Numerous bioprocesses, therefore,
have been developed to efficiently remove these pollu-
tants from wastewaters. An emerging bioprocess tech-
nology is the membrane-aerated biofilm reactor
(MABR), in which hydrophobic, gas-permeable mem-
branes are used for bubbleless oxygen transfer [3, 4].
Membrane aeration is advantageous because gas transfer
efficiencies are much higher than conventional bubble
diffusers [3, 15], resulting in lower operating costs [3, 6,
15] and in reduced emission of volatile pollutants [3, 4].

Perhaps the most important feature of an MABR is
its biofilm, which grows on the membrane surface and is
responsible for metabolizing nutrients found in the
wastewater. Membrane-aerated biofilms (MABs) have a
fundamentally different stratification compared to bio-
films grown on inert surfaces; oxygen and nutrients are
provided from opposite sides of the biofilm, leading to a
thicker zone of bacterial activity [8]. This unique biofilm
stratification is particularly fortuitous in that the region
near the membrane theoretically favors nitrification (i.e.,
rich in oxygen but poor in biodegradable organic com-
pounds). Simultaneously, the region of the biofilm fur-
thest from the membrane should favor denitrification
(i.e., rich in biodegradable organic compounds plus the
nitrate produced via nitrification, but poor in oxygen).
Indeed, numerous studies have reported the concomi-
tant removal of both carbonaceous and nitrogenous
pollutants in a single-stage MABR [11, 12, 19, 23].

In conventional bioreactor designs for nitrification-
denitrification, conditions are manipulated either in
separate bioreactors (e.g., modified Ludzack Ettinger
processes) [2] or temporally (e.g., sequencing batch
reactors) [1] to enhance nitrification and denitrification
rates. In MABRs, however, these biochemical processes
occur within a single biofilm, such that the traditional
manipulations are no longer applicable. Because MA-
BRs achieve simultaneous nitrification–denitrification in
a different manner than previous reactors designs, there
is a substantial need to optimize MABR performance
with respect to complete nitrogenous pollutant removal.
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The objective of this study was to observe the effect of
pertinent reactor conditions on the stratification of
MABs. Our hypothesis is that nitrification–denitrifica-
tion in MABRs is controlled by the mass transfer of
nutrients into the biofilm, the relative concentrations of
carbonaceous and nitrogenous compounds in the
wastewater, and the relative quantity of oxygen trans-
ferred into the biofilm. We believed that relatively low
concentrations of organic carbon would be beneficial for
nitrifying bacteria but limit denitrification efficiency be-
cause of an insufficient quantity of electron donor. In
contrast, excessive concentrations of organic carbon
would inhibit the growth of nitrifying bacteria, which
are outcompeted by heterotrophic populations when
oxygen becomes limiting [16]. This inhibition of nitrifi-
cation caused by excessive quantities of organic mate-
rial, therefore, could be partially compensated by the
provision of additional oxygen to the biofilm. To test
these hypotheses, MABs were grown in laboratory flow-
cell reactors, where variations in the stratification of
these biofilms could be characterized under different
fluid velocities, chemical oxygen demand (COD) con-
centrations, carbon:nitrogen (C:N) ratios, and intra-
membrane oxygen partial pressures.

Materials and methods

Biofilm reactor

MABs were grown under three different well-defined
conditions of fluid flow and substrate concentrations in
a rectangular, closed flow-cell reactor (6 cm wide,
2.5 cm high, 2 m long) as previously described in detail
[5]. Briefly, two biofilms were simultaneously grown on
flat-sheet microporous membranes (20·1 cm) set into
the base of the reactor, flush with the bottom of the
tank. The reactor was inoculated with cryopreserved
activated sludge (Metropolitan Wastewater Treatment
Facility, St. Paul, MN). The hydraulic residence time in
the growth chamber was kept short (6 h) to minimize the
removal of nutrients such that biofilms could be grown
at specifically targeted concentrations of COD and
ammonia–nitrogen. Fluid velocities across the biofilms
were controlled by the internal recirculation of reactor
fluid using a centrifugal pump.

