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The membrane-aerated bioﬁlm reactor (MABR) is a novel wastewater treatment technology based on
oxygen-supplying membranes. The counter diffusion of oxygen and electron donors in MABRs leads to
unique behavior, and we hypothesized it also could impact predation. We used optical coherence tomography (OCT), microsensor analyses, and mathematical modeling to investigate predation in
membrane-aerated bioﬁlms (MABs). When protozoa were excluded from the inoculum, the MAB's OCTobservable void fraction was around 5%. When protozoa were included, the void fraction grew to nearly
50%, with large, continuous voids at the base of the bioﬁlm. Real-time OCT imaging showed highly motile
protozoa in the voids. MABs with protozoa and a high bulk COD (270 mg/L) only had 4% void fraction.
DNA sequencing revealed a high relative abundance of amoeba in both high and low-COD MABs. Flagellates were only abundant in the low-COD MAB. Modeling also suggested a relationship between
substrate concentrations, diffusion mode (co- or counter-diffusion), and bioﬁlm void fraction. Results
suggest that amoeba proliferate in the bioﬁlm interior, especially in the aerobic zones. Voids form once
COD limitation at the base of MABs allows predation rates to exceed microbial growth rates. Once
formed, the voids provide a niche for motile protozoa, which expand the voids into a large, continuous
gap. This increases the potential for bioﬁlm sloughing, and may have detrimental effects on slowgrowing, aerobic microorganisms such as nitrifying bacteria.
© 2018 Elsevier Ltd. All rights reserved.
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1. Introduction
Membrane-aerated bioﬁlm reactors (MABRs) are a novel
wastewater treatment technology based on air or oxygensupplying membranes. The membranes deliver oxygen directly to
bioﬁlms growing on the membrane outer surface, achieving up to
100-percent oxygen transfer efﬁciency (Ahmed et al., 2004; Martin
and Nerenberg, 2012; Pankhania et al., 1994; Perez-Calleja et al.,
2017; Semmens et al., 2005). Interest in MABRs has increased
signiﬁcantly in recent years. This is partly due to the launch of
several commercial MABR applications (Peeters et al., 2017).
In order to develop effective MABR applications, a fundamental
understanding of the behavior of MABR bioﬁlms (MABs) is needed.
MABs behave differently from conventional, or “conventionally
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aerated” bioﬁlms (CABs) due to the counter-diffusion of the electron donor and acceptor (Nerenberg, 2016). For example, CABs have
the highest dissolved oxygen (DO) and COD concentrations at the
bioﬁlm exterior (Fig. 1a). Thus, their highest metabolic activity always is at the bioﬁlm exterior. In MABs, in contrast, the DO penetrates from the base of the bioﬁlm, so the highest activity can occur
anywhere in the bioﬁlm (Fig. 1b) (Nerenberg, 2016). This can lead to
differences in bioﬁlm microbial community, morphology and activity (Downing and Nerenberg, 2008, 2007; Matsumoto et al.,
cher and Smets, 2014).
2007; Pellicer-Na
Our research was motivated by the observation of large voids at
the base of heterotrophic MABs, totally disconnected from the bulk
liquid. These voids were absent from CABs grown under similar
conditions. The voids appeared after a few days, and quickly
expanded to form near-continuous gaps along the base of the
MABs. No previous research reported similar phenomena. In this
paper, we refer to bioﬁlm “voids” as empty bioﬁlm spaces that lack
connection to the bulk liquid. We avoided the term “porosity,” as its
use commonly includes spaces connected to the bulk liquid.
We hypothesized that void formation in MABs resulted from
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This research explores void formation in MABs. The research
strategy was to study mixed-culture, heterotrophic MABs with low
bulk COD, such that COD limitation occurred at the base of the
bioﬁlm. Controls included an MAB inoculated without protozoa, an
MAB with high bulk COD, and a CAB with low bulk COD. Studies
included bioﬁlm imaging with optical coherence tomography
(OCT), proﬁling with DO microsensors, and DNA sequence analysis.
Also, mathematical modeling was used to qualitatively explain the
mechanisms of void formation.
Fig. 1. Substrate proﬁles and microbial activity in CABs and MABs. Activity is the
product of the electron donor and acceptor Monod terms, which is zero if either donor
or acceptor is zero. (a) CAB: high DO and high COD in bulk-liquid, low DO and low COD
at attachment surface (b) MAB: low DO and high COD in bulk liquid, high DO and low
COD at attachment surface. The conventional bioﬁlm typically has the maximum activity (growth rate) at the outer edge, while the MAB may have the maximum activity
in the bioﬁlm interior.

