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ABSTRACT: The membrane biofilm reactor (MBfR) is a novel
technology that safely delivers hydrogen to the base of a denitrifying
biofilm via gas-supplying membranes.While hydrogen is an effective
electron donor for denitrifying bacteria (DNB), it also supports
sulfate-reducing bacteria (SRB) and methanogens (MET), which
consume hydrogen and create undesirable by-products. SRB and
MET are only competitive for hydrogen when local nitrate
concentrations are low, therefore SRB and MET primarily grow
near the base of the biofilm. In anMBfR, hydrogen concentrations are
greatest at the base of the biofilm, making SRB and METmore likely
to proliferate in an MBfR system than a conventional biofilm reactor.
Modeling results showed that because of this, control of the hydrogen
concentration via the intramembrane pressure was a key tool for
limiting SRB and MET development. Another means is biofilm
management, which supported both sloughing and erosive detach-
ment. For the conditions simulated, maintaining thinner biofilms
promoted higher denitrification fluxes and limited the presence of
SRB and MET. The 2-d modeling showed that periodic biofilm
sloughing helped control slow-growing SRB and MET. Moreover, the
rough (non-flat) membrane assembly in the 2-d model provided a
special niche for SRB and MET that was not represented in the 1-d
model. This study compared 1-d and 2-d biofilm model applicability
for simulating competition in counter-diffusional biofilms. Although
more computationally expensive, the 2-d model captured important
mechanisms unseen in the 1-d model.
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Introduction

Hydrogen gas (H2) is a clean and efficient electron donor for
denitrification in drinking water: it is non-toxic, leaves no organic
residual, yields less biosolids, and is inexpensive compared to
exogenous organic electron donors (Lee and Rittmann, 2002).
However, concern over creating a flammable headspace has
limited the use of H2 in full scale water and wastewater treatment
technologies (Karanasios et al., 2010). The hollow fiber
membrane biofilm reactor (MBfR) offers a safe option for
delivering H2 to a biofilm: hollow fibers, sealed at one end, are
pressurized with H2 gas, which diffuses through the wall of the
membrane to a biofilm that grows on the membrane exterior.
This passive delivery scheme allows the biofilm to consume H2

before it enters the bulk liquid.

The hydrogen-based MBfR has been studied extensively for
treating nitrate (Celmer-Repin et al., 2010), and other oxidized
contaminants, including perchlorate, bromate, chromate,
selenite, and arsenate (Chung et al., 2007; Martin and
Nerenberg, 2012; Nerenberg and Rittmann, 2004). Hydrogen-
based MBfRs for the treatment of nitrate from drinking water
have been tested at the pilot scale (Tang et al., 2010; Zhao
et al., 2014), and a commercial system was operated in
Rancho Cucamonga, California, USA (Martin and Nerenberg,
2012).
In a hydrogen-based, denitrifying MBfR, several undesirable

metabolisms may compete with denitrifying bacteria (DNB) for
H2 and space within the biofilm, including sulfate-reducing
bacteria (SRB) and methanogenic microorganisms (MET). Sulfate
and carbon dioxide, common constituents of groundwater,
surface water, and wastewater, are reduced by the SRB and MET,
respectively. SRB produce sulfide, which is corrosive, odorous,
toxic, and can precipitate metals (Widdel, 1988). Furthermore,
alkalinity generated by sulfate-reduction may cause the
precipitation of hardness or metals on the membrane surface,
introducing significant gas transfer resistance and resulting in
brittle membranes (Hwang et al., 2009; Van Ginkel et al., 2011).
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MET produce methane, a greenhouse gas with a global warming
potential 21 times that of carbon dioxide (Houghton et al., 1996).
Understanding how to manage the growth and activity of these
microorganisms is important to the performance and life of the
reactor.