The reactor feed contained sodium acetate and
ammonium chloride as the primary organic and
nitrogenous components, respectively, in dechlorinated
tap water; additional growth factors were provided by
adding small quantities of yeast extract and casamino
acids (2.5 mg l�1 each). Acetate was used as a carbon
source because its diffusion rate is well-described,
allowing our experimental results to be more easily
compared to our model predictions [21]. In each biofilm
growth experiment, the two membranes were supplied
with 30 ml min�1 of either atmospheric air
(pO2=0.21 atm) or enriched oxygen (pO2=0.75 atm),

both at atmospheric pressure. Actual reactor conditions
are shown in Table 1.

Biofilms were removed from the reactor 8 to 10 weeks
after inoculation. Samples (�1 cm·1 cm) were excised
with a razor blade and immediately frozen at �15�C.
The precise dimensions of each biofilm sample were
determined with a vernier caliper. Biofilms were then
thin-sliced at �15�C (typical thickness: 100–300 lm)
parallel to the membrane in a combined cryostat/
microtome (Richard-Allan Scientific, Kalamazoo, MI).
Biofilm slices were transferred to sterile microcentrifuge
tubes and stored separately at �20�C until further
analysis.

Analytical methods

Reactor conditions were monitored three times each
week. COD and nitrate–nitrogen concentrations were
determined colorimetrically using the dichromate and
NitraVer5 methods, respectively (Hach Co.; Loveland,
CO). Ammonia–nitrogen was quantified using an
ammonia-specific electrode (Hach).

Dissolved oxygen (DO) profiles were obtained from
the biofilms using a Clark-type microelectrode (tip
diameter=10–15 lm; response time<5 s; spatial reso-
lution=20–30 lm; Unisense, Denmark). The micro-
electrode was lowered through an access window in the
top of the reactor and into the biofilm by a computer-
controlled micromanipulator (Oriel Inst., Stratford, CT)
capable of maneuvering in 0.1 lm increments. Biofilm
thickness was determined using a 250· magnification
microscope (Integrated Endoscopy; Irvine, CA) at-
tached to a manually operated micromanipulator. DO
profiles and thickness measurements were collected
weekly in three locations centered on the middle of each
biofilm. Biofilms were grown until DO profiles and
thickness measurements suggested that growth had sta-
bilized.

Respiratory activity was measured by iodonitrotet-
razolium chloride (INT) reduction to INT-formazan
[24]. Biofilm samples soaked in INT solution were
incubated in the dark for 2 h at 40�C. After slicing, INT-
formazan was extracted with 50% N,N-dimethylforma-
mide in ethanol and incubated in the dark for 1 h.
INT-formazan concentrations were quantified using a
UV-Vis spectrophotometer (k=464 nm) (Beckman DU-
530, Fullerton, CA). Killed-biofilm controls were soaked
in 4% formaldehyde for 15 min.; these biofilms exhib-
ited an activity of no more than 0.2 mmol e� l�1 h�1.

Total particulate protein concentrations were quan-
tified using the Lowry method [13]. Biofilm slices first
were dried in a centrifugal drier (Labnet, Edison, NJ)
and resuspended in 1.0 N NaOH. Protein was solubi-
lized by incubation at 100�C for 10 min prior to analy-
sis. The dry cell mass of large biofilm samples was
quantified by incubating a known volume of biofilm at
103�C and weighing the residue with an analytical
balance.
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Quantification of bacterial populations

For genomic DNA extraction, biofilm slices (slice vol-
ume: 10–30 ll) were suspended in 1 ml of lysis buffer
[120 mM sodium phosphate buffer (pH 8.0), 5% sodium
dodecyl sulfate], subjected to three successive freeze-
thaw cycles, and incubated at 70�C for 90 min. Genomic
DNA was extracted and purified from these samples
using the FastDNA Spin Kit per manufacturer’s
instructions (QBioGene; Vista, CA).