protozoan predation, as our real-time imaging showed putative
protozoa actively moving within these internal voids. If true, this
could have important implications for the stability of MABs. A
better understanding of this phenomena could allow the development of strategies to encourage or discourage this phenomenon,
as needed.
Predation by higher organisms is known to impact the structure
and function of environmental bioﬁlms, although few studies have
quantiﬁed predation within bioﬁlms. It has not been considered
explicitly in past bioﬁlm models. Common protozoa in wastewater
systems include amoebae, ﬂagellates, and ciliates (Jürgens and
Matz, 2002; Lee and Welander, 1996; Madoni, 2011). Amoeba
typically are predominant in bioﬁlms (Arndt et al., 2003). They
establish themselves on or within bioﬁlms, and may signiﬁcantly
inﬂuence bioﬁlm growth patterns and structure (Jackson and Jones,
1991; Scherwass et al., 2016). Flagellates can glide over the bioﬁlm
exterior and feed on suspended or attached biomass (Arndt et al.,
2003). Ciliates are able to “walk” over the substratum with their
cilia. They browse on loosely attached bacteria or suspended bacteria (Arndt et al., 2003).
Protozoa can impact bioﬁlms in a variety of ways. For example,
protozoan metabolism can re-mineralize nutrients and stimulate
bioﬁlm growth (Scherwass et al., 2016). They also can disturb the
initial stages of bioﬁlm development (Rychert and Neu, 2011).
Protozoa can indirectly enhance solute transport in bioﬁlms by
their movement, increasing porosity and causing morphological
€ hme et al., 2009). Ciliates can
changes in the bioﬁlm matrix (Bo
modify bioﬁlm internal structure by creating holes and channels,
driving the biomass morphology to grazing-resistant microcolonies
€ hme et al., 2009; Dopheide et al., 2011) or bioﬁlm structures
(Bo
(Weitere et al., 2005). Amoeba can disrupt bioﬁlms by moving
through its matrix and grazing on biomass, potentially causing
bioﬁlm sloughing (Jackson and Jones, 1991) and forming cavities
(Derlon et al., 2012). Given that most protozoa prefer aerobic environments (Fenchel, 2014; Finlay, 1990), and the aerobic zones
differ between CABs and MABs, the effects of predation may differ
as well.
Metazoa, such as worms, also have important effects on bioﬁlms, consuming biomass and creating rough bioﬁlm morphologies
at a macro scale (Derlon et al., 2013; Klein et al., 2016). Also, some
pure-culture bioﬁlms have been observed to “hollow out” the
interior of mushroom structures, reportedly due to starvation and
degradation of EPS (Hunt et al., 2004). Growth conditions and
detachment can also affect the porosity of bioﬁlms (Marchal et al.,
2011). Despite these known effects, there are no previous reports of
large, continuous voids forming entirely within the bioﬁlm, with no
connection to the bulk liquid.

2. Materials and methods
2.1. Bioﬁlm growth experiments
Heterotrophic bioﬁlms were grown in bench-scale ﬂow cells
containing a single hollow-ﬁber membrane (Fig. 2). The ﬂow cells
were either operated as MABs or CABs. For MAB operation, the bulk
liquid was maintained anaerobic by recirculating the ﬂow through
a reservoir with N2 sparging. The membrane lumen was pressurized with air. For CAB operation, the recirculation reservoir was
sparged with air, providing a DO of 5 ± 0.2 mg/L in the bulk liquid,
and the membrane lumen was pressurized with N2, allowing aerobic conditions in the outer part of the bioﬁlm and anaerobic in the
inner part. Air or N2 was supplied to the membrane at a relative
pressure of 34.5 kPa (5 psig). This pressure results in DO concentration at the membrane surface about 8e10 mg/L for the MAB. The
air or N2 gas sparging was at approximately 15 mL/min. The efﬂuent
was pumped out of this reservoir from a ﬁxed elevation in the
reservoir, maintaining a constant water level. The ﬂow cell was a
square-sectioned glass tube, with a 6-mm inner dimension and 40cm length, with a single, 460-mm diameter silicone hollow-ﬁber
membrane in the center (Oxymem Ltd., County Westmeath,
Ireland) (Fig. 2). The membrane was located at the bottom of the
ﬂow cell, supported at both ends by an air-supplying manifold. The
membrane was glued to a plastic support, with the upper half
exposed to the liquid and the bottom half embedded in glue. Fixing
the membrane to the bottom of the ﬂow cell minimized movement
caused by the water ﬂow and improved the OCT imaging. The other
end of the membrane was open-ended in all experiments. The ﬂow
cell had seven ports, located every 5 cm along the ﬂow cell, for
microsensor DO measurements. A recirculation ﬂow rate of
15.2 mL/min resulting in a laminar ﬂow of 0.01 m/s (Re ¼ 70),
provided well-mixed conditions and hydraulic shear on the bioﬁlm
(Masterﬂex L/S, Cole Parmer). No sloughing or signiﬁcant detachment was observed in bioﬁlms exposed to this shear stress during
experiment duration (up to 100 h). Oxygen in the bulk liquid was
measured using a portable dissolved oxygen probe (IntelliCal LDO
Probe, HACH).
2.2. Growth media
Growth media and acetate solutions were purged with N2 to
remove DO, then pumped into the reactor using peristaltic pumps
(Dynamax RP-1, Rainin Instrument Co). The feed solution was
supplied to the ﬂow cell at a constant rate of 1.5 mL/min. The
inﬂuent mixture consisted of 50% of a 100e500 mg/L acetate
(CH3COO) stock solution (electron donor) and 50% of the growth
medium. The growth medium was prepared with distilled water
amended with 2.77 g/L Na2HPO4, 1.7 g/L KH2PO4, 0.41 g/L
MgSO4$7H2O, 0.2 g/L (NH4)2SO4, as well as a 2 mL of trace mineral
and 2 mL of a calcium-iron (Ca-Fe) solutions per liter. The CaeFe
solution contained, per liter: 1 g CaCl2-2H2O and 1 g FeSO4-7H2O.
The trace mineral solution contained, per liter: 100 mg ZnSO47H2O, 30 mg MnCl2-H2O, 300 mg H3BO3, 200 mg CoCl2-6H2O,
10 mg CuCl2-2H2O, 10 mg NiCl2-6H2O, 30 mg Na2MoO4-2H2O, and
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Fig. 2. Experimental set up, indicating the ﬂow cell, OCT unit, and microelectrode system.