Studies have shown that DNB effectively outcompete SRB for
H2, but due to concentration gradients, SRB are able to thrive in
the inner regions of a biofilm where low nitrate concentrations
exist (Tang et al., 2012). Similarly, SRB generally outcompete
MET due to kinetic and thermodynamic advantages, yet SRB and
MET can coexist in biofilms, even under non-limiting sulfate
concentrations (Raskin et al., 1996). In a conventional biofilm, H2

not consumed by DNB becomes available to the SRB and MET
residing deep in the biofilm. MBfR biofilms experience counter-
diffusion, where H2 is sourced from the base of the biofilm, while
nitrate, sulfate, and carbon dioxide enter from the bulk liquid. In
this configuration, the inner biofilm sustains low nitrate
concentrations and high H2 concentrations, creating favorable
environments for SRB and MET. Therefore, the effect and extent
of SRB and MET proliferation in the MBfR may differ
from conventional understanding and should be systematically
studied.

Previous studies on the competition of DNB and SRB in a H2-
based MBfR show the onset of sulfate reduction is primarily a
function of the substrate loadings: the H2 intramembrane
pressure and the loading of nitrate and sulfate by the influent
flowrate (Lu et al., 2009; Ontiveros-Valencia et al., 2013; Tang
et al., 2012; Terada et al., 2006; Ontiveros-Valencia et al., 2012;
Xia et al., 2009; Ziv-El and Rittmann, 2009). However, these
studies assumed the MBfR biofilm was grown on a flat
attachment surface and had uniform thickness. Many biofilms
exhibit a heterogeneous morphology, heavily influenced by the
fluid dynamics of the reactor (Pavissich et al., 2014). Erosion
and prevalence of sloughing events (i.e., detachment of large
portions of biofilm) in a stratified biofilm (e.g., SRB in the inner
and DNB in the outer regions) may drastically alter the
microbial community structure and activity (Elenter et al., 2007;
Morgenroth and Wilderer, 2000). Also, past studies never
considered the presence of MET, which are of increasing
concern in treatment technologies, as methane is a powerful
greenhouse gas.

The primary objective of this research was to develop one- and
two-dimensional (1-d and 2-d) multispecies biofilm models to
study microbial competition of DNB, SRB, and MET in a
hydrogen-based, denitrifying MBfR. A 1-d model was used as a
baseline to evaluate the effect of biofilm thickness on the
microbial community structure and rates of denitrification,
sulfate reduction, and methane production. A 2-d particle-based
biofilm model, coupled to solution of fluid dynamics and mass
transport, was used to further evaluate the effect of detachment
on competition between DNB, SRB, and MET in a biofilm with a
non-flat attachment surface and a biofilm with complex
morphology. Finally, this work compared the suitability of 1-d
and 2-d models for studying competition in an MBfR biofilm. The
results were used to identify methods to avoid fouling and
maintain optimum performance in a counter-diffusional, hydro-
gen-based system.

Methodology

One-Dimensional (1-d) Model

Set-Up

The 1-d model is constructed in AQUASIM, a water treatment
simulation software based on linked reactor compartments
(Reichert, 1994). The biofilm reactor compartment includes the
biofilm and bulk liquid, coupled by a liquid diffusion layer (LDL).
To model the gas-supplying membrane, a completely mixed
compartment containing H2 is diffusively linked to the base of the
biofilm. Substrate concentrations are assumed constant in the bulk
liquid and membrane lumen (gas compartment).