Nitrosomonas oligotropha-like populations were
quantified in each biofilm slice by competitive PCR
(cPCR) of ammonia monoxygenase (amoA) gene frag-
ments using primers AMO598F and AMO718R [7]. A
competitor [7] of 100 nucleotides in length was synthe-
sized by AlphaDNA (Montreal, Canada). PCR reaction
mixtures (50 ll) contained: 1· PCR buffer (Promega;
Madison, WI), 175 lmol MgCl2, 4 nmol deoxynucleo-
side triphosphates, 2% bovine serum albumin, 25 pmol
forward and reverse primers, 1.25 units of AmpliTaq
polymerase (Roche Diagnostics; Indianapolis, Ind.) and
�1 ng of total genomic DNA. The PCR protocol in-
cluded a 5 min initial denaturation at 94�C, forty cycles
of 94�C for 1 min, 60�C for 1 min, and 72�C for 1 min,
and a final extension for 7 min at 72�C.

For each biofilm sample slice (target), competitive
PCR amplifications were performed on four mixtures
containing a constant target DNA concentration and
decreasing competitor copy numbers. Products were
resolved on a 3% w/v NuSieve 3:1 agarose gel (Bio-
Whittaker, Rockland, Maine) in 1· Tris-borate-EDTA
(TBE) buffer [17] stained with ethidium bromide. Band
intensities of target DNA and competitor DNA were
quantified using LabWorks Image Acquisition software
(UVP).

Denitrifying bacterial populations were quantified
by cPCR of two functionally redundant nitrite reduc-
tase gene fragments (nirS and nirK). Competitors for
these cPCR reactions were synthesized as described
previously [5]. The PCR reaction mixtures for cPCR of
nirS and nirK gene fragments were the same as de-
scribed above except that different primer pairs were
used (nirS: cd3 F and cd4 R; nirK: F1aCu and R3Cu)
[10, 14]. The PCR protocol for the amplification of

nirS gene fragments included a 5 min initial denatur-
ation at 94�C, 40 cycles of 94�C for 1 min, 50�C for
1 min, and 72�C for 1.5 min, and a final extension for
10 min at 72�C. The PCR protocol for the amplifica-
tion of nirK gene fragments included a 3 min initial
denaturation at 94�C, 35 cycles of 94�C for 0.5 min,
57�C for 1 min, and 72�C for 1 min, and a final
extension for 10 min at 72�C. cPCR products were
resolved on 2% agarose gels (Bio-Rad; Hercules, Ca-
lif.) in 1· Tris-acetate-EDTA (TAE) buffer [17] and
stained with ethidium bromide.

Data analysis

INT-F concentrations (mg ml�1) measured in the bio-
films were converted to an equivalent respiration rate
(mmol e� l�1 h�1) by multiplying by the number of
electron equivalents required for formazan production
(2 mol e� per mol formazan) and dividing by the con-
tact time (2 h) [22]. Total respiratory activity was esti-
mated as the area under the curve of the plot of INT-
formazan-based respiratory activity versus distance
from membrane by the trapezoidal rule.

For all competitive PCR assays, the target copy
number was determined as the value of the y-intercept of
a linear regression of the log of the competitor copy
number versus the log of the ratio of target to corrected
competitor band intensity. Competitor band intensity
was corrected for the difference in amplicon length be-
tween the actual target and competitor by multiplication
by a factor of 121/100, 735/633 and 474/415 for amoA,
nirS and nirK, respectively. Total quantities of ammo-
nia-oxidzing bacteria (AOB) and denitrifying bacteria
were computed as the area under the curve of the plot of
gene copy number versus distance from membrane by
the trapezoidal rule.

Results

Biofilm thickness and biomass density

Biofilms rapidly grew over the first 3 weeks of each
experiment (data not shown), but then biofilm thick-
nesses generally stabilized with respect to time during
the last few weeks of each experiment (Fig. 1). The
thickness of one of the biofilms (oxygen-fed, Condition
1), however, continued to increase in thickness
throughout the experiment. In general, the oxygen-fed
biofilms were thicker than the air-fed biofilms grown
under the same conditions. Similarly, nutrient concen-
trations substantially impacted biofilm thickness. Mak-
ing pairwise comparisons, a 2.5-fold increase in NH3

concentration (i.e., Condition 2 vs. Condition 1) resulted
in a 1.4-fold increase in biofilm thickness (air-fed
biofilms only); a 2-fold increase in COD concentration
resulted in a 20–50% increase in biomass thickness (i.e.,
Condition 2 vs. Condition 3) (Table 2).