30 mg Na2SeO3 (Nerenberg et al., 2002). The pH was maintained at
approximately 7.
2.3. Experimental conditions
A summary of experimental conditions for the tests performed
in this study is shown in Table 1. The ﬂow cell was operated at room
temperature, approximately 22  C. It was inoculated with mixed
liquor from a local wastewater treatment plant. The plant was a
conventional activated sludge plant with COD removal and nitriﬁcation, and a solids retention time of around 10 days. For the control
test (Experiment 1), protozoa were removed by three ﬁltration
steps with 1.2-mm pore size ﬁlters (Isopore Membrane Filters,
Millipore) (Wey et al., 2012). For the other tests, the reactors were
inoculated with 10 mL of the supernatant of mixed liquor that had
been vigorously mixed and allowed to settle for 30 min. The inoculated reactor was allowed to recirculate for 24 h before starting
the inﬂuent ﬂow, which was considered the beginning of the
experiment (“time zero”). From the time of inoculation, the membrane lumen was pressurized with air and the bulk liquid was
continuously sparged with N2 to prevent DO accumulation. See
sparging bottle on the magnetic stirrer in Fig. 2.
For the MAB, “low” and “high” COD concentrations were used to
evaluate the effect of donor limiting conditions inside the bioﬁlm.
All experiments were carried out over 80e100 h, when the bioﬁlms
had reached a stable thickness.
2.4. Imaging of bioﬁlm internal structure
OCT was used to image 2D vertical bioﬁlm sections, i.e., sections
perpendicular to attachment surface (Ganymede II Spectral Domain
OCT System, THORLABS, Inc.). The image collection software was
ThorImage OCT, Version 4.3, THORLABS Inc. (www.thorlabs.com).
The bioﬁlm ﬂow cell was kept under the OCT for the duration of
each experiment, and bioﬁlm development and void formation
were observed for a ﬁxed location. This location was 15 cm from the

liquid and air inlet side of the reactor and covered approximately
6e7 mm of bioﬁlm length. The OCT resolution was approximately
8 mm, so the observed voids were only those larger than 10 mm
(Fortunato et al., 2017; Wagner et al., 2017). In our experiments,
both bioﬁlm/water and bioﬁlm/substratum interfaces were clearly
detectable. This is because the maximum bioﬁlm thickness, of
around 250 mm, allowed full OCT penetration down to the membrane surface. No shadowing effects were identiﬁed. Images were
captured every 3e5 h. Real-time imaging was collected over
10e20 s periods to visualize predator movement within the bioﬁlm. Videos showing the movement of predators were made using
ImageJ-1.50b (Wayne Rasband, National Institutes of Health, USA).
A typical video is provided in the supplementary material.
The OCT images were digitally processed to estimate bioﬁlm
thickness, area and void fraction. MATLAB programs (MATLAB
R2013a, The Mathworks, Inc) were adapted from Lewandowski and
Beyenal (2013). Image processing included (a) digital correction of
OCT image including the deletion of background noise from raw
OCT captures and isolation of the bioﬁlm structure; (b) conversion
of corrected image to a binary black and white format to allow post
processing and parameter estimation. The thresholding procedure
used was the iterative selection method (Lewandowski and
Beyenal, 2013); (c) estimation of void fraction, area and thickness
of the bioﬁlm, where void fraction is the number of internal void
pixels (disconnected from the bulk liquid) divided by the total
number of pixels (void and bioﬁlm), bioﬁlm area is the total
number of pixels, and bioﬁlm average thickness is the bioﬁlm area
divided by the image length in the membrane direction. All initial
calculations were made in terms of pixels. Final results were
transformed to metric units using scale data from OCT software.

2.5. DO measurements
Oxygen microelectrodes were used to measure the DO proﬁles
in the bioﬁlm. Proﬁles spanned from the membrane surface, across
the bioﬁlm, and into the bulk. Clark-type oxygen microelectrodes

Table 1
Experimental conditions.
Experiment
1. Control Low-COD MAB (without
predation)
2. Low-COD MAB
3. High-COD MAB
4. Low-COD CAB

Protozoa in
inoculum

Inﬂuent COD concentration
[mg/L]

Bulk COD concentration
[mg/L]

Bulk O2 concentration
[mg/L]