Both the 1-d and 2-d models account for three competing
metabolisms: hydrogen-based denitrification, sulfate-reduction,
and methanogenesis, according to the balanced redox reactions in
Supplementary Information (SI) Table SI. The metabolic processes
are simulated according to dual-Monod kinetics with decay
(Table I). Denitrification is modeled as a one-step reduction to
nitrogen gas, neglecting the formation of intermediates. Sulfide-
based denitrification and heterotrophic growth on biodegradable
decay products were incorporated into preliminary 1-d models, but
growth of these organisms was minimal compared to that of DNB
and SRB. Therefore, they are not represented in the model of this
study. The biofilm may also foster denitrifying anaerobic methane
oxidizing (DAMO) organisms by forming a syntrophic relationship
with MET, but DAMO are not considered in this model as their
growth rates are much slower than DNB (Chen et al., 2014; Hu et al.,
2011). Hydrogen sulfide, a product of sulfate-reduction, can inhibit
SRB and MET activity (Hilton and Oleszkiewicz, 1988) and cause
the accumulation of DNB intermediates (Sorensen et al., 1980).
Inhibition by hydrogen sulfide (Kalyuzhnyi et al., 1998; Levenspiel,
1980), as well as weak acid equilibria (Musvoto et al., 2000;
Picioreanu et al., 2010) and inhibition by pH (Angelidaki et al.,
1993; Estuardo et al., 2008; Fedorovich et al., 2003), were initially
modeled, but showed little effect on the results for the scenarios
tested, and are therefore omitted.

The 1-d model solves for concentrations of six soluble state
variables—nitrate, sulfate, H2, bicarbonate, methane, and total
sulfide (HS- and H2S)—and three particulate variables—DNB, SRB,
and MET. The stoichiometric matrix, used to relate metabolic
processes to state variables, is provided in Table 1. A charge balance is
not performed, assuming an excess of counter-ions (Naþ and Cl�).

Initially, the biofilm thickness Lf is 10mm, with DNB, SRB, and
METequally distributed. The model disregards biomass attachment
during biofilm development. To investigate biofilms of a defined
maximum thickness Lf,limit, the detachment velocity ude is coupled
to biofilm growth velocity uf following the function: ude ¼
uf ðLf =Lf ;limitÞ10 (Matsumoto et al., 2007). With this function, the
biofilm grows with almost no detachment until the biofilm
thickness reaches Lf,limit. At this point, the detachment and growth
velocities become equal, which can be interpreted as complete
erosion of biomass growth exceeding Lf,limit. Modeling the biofilm in
this manner allows for evaluation of biofilms thickness, which
becomes integral to MBfR performance and differs with biomass
management strategies.

1844 Biotechnology and Bioengineering, Vol. 112, No. 9, September, 2015



Parameters

The literature reports kinetic parameters of DNB, SRB, and MET
over large ranges, and to our knowledge, no study has estimated the
kinetic parameters of the microorganisms of interest using a
consistent method. In order to select for parameters without bias of
experimental set-up (i.e., inoculum, reactor type, etc.), we
calculated the kinetic parameters based on theoretical stoichiom-
etry (Table SI). The maximum specific growth rates mmax and
yields Yare estimated with the method from Rittmann and McCarty
(2001), considering the theoretical portions of electron donor used
for energy fe�. Half-saturation constants K are taken from the
literature, and the decay constants b, based on limited studies, are
assumed equal for each microorganism type. The kinetic
parameters are listed in Table SII, and the physical and program
parameters used to define the biofilm compartment are provided in
Tables SIII and SIV, respectively.
The simulated bulk liquid concentrations are chosen based on

values typically found in drinking water sources, including nitrate
SNO3,bl (0.5–5 g N �m�3), sulfate SSO4,bl (10–150 g SO4

2� �m�3),
and bicarbonate SHCO3,bl (300 g HCO3

� �m�3). The hydrogen
sulfide, H2, and methane concentrations are assigned as null. This
study evaluates three intramembrane pressures pH2 between 1.7–
3.7 atm absolute assuming dense membrane with properties
provided in Table SIV. A total of 200 days is simulated, which
allows for the microbial community and substrate fluxes to reach
steady state.

Two-Dimensional (2-d) Model

The 2-d model consists of a particle-based biofilm submodel, based
on mechanistic biomass attachment, growth, spreading, and
detachment functions, coupled to a physical submodel providing
solution of 2-d fluid dynamics and mass transport. The model is
described in detail in Martin et al. (2013) for single-species
simulation, therefore only changes made to accommodate multiple
species are discussed here. To simulate biofilm growth in an MBfR
flow channel, the modeling domain consists of a channel space
(width 1.5 mm, length 15mm) with hollow fiber membranes (outer
diameter 200mm) aligned along the bottom boundary to represent
a woven membrane fabric, which has been used in pilot and full-
scale, spiral-woundMBfRmodules (Figure S1) (Martin et al., 2013).
To save on computational costs, the biofilm is only grown at the
bottom boundary.