Table 1 The mean concentrations of nutrients under which mem-
brane-aerated biofilms were grown

COD NH3 O2 concentration at
the membrane

Condition 1
Air-fed 100 26.5 9.1
O2-fed 100 26.5 32.9
Condition 2
Air-fed 97 9.9 8.9
O2-fed 97 9.9 37.4
Condition 3
Air-fed 198 21.4 7.8
O2-fed 198 21.4 37.1

All concentrations are mg l�1
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Biomass densities (measured as total protein) also
varied substantially as a function of depth within some
of the biofilms as well as a function of reactor conditions
(Fig. 2). The biomass densities were similar for the air-
fed and oxygen-fed biofilms under all three conditions.
Under Conditions 1 and 2, the highest biomass densities
were observed near the membrane; biomass densities
declined as function of distance from the membrane.
Under Condition 3, the biomass density was relatively
constant as a function of distance from the membrane.
The ratio of cellular protein to dry cell mass in these
biofilms was 3–16%.

Dissolved oxygen penetration and respiratory activity

Oxygen penetration into the biofilms varied substantially
between experimental conditions (Fig. 3). The oxygen-
fed biofilms exhibited substantially deeper oxygen pene-
tration as well as higher oxygen fluxes (Table 2) into the
biofilm than the air-fed biofilms. All of the oxygen

profiles were initially linear as a function of distance from
the membrane, suggesting that mass transfer was con-
trolled by diffusion rather than bacterial uptake. In the
biofilms grown under Condition 2, the oxygen concen-
tration profiles remained largely linear until oxygen was
no longer detectable. In contrast, the oxygen concen-
tration profiles in the biofilms grown under Conditions 1
and 3 flattened as the oxygen concentrations neared zero,
suggesting that bacterial respiration had a minimal effect
on the oxygen flux across the membrane.

The differences in experimental conditions produced
substantially different respiratory activity profiles in the
MABs (Fig. 4). The biofilms grown under Conditions 1
and 2 exhibited hump-shaped respiratory profiles as a
function of distance from the membrane. In contrast, the
biofilms grown under Condition 3 exhibited relatively
constant respiratory activity as a function of distance
from the membrane. The profiles of respiratory activity
were generally consistent with the dissolved oxygen
profiles. For the biofilms grown under Conditions 1 and
2, the location of the highest bacterial respiratory activity
roughly corresponded to the location at which dissolved
oxygen was depleted; this is reasonable for biofilms with
anti-parallel provision of electron donor (i.e., from the
bulk fluid) and electron acceptor (i.e., through the
membrane). In contrast, the dissolved oxygen and
respiratory activity profiles for the biofilms grown under
Condition 3 suggested that there was substantial bacte-
rial activity throughout the depth of the biofilm.

Profiles of ammonia-oxidizing and denitrifying bacteria

Ammonia-oxidizing bacteria (AOB) and denitrifying
bacteria were simultaneously detected in only one of the
air-fed biofilms (Fig. 5). Under Condition 1, AOB were
detected near the membrane, and their concentration
declined as the distance from the membrane increased
(Fig. 5a). Two different profiles were observed for the
nirK- and nirS-type denitrifying bacteria under Condi-
tion 1. The nirK-type denitrifying bacteria were detected
throughout the biofilm, although their highest concen-
tration occurred in the middle of the biofilm. The nirS-
type denitrifying bacteria were not detectable near the

Fig. 1 The thickness of membrane-aerated biofilms grown under
three different chemical conditions (Table 1). Filled circle, Condition
1, air-fed; open circle, Condition 1, oxygen-fed; filled square,
Condition 2, air-fed; open square, Condition 2, oxygen-fed; filled
triangle, Condition 3, air-fed; open triangle, Condition 3, oxygen-fed

Table 2 Summary of the characteristics of the membrane-aerated biofilms analyzed in this study

Final
thickness
(mm)

Mean
protein
biomass
(mg ml�1)

Dry cell
mass
(mg ml�1)

O2 flux
(mg min�1 m�2)

Total respiratory
activity
(mmol e m�2 h�1)

Total
amoA
(copies
mm�2)