Gas supplied in
membrane

No

58

36

<0.2

Air

Yes
Yes
Yes

60
288
60

38
267
29

<0.2
<0.2
5 ± 0.2

Air
Air
N2
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(Unisense, Denmark) with a 25 mm tip diameter were used to
measure DO concentrations at 20-mm intervals perpendicular to the
membrane. The microelectrode movement was controlled with a
micro-manipulator (Model MM33-2, Unisense A/S).
The DO proﬁles typically reached a distance of around
600e1000 mm from the membrane surface into the bulk liquid.
Each plotted DO proﬁle corresponds to the average of four replicates proﬁles made at different bioﬁlm locations at a measuring
port located 15-cm from the entrance of the ﬂow cell. DO measurements were used to verify the location of aerobic and anaerobic
areas within the bioﬁlm and were matched with simulated oxygen
proﬁles.
2.6. DNA extraction, sequencing, and data analysis
Total community DNA was extracted from bioﬁlm samples and
the inoculum using the PowerSoil DNA kit (Mo Bio Laboratories,
Carlsbad, CA). A Nanodrop spectrophotometer (Nanodrop 2000,
Thermo Scientiﬁc) was used to quantify the concentration and
check the quality of the extracted DNA. Primer sets 515F/926R
(Walters et al., 2016) and Euk1391F/Euk_Br (Amaral-Zettler et al.,
2009) were used to amplify bacterial and archaeal 16S rRNA gene
V4-V5 variable region and eukaryotic 18S rRNA V9 region, respectively. The PCR amplicons were puriﬁed using the UltraClean PCR
Clean-Up kit (Mo Bio Laboratories, Carlsbad, CA) to remove primer
dimers and other non-speciﬁc DNA. DNA sequencing using Illumina
Miseq with paired-end reads was sequenced at the Center for
Research Informatics (CRI) (Chicago, IL). Raw sequencing data were
submitted to the NCBI SRA database under the accession number
SRP 139044. Sequences less than 250 bases were discarded. Subsequently, chimeric sequences were checked and ﬁltered using the
USEARCH algorithm with the GreenGenes 13_8 reference sequence
database (McDonald et al., 2012). Sequencing data was then processed and de novo operational taxonomic unit (OTU) clusters were
generated using QIIME 1.9.1 with the UCLUST method at 97% similarity to obtain taxonomic summaries (Caporaso et al., 2010).
2.7. Modeling biomass and predator growth on the heterotrophic
bioﬁlm
In order to qualitatively explain the mechanisms of predation on
void formation, MABs and CABs were simulated with a onedimensional bioﬁlm model implemented in AQUASIM 2.1
(Reichert, 1994). Based in our experimental observations, where the
void formed near-continuous layer parallel to the substratum, we
felt that a one-dimensional model would be able to capture predation and void formation adequately. A discussion of the model
assumptions and limitations is included in the modeling results
section. Stoichiometric coefﬁcients (Table 2) and process rates
(Table 3) for heterotrophic bacteria were adapted from Matsumoto
et al. (2007), and for predation from Moussa et al. (2005).
The predation process is a function of bacterial concentration
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and reduction of active predators was simpliﬁed in one decay
process (Moussa et al., 2005; Revilla et al., 2016). The short hydraulic retention time (approximately 3 h) precluded appreciable
accumulation of suspended growth. COD (SCOD) and DO (SO2) were
modeled as soluble variables, whereas heterotrophic bacteria (XH),
inerts (XI), predators (XP), slowly degradable substrate (XS), and
voids (XV) were modeled as particulate variables.
Xv is a ﬁctitious particulate compound, acting as a placeholder
for empty space in the bioﬁlm (voids). In order to occupy the same
volume as the lost biomass, it has the same density as the other
particulate components. XV increases when the decrease of XH to
predation and decay exceeds the increase due to growth. XV decreases when there is net growth. Once XV is fully consumed, i.e.,
the void is completely ﬁlled with XH, further increases in XH
contribute to an increase in bioﬁlm thickness. It was assumed that
predator biomass inside the void does not affect Xv. Note that Xv
has no reaction rate associated with it, and it has the diffusivity of
water. So it behaves like a void, despite having a ﬁctitious density.
Model parameters are shown in Table 4. Note that detachment
was assumed to be erosive, affecting the outer bioﬁlm only. Erosive
detachment is simulated in AQUASIM by a bioﬁlm “detachment
velocity” at its outer edge. By setting the detachment velocity equal
to the bioﬁlm growth velocity, once a desired bioﬁlm thickness has
been reached, further increases in thickness are prevented. Since
voids in our experiments developed without any appreciable
sloughing, we felt erosive detachment was justiﬁed. Further study
into the effect of detachment on void formation may be warranted
if different timescales or shear conditions are considered.
The model assumed substrate diffusion coefﬁcients vary inside
the bioﬁlm as a function of the void fraction, which is the same
concept as porosity. For q ¼ qf , Df ¼ ð1  f ÞDw (no predation). If q ¼
1 then, Df ¼ Dw (void) and for qf < q < 1,

0
1
 D ð1  f Þ
w
 A:
Df ¼ ð1  f ÞDw þ q  qf @ 
1  qf


where, Df is the effective diffusivity inside the bioﬁlm, Dw the
Table 3
Matrix of process rates for heterotrophic growth and predation.
Process rate (gCOD/m3$day)
Heterotrophic bacteria
Aerobic growth

mm;H

Decay
Hydrolysis

SO2
SCOD
X
KH;O2 þ SO2 KH;COD þ SCOD H

bH XH
XS =XH
X
qH
kx þ XS =XH H

Predators
Aerobic growth

mm;P

Decay

SO2
X
KP;O2 þ SO2 H

bP XP

Table 2
Matrix of stoichiometric coefﬁcients for heterotrophic growth and predation.
Process

Soluble variables
3

SCOD (gCOD/m )
Heterotrophic bacteria XH
Aerobic growth
Decay
Hydrolysis
Predators XP
Aerobic growth
Decay

1/YH

Particulate variables
3

SO2 (gO2/m )

XH (gCOD/m3)

XI (gCOD/m3)

XS (gCOD/m3)

-(1-YH)/YH

1
1

fi

1-fi
1

1
1þYP$(1-fi)þfi
1-fi

1

fi
fi

XP (gCOD/m3)

XV (gCOD/m3)

YP$(1-fi)
1

1
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Table 4
Model parameters.
Model parameters

Designation

Experimental parameters
Membrane surface area
am
Membrane diameter
øm
Membrane O2 transfer coefﬁcient
Km,O2
Liquid boundary layer
Ll
MABR volume
V
Inlet ﬂow
Qin
Oxygen pressure
pO2
Inlet COD concentration
SCOD,in
Physical parameters
Oxygen diffusivity in water
Dw,O2
COD diffusivity in water
Dw,COD
Bioﬁlm/Water diffusivity factor for O2
fO2
Bioﬁlm/Water diffusivity factor for COD
fS
Bioﬁlm initial void fraction
qf
Kinetic and stoichiometric parameters for heterotrophic bacteria
Maximum speciﬁc growth rate
mm,H
COD half-saturation constant
KH,COD
O2 half-saturation constant
KH,O2
Yield
YH
Decay coefﬁcient
bH
Biomass density
r
Hydrolysis rate constant
qH
Particulate half-saturation constant
kX
Inert content in lysis biomass
fi
Kinetic and stoichiometric parameters for predators
Maximum speciﬁc growth rate
mm,P
O2 half-saturation constant
KP,O2
Yield
YP
Decay coefﬁcient
bP
Fitted parameters
Bioﬁlm detachment coefﬁcient
kdet

diffusivity in water, f is the relative bioﬁlm/water diffusivity, qf is the
initial bioﬁlm void fraction and q is the void fraction (void particulates/total particulates). The predation rate is a function of bacterial concentration and the oxygen concentration, following
Moussa et al. (2005) and Revilla et al. (2016).
3. Results and discussion
3.1. Predation experiments
3.1.1. Low-COD MAB without predators (control)
This experiment provided a baseline of MAB growth and void
fraction without predation. This test was carried out on a MAB with
low COD (58 mg/L), and the inoculum was sequentially passed
through three 1.2-mm ﬁlters to remove predators. The bioﬁlm
developed quickly to a thickness of around 220 mm, but the void
fraction remained very low, around 7%. An image of the ﬁnal bioﬁlm
(after 77 h) is provided in Table 5.
3.1.2. Low-COD MAB
In the Low-COD MAB, the inﬂuent COD was 60 mg/L and the
efﬂuent 38 mg/L. The average bioﬁlm thickness reached 192 mm
and the void fraction reached 45% after 80 h (Table 5b). While the
thickness was somewhat lower than the LowCOD Control, the void
fraction was much greater. The voids seemed to coalesce into a
single, continuous void or gap at the base of the bioﬁlm. When
tracking void development in time, they originated inside the
bioﬁlm once it reached a 50e100 mm thickness (Fig. 3b). It is not
clear whether the ﬁrst, small voids were formed due to predation or
due to bioﬁlm streamers or dendritic structures attaching to the
bioﬁlm surface. However, at later stages the voids consolidate and
expand in an internal area of the bioﬁlm, while new biomass grew
in upper zones closer to the bulk liquid where COD concentration