Physical Submodel

Hydrodynamics, mass transport by diffusion and advection, and
reaction are solved by finite element analysis in COMSOL 3.5a
(Comsol, Stockholm, Sweden, www.comsol.com) (Martin et al.,
2013). Steady laminar flow is assumed throughout the channel with
average velocities at the inlet ranging from 0.025–0.05m � s�1. In
regards to mass transfer, the model solves for transport of the same
six chemical species as the 1-d model. At each flowrate tested, the
average concentration of the chemical species exhibits negligible
change between the channel inlet and outlet. The rates and
stoichiometry are also the same as for the 1-d model (Table 1).T
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Boundary conditions match those of the single-species MBfRmodel
in Martin et al. (2013).

Biofilm Submodel

The biofilm consists of spherical biomass entities (maximum
diameter of 10mm) that behave according to growth, division,
spreading and attachment mechanisms as defined by Picioreanu
et al. (2004) and detachment as implemented by Martin et al.
(2013). For the multispecies model, each biomass entity is tagged
with a species identity (i.e., DNB, SRB, or MET) that is passed on to
daughter cells. The three different species are assigned the same
biomass density rx and maximum diameter dmax (i.e., size at which
to divide), but exhibit unique biological characteristics, such as
growth and substrate uptake rates. At each time step, the number of
particles that randomly attach to the outer biofilm and/or exposed
membrane is made proportional (0.5%) to the number of particles
for that given species. This differs from Martin et al. (2013), where
the number of entities to attach at each time step is assigned by the
user and remains constant. We implemented this change so the
number of attached particles is proportional to the community size,
as the number of DNB, SRB, and MET biomass entities can differ by
orders of magnitude. The detachment mechanism, based on
internal stress due to hydraulic shear, simulates both erosion and
sloughing. When internal stress exceeds a defined maximum value
sdet, the biomass entity is removed from the model (Picioreanu
et al., 2000). The biofilm submodel andmain program are written in
MATLAB R2009b (Mathworks, Natick, Massachusetts, www.math-
works.com) and linked to COMSOL 3.5a.

Parameters and Simulations for 2-d Model

Table SV provides the values used specifically in the 2-d model. The
processes and stoichiometry (Table I), kinetic parameters
(Table SII), and physical parameters (Table SIII) are identical to
those of the 1-d model. Discussion on matching biomass density rx
and effective diffusivity between the 1-d and 2-d models is provided
in Section S2 of the SI.

Simulations with inlet velocities of 0.025 and 0.04m � s�1 were
conducted with inlet substrate concentrations of the bulk liquid
substrates and the intramembrane H2 pressure held at based case
conditions. Biofilm development over 40 days was computed, with a
time step dt of 4 h. Simulations ran on a workstation with a 3 GHz 8
core processor with 32 GB RAM. Simulation times approximately
8 days, with intermediate files saved at each time step.

Results and Discussion

One-Dimensional Modeling

Effect of Substrate Concentrations

Both the 1-d and 2-d models were assigned base case bulk liquid/
inlet concentrations of nitrate SNO3,bl¼ 1 g N �m�3, sulfate SSO4,
bl¼ 75 g SO42- �m�3 and bicarbonate SHCO3,bl¼ 300 g HCO3

- �m�3,
with null methane, H2, and total sulfides. The base case
intramembrane H2 pressure was maintained at 2.7 atm absolute,

and the biofilm thickness was limited to 200mm (for the 1-d model
only). In the following sections, the simulation variables are only
designated when they differ from the base case scenario.