Total
NirK
(copies
mm�2)

Total
nirS
(copies
mm�2)

Condition 1
Air-fed 2.4 6.8 70 2.2 6.9 2,540 4,600 8,900
O2-fed 4.9 4.5 66 3.9 14.1 2,900 1,840 4,870

Condition 2
Air-fed 1.7 8.9 81 4.0 4.7 0 60 4,100
O2-fed 2.0 11.1 81 5.8 7.8 5,100 5,100 5,000

Condition 3
Air-fed 2.1 1.8 52 1.5 3.5 0 100 225
O2-fed 3.0 2.7 17 2.3 5.4 0 25 70
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membrane, but then became quite prominent near the
liquid–biofilm interface.

AOB were not detected in either of the air-fed bio-
films grown under Conditions 2 and 3 (Fig. 5b, c). Both

nirK- and nirS-type denitrifying bacteria were detected
in the air-fed biofilm grown under Condition 2 (Fig. 5b),
which was unexpected given that no nitrifying bacteria
were detectable in this biofilm—although AOB were
detected in the oxygen-fed biofilm grown concomitantly
under this condition (Fig. 6b). Only small quantities of
denitrifying bacteria were detected in the air-fed biofilm
grown under Condition 3 (Fig. 5c).

The oxygen-fed biofilms grown under Conditions 1
and 3 produced similar profiles of ammonia oxidizing
and denitrifying bacteria as the air-fed biofilms con-
comitantly grown under the same conditions (Fig. 6a, c).
In contrast, the oxygen-fed biofilm grown under Con-
dition 2 (Fig. 6b) had substantially different population
profiles than the corresponding air-fed biofilm (Fig. 5b).
In this oxygen-fed biofilm, AOB were detected
throughout a substantial fraction (�75%) of the biofilm
thickness. Both the nirK- and nirS-types of denitrifying
bacteria were also detected throughout the biofilm.

Discussion

Our long-term research goal is to optimize simultaneous
nitrification–denitrification in MABRs, which are
unique in their ability to achieve complete nitrogenous
pollutant removal by promoting the growth of nitrifying
and denitrifying bacterial communities within a single
biofilm (separated by a few millimeters or less). Con-
sistently achieving the desired stratification of bacterial
populations, however, poses a difficult bioengineering
challenge. In many ways, the future design of MABRs
will require a paradigm shift from current wastewater
treatment engineering practices because these systems
will need to be fabricated to specifically accommodate
the ecological interaction of nitrifying and denitrifying
bacterial populations. Previous researchers have termed
this design paradigm as ‘‘ecological engineering’’ [9] or
‘‘sludge population optimization’’ [25]. In our recent
research, we developed a mathematical model to predict
the stratification of nitrifying and denitrifying bacterial
populations [21]. These predictions were corroborated
by a preliminary experimental study in which the pro-
posed stratification of AOB and denitrifying bacteria
was confirmed [5].

In the current study, we manipulated the concentra-
tions of key nutrients (organic carbon, ammonia–nitro-
gen, and oxygen) to discern their effect on the growth and
stratification ofMABs. ForMABs grownunder relatively
low concentrations of COD but high concentrations of
ammonia (Condition 1), the AOB and denitrifying bac-
teria stratified as a function of depth in a manner that was
consistent with our original hypothesis (Figs. 5a, 6a).
When MABs were grown with a similar COD concen-
tration but lower ammonia concentration (Condition 2),
the AOB failed to grow in the air-fed biofilm (Fig. 5b),
although additional oxygen transfer to the biofilm did
promote the growth of both AOB and denitrifying

Fig. 2 Protein concentration profiles of air-fed (closed symbols) and
oxygen-fed (open symbols) membrane-aerated biofilms grown
under three different conditions. a Condition 1; b Condition 2; c
Condition 3
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bacteria (Fig. 6b). In contrast, no AOB were detected
when MABs were grown under a high COD concentra-
tion and a low ammonia concentration regardless of how
much oxygen was fed to the biofilm (Figs. 5c, 6c).