Value

Unit

Reference

3$104
2.5$104
2.6
1$104
3.5$104
5$103
5
50 and 250

m2
m
m/d
m
m3
m3/d
psig
mg/L

This
This
This
This
This
This
This
This

1.73$104
8.2$105
0.6
0.25
0.25

m2/d
m2/d
e
e
e

Stewart (2003)
Stewart (2003)
Stewart (2003)
Stewart (2003)
Assumed

6
4
0.2
0.63
0.4
5$104
3
0.1
0.1

1/d
mg/L
mg/L
e
1/d
mg/L
1/d
gXS/gXH
e

Matsumoto
Matsumoto
Matsumoto
Matsumoto
Matsumoto
Matsumoto
Matsumoto
Matsumoto
Matsumoto

0.24
0.2
0.5
0.15

1/d
mg/L
e
1/d

Moussa
Moussa
Moussa
Moussa

1.2

e

This study

study
study
study
study
study
study
study
study

et
et
et
et

et
et
et
et
et
et
et
et
et

al.
al.
al.
al.

al.
al.
al.
al.
al.
al.
al.
al.
al.

(2007)
(2007)
(2007)
(2007)
(2007)
(2007)
(2007)
(2007)
(2007)

(2005)
(2005)
(2005)
(2005)

was higher (Fig. 3d). At the end of the experiment (about 80 h)
voids combined into large, near-continuous gaps close to the
membrane surface, where COD was limiting (Fig. 3e).
The DO proﬁle for the Low-COD MAB is shown in Fig. 4a.
Following Fick's Second Law, changes in substrate slopes in bioﬁlms
indicate microbial reaction. Thus, straight DO proﬁles indicate lack
of microbial activity in that zone. Based on the proﬁle, the metabolically active zone was from around 260e320 mm, indicated with
shading. The inner bioﬁlm was aerobic, but inactive due to COD
limitation, while the outer bioﬁlm had excess COD, but was inactive
due to DO limitation. As seen in Table 5, the voids in the Low-COD
MAB were primarily in the inner, inactive aerobic zone. Given the
extent and location of the voids, it appears that predation played a
role in the formation of the void at the base of the bioﬁlm.

3.1.3. High-COD MAB
The High-COD MABR had an efﬂuent COD of 267 mg/L. After
approximately 80 h, the average thickness was 223 mm, slightly
higher than the LowCOD MAB. However, the void fraction was
signiﬁcantly lower, only 3.9%. This is more similar to the Low-COD
MAB Control. Dendritic formations were observed at the outer edge
of the bioﬁlm (Table 5).
Based on the DO proﬁle for the High-COD MAB (Fig. 4b), the
bioﬁlm activity was much deeper (closer to the membrane surface)
than for the Low-COD MAB. This is expected, given the higher COD
penetration into the bioﬁlm. Based on the DO proﬁle, the High-COD
MAB had a much smaller aerobic zone, which was nearly all active.
Also, it had a much larger, outer zone that was inactive due to DO
limitation. The lack of voids, despite the presence of protozoa in the
inoculum (veriﬁed with OCT videos and DNA sequencing results),
may result from the high growth rates in the bioﬁlm interior, offsetting predation.
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Table 5
Structure, average thickness and average void fraction in time for the MAB and CAB experiments. The error term is one standard deviation and was calculated from the average
thickness values of experimental replicates.
Bioﬁlm age (h)

Average total thickness (mm)

Average void fraction (%)

a. Low-COD MAB Control

77

220 ± 23

7 ± 6.5

b. Low-COD MAB

80

192 ± 22

45.4 ± 5.4

c.High-COD MAB

96

223 ± 40

3.9 ± 0.4

d.Low-COD CAB

80

247 ± 8.5

24.5 ± 2.1

Image

other hand, the high growth rates at the exterior can offset the
effects of predation. The more uniform void distribution may be
caused by predation in the earlier stages of bioﬁlm growth, or
possibly by DO penetration into the three-dimensional mushroom
structures, allowing DO penetration in the deeper regions where
COD may be limiting. This void fraction can affect bioﬁlm activity, as
well as its deformation and possible detachment under ﬂuid shear
stress.
3.2. Void fraction development over time

Fig. 3. MAB void progression. Scale bar represents 100 mm. The early voids may have
formed due to folding of clusters or streamers. But at later stages, the voids greatly
expand, even though they are completely covered by the outer bioﬁlm.