Figure 1 shows the nitrate, sulfate, and methane fluxes for the
bulk liquid nitrate and sulfate concentrations tested. Experimental
hydrogen-based MBfRs treating nitrate in drinking water have
demonstrated rates of denitrification between 0.6–6.5 g N �m�2

� d�1 (Adham et al., 2006; Celmer-Repin et al., 2010; Terada et al.,
2006). In addition, Ontiveros-Valencia et al. (2012) experimentally
quantified nitrate fluxes between 0.02–1.3 g N �m�2 � d�1 and
sulfate fluxes between 0–2.8 g SO4

2��m�2 � d�1 for a hydrogen-
based MBfR operated under a large range of substrate conditions.
The modeled flux results compared reasonably well to the
experimental values in terms of magnitude, but should not be
compared directly as membrane type, module design, and
operational conditions varied widely among the studies.

In accordance with the literature, the 1-d modeling results
showed DNB to effectively outcompete SRB and MET (Ontiveros-
Valencia et al., 2012; Tang et al., 2012; Ziv-El and Rittmann, 2009).

Figure 1. a) Nitrate flux, b) sulfate flux, and c) methane flux for variable bulk liquid

sulfate and nitrate concentrations.
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Nitrate flux went unaffected by bulk sulfate concentrations between
10 and 150 g �m�3 (Fig. 1a), while increasing SNO3,bl from 0.5 to 5 g
N �m�3 negatively impacted sulfate and methane fluxes (Fig. 1b,c).
At 5 g N �m�3, DNB dominated the entire biofilm (Fig. 2c),
resulting in minimal sulfide and methane production. At lower bulk
liquid nitrate concentrations, SRB proliferated greatest near the
membrane (Fig. 2a,b), where relatively low nitrate and high H2

concentrations existed. Sulfate fluxes experienced negligible change
from the increase in the bulk liquid sulfate concentration from 75 to
150 g SO4

2� �m�3 (Fig. 1b). Sulfate concentrations within the
biofilm greatly exceeded the SRB half-saturation constant KSO4
¼ 2.7 g SO4

2� �m�3, meaning sulfate was never rate-limiting. Only

at both low nitrate (0.5 g N �m�3) and sulfate concentrations (10 g
SO4

2� �m�3) (Fig. 3) did MET populations become established and
were methane fluxes observed (Fig. 1c). SRB and MET proliferated
best near the membrane (biofilm base), leading to the greatest total
sulfide (H2SþHS�) (Fig. 3c) and methane (Fig. 3d) concentrations
in this region. Past modeling and experimental research suggests
that MBfRs are susceptible to competition from SRBs, especially
when used to achieve low effluent nitrate concentrations (Lu et al.,
2009; Tang et al., 2012). The results of this study are consistent with
these findings, and show that MET may also be a concern.
Experimental research has also stressed the importance of

controlling the H2 supply: at relatively low H2 intramembrane

Figure 2. Steady state microbial community structure of a 200 mm thick biofilm for three different bulk liquid nitrate concentrations: a) 0.5 g N �m�3, b) 1 g N �m�3, and c) 5 g

N �m�3. The sulfate concentration was 75 g SO4
2�� m�3.

Figure 3. Distribution of a) biomass fractions, b) hydrogen and nitrogen, c) sulfate and total sulfide, and d) methane and carbon dioxide for a 200mm thick biofilm. The bulk liquid

nitrogen concentration was 0.5 g N�m�3 and sulfate concentrations (10 g SO4
2� �m�3 or 3.3 g S �m�3).
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pressures, denitrification is solely supported, but may be rate-
limited by the H2 flux. By increasing the H2 pressure, a point will be
reached where the onset of sulfate reduction occurs. Raising the H2

pressure past this onset point results in a large gain in sulfate
reduction, but little change in the rate of denitrification (Ontiveros-
Valencia et al., 2012,2014; Tang et al., 2012). We explored the effect
of intramembrane pressure (Section S3) and the results agreed with
the aforementioned studies, as excess H2 led to unwanted growth of
SRB and MET.