These results confirm our original hypotheses with
respect to the conditions under which the stratification
of AOB and denitrifying bacteria will occur in MABs. If
the organic content becomes too high, then aerobic
heterotrophic bacteria will outcompete the AOB for
oxygen [16], preventing nitrification from proceeding.
We hypothesize that this inhibition can be relieved by
increasing membrane surface area to provide more
oxygen to the biofilms (or by using enriched oxygen).
Furthermore, the ratio of organic nutrients to ammo-
nia–nitrogen can be an important factor in the devel-
opment of this stratification. At high carbon to nitrogen
ratios, the heterotrophic bacteria can conceivably out-
compete the AOB for ammonia. In contrast, low carbon

to nitrogen ratios would allow nitrification to proceed,
but denitrification would be limited by the availability of
electron donor. Based on our modeling efforts [21],
experimental results and stoichiometric calculations, we
conclude that nitrification–denitrification will be opti-
mum at a COD:N ratio of 4:1 in MABRs.

Although our modeling efforts have identified key
parameters that control the development of MABs [8,
21], our experimental results reveal several limitations of
our mathematical model. In particular, the MABs were
often quite heterogenous with respect to biomass density
as a function of depth (Fig. 2a, b). This heterogeneity
would substantially affect model predictions for mass
transfer of nutrients within the biofilm and for the rates
of bacterial metabolism within the MABs [20].

In spite of these limitations, however, our experi-
mental results support our model prediction of bacterial
activity as a function of depth, suggesting that our

Fig. 3 Dissolved oxygen
profiles in membrane-aerated
biofilms grown under three
different conditions.
a Condition 1, air-fed;
b Condition 1, oxygen-fed;
c Condition 2, air-fed;
d Condition 2, oxygen-fed;
e Condition 3, air-fed;
f Condition 3, oxygen-fed
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model offers a substantial opportunity to understand the
ecology of MABs [8]. This hump-shaped profile of
respiratory activity, however, has several consequences
for MABR performance. The relatively low respiratory

activity near the membrane effectively represents a
diffusional barrier hindering oxygen transfer to the
biofilm; this hypothesis is supported by our empirical
observation of linear DO profiles as a function of depth
near the membrane. Presumably, an analogous barrier
also exists on the biofilm-liquid side that hinders the
mass transfer of biodegradable organic compounds and
ammonia into the biofilm. Biofilm thickness, therefore,

Fig. 4 Profiles of respiratory activity as functions of depth in air-
fed (closed symbols) and oxygen-fed (open symbols) membrane-
aerated biofilms grown under different conditions. a Condition 1; b
Condition 2; c Condition 3

Fig. 5 Population profiles of AOB and denitrifying bacteria in air-
fed membrane-aerated biofilms as quantified by competitive
quantitative PCR of amoA (filled circle), nirS (open triangle), and
nirK (open square) gene fragments. a Condition 1; b Condition 2; c
Condition 3
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needs to be sufficiently thick to allow both nitrification
and denitrification to proceed, but not excessively thick
such that bacterial activity is adversely affected.

A limitation of the current study is the contrived
conditions under which the MABs were grown. The
experimental design involved small membrane areas and
short hydraulic residence times such that the COD and
ammonia concentrations could be easily controlled. In

contrast, most wastewater treatment bioreactors are
operated such that the in situ concentrations of COD
and ammonia are low. Numerous previous studies,
however, have demonstrated that AOB and denitrifying
bacteria can grow under these conditions [11, 18, 23].
Our study is also limited by the destructive nature of
biofilm removal and slicing, which limited our ability to
perform replicate analyses of our biofilms.

In conclusion, our research demonstrates thatAOBand
denitrifying bacteria can simultaneously grow in MABs.
The AOB grow near the membrane, which contains suffi-
cient oxygen (Fig. 3), but is likely low in biodegradable
organic carbon. The denitrifying bacteria grow a sub-
stantial distance from the membrane, where anoxic con-
ditions persist and presumably there is a sufficient quantity
of biodegradable organic carbon. The relative concentra-
tions of biodegradable organic carbon and ammonia,
however, can play an important role in the simultaneous
development of AOB and denitrifying bacteria. To a lim-
ited extent, the desired stratification can bemanipulated by
increasing the quantity of oxygen transferred to MABs.
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