3.1.4. Low-COD CAB
The Low-COD CAB experiment was run under the same conditions as the Low-COD MAB, but the membrane was supplied with
N2, and the bulk was maintained at 5 mg/L DO. This is more typical
of conventional, co-diffusional bioﬁlms. After 80 h, the average
bioﬁlm thickness was 247 mm and the void fraction reached 24%.
Voids were more evenly distributed across the bioﬁlm depth in
comparison to the Low-COD MAB case (Table 5b and d).
The differences in void location and percentage between the
CAB and MAB may be due to the differing growth patterns. In the
CAB, high growth rates occur in the aerobic exterior, while the
interior usually becomes anaerobic when the bioﬁlm is thick
enough, potentially protecting it from aerobic predators. On the

Fig. 5 shows the void fraction and thickness development for the
Low-COD MAB Control, Low-COD MAB, High-COD MAB, and LowCOD CAB tests. The increase of void fraction for Low-COD with
predators’ test started at approximately 20e30 h (Fig. 5a), which
corresponds to a bioﬁlm thickness of 50e100 mm (Fig. 5b). When
the bioﬁlm reaches this thickness, COD diffusion starts to limit
bacterial growth, thus favoring void formation by high predation
and low bacterial growth rate at the bottom of the bioﬁlm. HighCOD and Low-COD Control tests did not show a signiﬁcant increase in void fraction, even after 80 h. In the CAB, void fraction
increased to 10% quickly, but then stabilized. At 100 h, it increased
to nearly 30%.
The High-COD MAB never developed a high void fraction, nor
did the Low-COD MAB Control (no predation). Interestingly, the
Low-COD CAB had low void fraction, below 10%, until around 80 h.
At that point, it suddenly increased to around 30%. It is possible that
the mushroom shape allowed greater DO penetration. It also is
possible that the DO proﬁles and growth patterns delayed predation in the CAB.
3.3. Factors affecting void formation in ﬂow cell experiments
Bioﬁlm development is a complex and differentiated phenomenon, where both nutrient uptake and detachment processes play a
key role (Hall-Stoodley et al., 2004). Furthermore, ﬂuid shear can
strongly affect bioﬁlm morphology, causing deformations in their
structures and detachment (Xavier et al., 2005; Persat et al., 2015;
Wagner et al., 2010). OCT images did not reveal sloughing of bioﬁlm
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Fig. 4. O2 proﬁles for (a) the Low-COD MAB, and (b) the High-COD MAB. The solid line is the model simulation, as explained in Section 3.4. Standard deviation bars are from four
replicates DO measurements at different locations. Measurements were performed at the end of experiments (approximately 80 h).

Fig. 5. Void fraction (a) and bioﬁlm thickness development (b) for all experiments.

during ﬂow cell experiments (MABs and CABs), with or without
predation. However, bioﬁlm detachment and growth patterns with
predation could differ signiﬁcantly comparing to bioﬁlms without
predation, and further studies are needed to evaluate the consequences of predation on detachment.
Our observations suggest void formation depends mainly on
substrate limitation inside the bioﬁlm, and on bacterial and predator growth rates. Hollowing of bioﬁlms has been observed by in
pure culture bioﬁlms (Hunt et al., 2004). In their study, the release
or detachment of internal cells (close to the substratum) was
induced by a localized and persistent nutrient starvation, associated with cell lysis, EPS degradation and cell dispersal. This resulted
in large pieces of bioﬁlm loosely attached to the substratum and
prone to sloughing. Similar to Hunt et al., (2004), we observed the
formation of voids at the bioﬁlm base (close to the membrane)
when the COD was limiting at the base of the MAB. It is possible
that void formation in our experiments was similarly initiated by
starvation, EPS degradation, and cell dispersal due to starvation.
However, minimal voids formed during the control tests without
protozoa, suggesting that predation plays a critical role in void
formation.
Research by others with OCT has revealed internal voids in some
non-MAB bioﬁlms. For example, protozoan predation also caused
cavities in bioﬁlm in gravity-driven membranes ﬁltration systems
subject to protozoan predation (Derlon et al., 2012). Similarly to the

MABs, the voids were predominantly at the base of the bioﬁlm, near
the ﬁltration membrane surface. The advective ﬂow of DOcontaining water through the bioﬁlm, or possibly the transfer of
DO from the membrane, could have stimulated predation at the
base of the ﬁlter bioﬁlm.
3.4. Visual evidence of predators in bioﬁlm
OCT was used to explore the presence of predators in the bioﬁlm
during ﬂow cell experiments. As bioﬁlm and protozoa have a
similar optical density, it was not possible to visualize predators
inside the bioﬁlm with OCT. However, real time OCT imaging
revealed the presence of numerous oval-shaped organisms, with a
greater dimension of 20e70 mm, moving inside in the voids (see
Fig. 6a and f, as well as real-time video in Supplementary Information). Microscopic observations of fresh MAB samples showed
free-living protozoa (Fig. 6g) (Nikon Eclipse 90i epiﬂuorescence
microscope, 10 objective). Fig. 6h shows a protozoan captured by
SEM (Magellan 400, FEI Company). Organisms located inside large
voids were distinguished from the bioﬁlm as they were continuously moving. Recirculation ﬂow was stopped during imaging to
improve image quality and avoid bioﬁlm matrix movement by
liquid ﬂow. Protozoa were not detected on the bioﬁlm exterior.
Supplementary video related to this article can be found at
https://doi.org/10.1016/j.watres.2018.10.084
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3.5. Biological community composition
Samples were collected from the inoculum and from two MABs
experiments (high and low-COD) and sequenced for Bacteria and
Eukarya domains. The relative abundance of the proteobacteria
phylum was highest for all samples, representing 58% in the inoculum, 65% in the High-COD MAB, and 54% in Low-COD MAB. Among
bacterial species in the bioﬁlms, the highest relative abundance was
for members of the Dechloromonas and Zoogloea genera of the
Betaproteobacteria and the Flavobacterium genus of the Bacteroidetes, which are common in systems with organic donors and
aerobic conditions.
Based on Eukaryotic sequences, the inoculum (mixed liquor
activated sludge) was dominated by the ciliates Tetrahymena and
Paramecium spp., with nearly 20% and 10% relative abundance
respectively (Fig. 7). Tetrahymena is a ﬁlter-feeding protozoan that
preys effectively only on suspended bacteria (Arndt et al., 2003).
Amoeba and ﬂagellates only accounted for 3% of the total Eukaryotic abundance of the inoculum. These results are consistent with
protozoan communities found in aeration tanks with stable conditions where biomass grows mainly in suspension (Madoni, 2011).
Unlike the inoculum, the bioﬁlms were dominated by the
amoeba Naegleria spp., with 64% in High-COD MAB and 42% in LowCOD MAB (Fig. 3.4). The High-COD MAB also had substantial
abundance of other amoeba, Vermamoeba spp. (5%) and Acanthamoeba spp. (8%). Amoebae feed only on attached biomass (Weitere
et al., 2005). They can penetrate bioﬁlms down to the attachment
surface, creating signiﬁcant disruptions in the bioﬁlm structure
(Jackson and Jones, 1991). Most likely they are attracted to the
aerobic base of the MAB (Fenchel, 2014). No ciliates were identiﬁed
in MAB samples. Ciliate protozoa have been found in ﬂow cell experiments under co-diffusional conﬁguration. However, as ciliates
mainly feed on suspended or recently attached biomass, they
€ hme et al., 2009).
should not signiﬁcantly affect internal voids (Bo
Interestingly, the Low-COD MAB had a high abundance of the
ﬂagellate Discicristata (20%). As with amoeba, this group of ﬂagellates are known to feed preferentially on attached biomass (Parry,
2004). Presence of the ﬂagellated protozoa Spumella spp. resulted
in a porosity increase of almost four times greater than bioﬁlms
€ hme et al., 2009). In this study, though,
without predation (Bo
porosity includes spaces connected to the bulk liquid. Also, the
pores were distributed within the bioﬁlm matrix, in contrast to our