Effect of Biofilm Thickness

This study evaluated the steady-state nitrate and sulfate fluxes
obtained at three biofilm thicknesses: 100, 200, and 300mm (Fig.
4). For SNO3,bl¼ 5 g N �m�3, DNB dominated the biofilm at each
thickness tested, while sulfate flux was null. However, at lower
nitrate concentrations, SRB and METestablished themselves in the
biofilm as evidenced by the increase in sulfate reduction and
methane production. Interestingly, biofilm thickness was detri-
mental to the nitrate flux (Fig. 4a), but favorable to sulfate flux
(Fig. 4b). This behavior is unique to counter-diffusional biofilms
and can be attributed to dual-substrate limitation, where the biofilm
near the membrane is nitrate-limited and the biofilm near the bulk
liquid is hydrogen-limited. For thicker biofilms, nitrate encountered
greater diffusional resistance to reach the inner biofilm regions
containing H2, which effectively lowered the nitrate flux.
Consequently, DNB experienced lower growth rates near the
membrane, where a greater percentage of H2 was available to
support sulfate-reducing and methanogenic growth and activity
(Fig. S3). Due to relatively large concentrations of sulfate and
bicarbonate in the bulk liquid, increased diffusional resistance to
the mass transport of these substrates imparted no change on their
fluxes. As demonstrated by the results in Section S5, LDL thickness
(e.g., due to slow flow or low mixing intensity) also served as a
source of diffusional resistance and exhibited a similar effect as
biofilm thickness by lowering the DNB activity and improving the
competitiveness of SRB and MET.

Two-Dimensional Modeling

The evolution of a 2-d biofilm structure is pictorially presented in
Figure 5 for base case substrate conditions and an average flow
velocity of u¼ 0.25m � s�1. An animation of the simulated biofilm
development is provided in the SI (Movie S1). As expected, the
faster-growing DNB quickly established themselves (Day 10), but in
time, slower-growing SRB and MET populations increased at the
biofilm base. Excessive growth of DNB from Day 15 to Day 30
resulted in a decline in nitrate consumption and an increase in
sulfate and methane formation (Fig. 6) due to excessive biofilm
thickness, as also observed in the 1-d case. Assuming a constant
flowrate at the inlet, an increase in biofilm thickness caused
constriction in the flow channel, and consequently, increased shear
stress exerted on the biofilm. This led to increased biomass
detachment through both erosion and sloughing (i.e., detachment
of large pieces of biomass) mechanisms. On Day 32, a major
sloughing event detached a large biofilm section containing DNB,
SRB, and MET, as outlined in Figure 5, and a sharp decrease in total

biomass (Fig. 6). By Day 40, the region was re-colonized and
dominated by faster-growing DNB. A series of detachment events
from Day 30 to Day 40 led to improvements in nitrate flux and a
drop in sulfate and methane fluxes (Fig. 6). Frequent sloughing
events essentially kept the biofilm “young” and therefore, favored
faster-growing DNB.

Figure 7 depicts 2-d substrate distributions for the section of
biofilm existing between 9.5 and 12mm in the Figure 5 channel. As
the biofilm grew in thickness, H2 became limiting, being available
only near the membrane surface. For thick biofilms, nitrate had to
diffuse into the middle of the biofilm to be consumed. Over time,
the SRB and MET populations increased, with microcolonies
observable by pockets of lower sulfate or greater methane
concentrations. Between Days 30 and 40, sloughing and regrowth
decreased SRB and MET populations. Also note on Day 20, the
decreased presence of SRB and MET in the thin biofilm section
followed a sloughing event and corresponded to a decline in
methane production.

Comparison of 1-d and 2-d Modeling Results

This section compares 2-d modeling results, where the biofilm
experienced an average steady-state thickness of 300mm (with
fluctuations between 250 and 350mm, obtained at u¼ 0.04m � s�1),
and two steady-state 1-d simulations for a 300mm thick biofilm.
For the first 1-d simulation (1-d FM), a flat membrane, per base case
conditions, was assumed. The second 1-d simulation (1-d HFM)

Figure 4. Effect of biofilm thickness on: a) nitrate flux and b) sulfate flux as the

bulk liquid nitrate concentration varied. For each scenario, the bulk liquid sulfate

concentration was 75 g SO4
2��m�3. Methane fluxes were zero.
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treated the attachment surface as hollow fiber membrane fabric by
increasing the ratio of inner biofilm area (i.e., hydrogen-supplying
membrane) to outer biofilm area. To elaborate, a flat attachment
surface has a Ainner: Aouter ratio of 1:1, whereas the membrane fabric
ratio equals p/2:1 due to membrane circularity.
Figure 8a–c compares total specific biomass concentration (i.e.,

mass per projected area) for the 1-d and 2-d biofilms between Days
0–40. The 2-d results in Figure 8 are based on a single simulation, in
which a degree of randomness determined the solution (i.e., due to
biomass attachment placement, chosen direction for biomass

division, etc.) (Martin et al., 2013). Frequent sloughing events in the
2-d model can make comparisons between the 1-d and 2-d results
difficult, but in spite of the inherent stochastic events, we draw
some general conclusions from the assessment, as described below.
All three models resulted in fairly similar total specific DNB

concentrations (Fig. 8). DNB were the fastest growing organisms
and could outcompete SRB and MET for resources and space in the
biofilm. Accounting for the increased HFM area enhanced the H2

supply, favoring SRB and MET. Therefore, the 1-d HFM model
better matched the 2-d modeling results for the SRB and MET.

Figure 5. Evolution of microbial community structure for an average flowrate of 0.025 m�s�1. A major sloughing event occurred between Day 30 and 32, as outlined in red. To

view the figure in color, please refer to the electronic version of the article.

Figure 6. Overall a) nitrate, b) sulfate, and c) methane fluxes for a 2-d model simulation where average channel velocity¼ 0.25 m/s.
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However, the 1-d HFM and 2-d results for MET development
diverged around Day 20. While the 2-d model predicted the MET
population to increase, the 1-d model MET population was
eventually outcompeted by SRB.

In the 1-d model, DNB, SRB, and METwere assumed to be well-
mixed within any given small biofilm volume. The MET faced
competition from SRB and DNB simultaneously, which, in the long
term, led to complete loss of MET in the 1-d models. In contrast, the
2-d model accounted for niches between the circular membrane
fibers. The niches spatially separated randomly seeded SRB and
MET, so that pockets of MET thrived where SRB were absent, as
visible in Figure 9. The populations seeded in these niches had an
advantage due to high H2 concentrations, low nitrate concentrations
(for a developed biofilm), and protection from detachment. Upon a
sloughing incident, most biomass was lost, but microbes in the
niches remained due to protection from the fibers.

The 1-d and 2-d substrate fluxes agreed for the first 10 days
(without sloughing events), but experienced important differences
later (Fig. 8d–e), where the 2-d model predicted higher nitrate flux,
but lower sulfate flux than the 1-d HFM model. The location of SRB
within the 2-d biofilm was at least partially responsible for this
discrepancy. During their transport within the growing biofilm, SRB
moved vertically (i.e., away from the membrane), as well as
horizontally, forming “microcolonies” (Fig. 9). In the 1-d model, a
large percentage of the SRB population resided near the membrane
where H2 concentrations were greatest, and this stratification was

uniform across themembrane surface. The 2-dmodel also accounted
for variable thickness, local concentration boundary layer, and area
enlargement, which contributed to the difference. Finally, the 1-d and
2-d models supported similar methane fluxes up to day 20, after
which, theMETwere driven to extinction in the 1-d but not in the 2-d
model, following the previously discussed pattern.