Fig. 7. Relative abundance of dominant eukaryotic microorganisms in inoculum and
bioﬁlms at genus-level.

results, where voids were mostly located at the bioﬁlm base.
In our research, OCT revealed abundant protozoa in the internal
voids in the Low-COD MAB (Fig. 6). The outer bioﬁlm would not be
amenable to surface feeders, given the high ﬂow rate and anaerobic
conditions. However, the inner voids were ideal environments for
gliders and attached protozoa, given the high DO concentration,
lack of ﬂuid ﬂow, and availability of exposed bioﬁlm surfaces.
The sequencing results, together with our experimental results,
suggest the following ecological succession in the Low-COD MABs:
1) During the initial stages of bioﬁlm formation, the thin bioﬁlm is
almost fully penetrated with COD and DO, allowing rapid microbial
growth in the bioﬁlm. Given the lack of voids, amoeba dominate the
bioﬁlm, clustering near the aerobic base and avoiding the outermost, anaerobic zone. Free-swimming ciliates, feeding preferentially on suspended bacteria, are washed out of the system along
with planktonic biomass; 2) As the bioﬁlm thickness increases, the
base become COD-limited, decreasing the microbial growth rate in
that location. Amoeba predation in the nutrient starved base

Fig. 6. (a) to (f) Time-lapse images showing three putative predators moving inside a bioﬁlm void at 75 h age. The red dots indicate predators. Flow was turned off during imaging.
The real-time video from which these stills were captured can be found in the Supplementary Information. (g) Light microscopy, and (h) SEM image of a ciliate protozoa found in
MABs. Scale bars 10 mm.
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creates small voids, providing a habitat for browsing ﬂagellates; 3)
Rapid-growing and mobile ﬂagellates consume the bioﬁlm more
quickly. This leads to the formation of a large, continuous void in
the aerobic zone. The void expands up to the “active zone” of the
bioﬁlm, which has high growth rates, exceeding predation rates; 4)
Flagellates and amoeba continue to graze on the active zone,
possibly reaching a steady state between growth and predation. As
mentioned, absence of ciliates in MABs can be due to wash-out.
However, ciliates and ﬂagellates could also be affected by predation (Parry, 2004).
For a CAB, voids may form if the DO penetrates deeper than the
COD. In this case, an aerobic zone with low growth rates is formed,
allowing for predation without replacement. This growth zone and
underlying voids would expand upwards as the bioﬁlm grows. It is
not clear if this is what occurred in the Low-COD CABs. Previous
studies with co-diffusional ﬂow cells (similar to our CAB) suggested
that porosity increased within the bioﬁlm in presence of ﬂagellates.
However, it remained statistically similar when free-swimming
biomass grazing protozoa feed on the surface of the bioﬁlm
€ hme et al., 2009; Rychert and Neu, 2011). This is discussed in the
(Bo
next section.
3.6. Modeling
A one-dimensional mathematical bioﬁlm model, including
predation and void development was developed and used to
qualitatively and mechanistically explain the experimental results.
The actual bioﬁlm was quite rough in some cases (see Table 5), but a
one-dimensional model was considered adequate to describe the
void formation in a non-quantitative fashion. The model detachment coefﬁcient (erosive detachment) was adjusted to obtain the
observed average bioﬁlm thickness from the respective test. All
other parameters used were extracted from literature and this
study (Table 4). Note that detachment can have an important effect
on bioﬁlm areal porosity (Xavier et al., 2005; Wagner et al., 2010).
However, areal porosity commonly includes the pores that are
connected to the bulk liquid. For example, dendritic bioﬁlm structures contribute to areal porosity, but not to internal voids (Beyenal
et al., 2004; Wagner and Horn, 2017). Also, there was no observable
detachment or re-attachment during the period in which the voids
were formed (see Fig. 3). Further research is needed to incorporate
the effect of detachment on bioﬁlm voids, and the effects of voids
on detachment, in a bioﬁlm model.
The model was able to accurately capture DO proﬁles, experimentally measured for the Low and High-COD MABs (Fig. 5). For the
Low-COD MAB, the COD is depleted in the middle of the bioﬁlm. DO
penetrates further into the bioﬁlm, moving the zone of high activity
towards the middle (Fig. 8a and d). The maximum growth rate is
lower than the High-COD MAB case. where both substrates are at
relatively high concentrations. Maximum predation activity occurs
in the central part of the bioﬁlm, but also exists close to the
membrane, where the conditions are highly aerobic. The high
predation activity and low bacterial growth results in the formation
of voids, as seen in Fig. 8g. The maximum voids fraction is around
17%. This fraction is distinct from the bioﬁlm “porosity” that in the
AQUASIM bioﬁlm model, which considered the concentration of
cells within the bioﬁlm matrix. This porosity was taken as 75% in
our model.
For the High-COD MAB, there is less DO penetration into the
bioﬁlm, so the maximum microbial growth rates, as well as the
maximum predation activity, is closer to the membrane (Fig. 8b and
e). As both growth rates are high, void formation is offset by new
biomass (Fig. 8h).
Finally, for the Low-COD CAB (Fig. 8c, f and i), the highest growth
rate of both is located at the bioﬁlm/water interface, where both

donor and acceptor concentrations are highest. As with the HighCOD MAB, predation in this zone can be offset by growth, preventing the formation of voids. Voids seem more evenly distributed
throughout the bioﬁlm thickness, as observed experimentally. This
may be due to the slightly greater penetration of DO compared to
COD. This may allow for small aerobic zone with low growth rates
that progresses outwards and the bioﬁlm thickness increases.
The modeled phenomena, consisting of substrate transport and
utilization, bioﬁlm growth and erosive detachment, was able to
predict void formation inside the bioﬁlm. The model supports the
general hypothesis that voids form when bioﬁlms affected by
predation have aerobic zones with low growth rates. In these zones,
the predation is not offset by new biomass formation. Although not
shown here, the model predicts the same would occur if the conventional bioﬁlm has high bulk DO and low bulk COD concentrations, such that an aerobic, low-growth zone forms in the interior.
Note that the model was only qualitative, and not intended to
show all possible effects of predation on MABR bioﬁlms. It may not
be applicable to conditions different from those in our experiments.
As sloughing was not observed during the course of our experiments, the model only included erosive detachment. Thus, only
bacteria at the bioﬁlm surface were subject to detachment. At
longer timescales, predation could cause sloughing. Also, our model
only included a single protozoan species and single microbial
species. Future research should determine if amoeba and ﬂagellates
have substantially different growth rates or modes of growth and
should be modeled separately. The model assumes predators are
ﬁxed within the bioﬁlm, e.g., non-motile. This may not be accurate
for ﬂagellates or ciliates, which can move in voids, and amoeba,
which may be able to migrate towards aerobic zones. Thus, in the
model, when there are high bacteria growth rates near the base of
the membrane, the predators are “pushed out” of the bioﬁlm
(Fig. 8h and i). Predators only develop to higher concentrations
when the bacterial growth rates are low near the membrane
(Fig. 8g).
The impacts of predation on bioﬁlm morphology, void
spreading, and the effects of ﬂuid ﬂow on bioﬁlm deformation and
detachment would be better captured with a multidimensional
bioﬁlm model, although this would require a signiﬁcant computational effort. Such an effort is beyond the scope of this research.
The model only considered readily biodegradable COD. Also, the
predator kinetics should be further explored. In our model, predators had a low maximum speciﬁc growth rate, mmax, of 0.24 d1
(Moussa et al., 2005). However, a more recent model of an MBBR
process by (Revilla et al., 2016) has a mmax of 2.2 d1.
Speciﬁc bacterial groups, such as nitriﬁers or anammox, can be
targeted by predators, greatly decreasing removal rates in bioﬁlm
systems (Lee and Welander, 1994; Suarez et al., 2015). Future
modeling could consider multispecies bioﬁlms, and also the ability
of certain microbial species (e.g., ﬁlaments, AOB clusters) to protect
themselves against predation. Furthermore, particle-based bioﬁlm
models could be evaluated to account for massive sloughing events
(Martin et al., 2015) when ﬂuid shear plays a relevant role in bioﬁlm
morphology development.
The large voids in the Low-COD MABs can impact MABR processes. The larger voids close to the membrane would probably
have a higher diffusivity than bioﬁlm, increasing the O2 mass
transfer towards the outer bioﬁlm. The nearly continuous void
along the membrane could affect the bioﬁlm adhesion, allowing
bioﬁlm sloughing. Previous studies have also suggested that hollow
cell clusters with reduced viscosities weaken bioﬁlm attachment to
the substratum, favoring massive detachment (Hunt et al., 2004).
Although not studied systematically, we observed bioﬁlm detachment when increasing the recirculation ﬂow rates at the end of our
experiments. It appeared that the bioﬁlm completely lost its
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Fig. 8. Simulation results for the Low-COD MAB, High-COD MAB, and Low-COD CAB scenarios. The initial bioﬁlm thickness was 1 mm. Results are for 2e3 days of bioﬁlm growth,
which appeared to be steady state operation. Predators growth rate has a 10 factor for clarity. High void fraction only occurs in the Low-COD MAB, where high DO coincides with
low heterotrophic growth rates. Model-predicted efﬂuent COD concentrations were within 20% of the measured efﬂuent concentrations.

adhesion to the surface of the membrane being able to slide around
it freely. This may also explain massive bioﬁlm sloughing in a MABR
study with ﬂat sheet membranes (Semmens et al., 2005).

4. Conclusions
Our research suggests:
 When bioﬁlm predation occurs in aerobic zones with little or no
growth, large voids form

 When predation occurs in zones of active bioﬁlm growth, no
voids form, as bioﬁlm loss is offset by bioﬁlm formation
 In MABs, the bioﬁlm base tends to be inactive and aerobic, favoring predation and void formation
 Predation in bioﬁlms appears to be initiated by amoeba. Once
amoeba create voids, they are colonized by ﬂagellates, further
enlarging them
 The extended voids separate the bioﬁlm from the membrane.
This may result in bioﬁlm sloughing, especially in ﬂat sheet
MABs
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Future work should assess the effects of predation over speciﬁc
bacterial groups, such as heterotrophs, nitriﬁers, and anammox
bacteria. Future studies could evaluate how structures change over
longer time periods due to debris accumulation, bioﬁlm structure
consolidation and microbial community changes.
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