Selecting between the 1-d and 2-d model depends on user
knowledge, computational resources, and the nature of the question.
Setting-up, operating, and calibrating a 2-d model is more difficult
than a 1-d model, yet the 2-d model has the distinct ability to answer
questions on biofilm structure, the clustered distribution ofmicrobial
types, and the effect of detachment. As this study demonstrated, the
geometry of the MBfR substratum is critical to the structure and
function of a counter-diffusional biofilm. Modeling in 2-d may be
more pertinent to representation of counter-diffusional biofilms than
conventional biofilms with inert attachment surfaces. The 2-d
geometry not only determines the surface area available to the supply
of the gaseous substrate, but also creates niches that support slower
growing microorganisms due to greater concentrations of gaseous
substrate and protection from shear.

Implications for Practice and Research Opportunities

The results presented are specific to the model definition and
scenarios tested. However, the trends provide general guidelines for
minimizing SRB and MET proliferation in a hydrogen-based MBfR.

Figure 7. Changes in substrate distributions in time for a section of biofilm. To view the figure in color, please refer to the electronic version of the article.
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Low nitrate concentrations are a requirement for SRB and MET
proliferation, and denitrification and diffusional resistance are
responsible for the nitrate concentration gradient within the
biofilm. Assuming the effluent nitrate concentration is set, an MBfR
operator has control over the rate of denitrification and extent of
diffusional resistance through adjustment of the intramembrane H2

pressure and the reactor hydraulic regime, which influences the
biofilm thickness, LDL thickness, and detachment, to some extent.

There exists an acceptable range of operational H2 pressures, where
denitrification is not significantly limited, yet SRB and MET growth
is not excessive. The appropriate H2 intramembrane pressure
setpoint may be dynamic as the reactor starts-up or loading rates
vary. Research should be conducted on the correlation between H2

intramembrane pressure and performance parameters in order to
design a feedback loop control strategy. Another important
consideration for full scale systems with sealed end hollow fibers is

Figure 8. Comparison of biomass growth in the 1-d and 2-d models for a) DNB, b) SRB, and c) MET. Comparison of the d) nitrate, e) sulfate, and f) methane fluxes for the 1-d and

2-d models.

Figure 9. Niches between hollow fibers help to seed the reactor with slow-growing SRB and MET. To view the figure in color, please refer to the electronic version of the

article.
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gas back-diffusion (Ahmed and Semmens, 1992; Martin, 2013).
Gases from the biofilm (e.g., nitrogen and carbon dioxide) diffuse
into the lumen of the membrane and collect near the plugged end,
creating a H2 partial pressure gradient along the length of the fiber
(i.e., H2 supply may significantly decrease with distance from the
inlet). The effect of gas back-diffusion on performance and
methods to prevent or accommodate the resulting biofilm spatial
heterogeneity are topics that requires more study.

For the conditions simulated, relatively thick biofilms and LDLs
negatively impacted denitrification and allowed for greater rates of
sulfate reduction and methanogenesis. By far the most commonly
practiced strategies for managing biofilm thickness and density are
intermittent periods of high shear and/or gas sparging, with other
approaches including chemical treatment, temperature, or physical
impact by fluidized plastic media (Martin and Nerenberg, 2012).
Reactor design and membrane configuration also prove important
for the fluid dynamics and detachment, as previously evaluated in
Martin et al. (2013).

Conventionally, erosion is considered favorable for maintaining
an active biofilm, while sloughing is avoided to prevent exposed
membrane. However, SRB and MET can be difficult to remove once
established at the inner regions of the biofilm. SRB have been
demonstrated to persist in an experimental MBfR biofilm, even
during periods of low sulfate-reducing activity (Ontiveros-Valencia
et al., 2012). Sloughing events can remove the SRB andMET, though
reduced fluxes and/or H2 export to the bulk liquid may lead to
undesirable consequences. More research is needed on the
implications of sloughing, where issues such as clogging or the
formation of preferential flow zones are addressed. In addition,
MBfR reactor hydrodynamics and the promotion of detachment
events with laminar and turbulent flow regimes requires further
study. Fast flowrates and turbulent flows were not modeled in this
study due to the computational expense, however hydraulic
cleaning has been evaluated by a previous 2-d modeling study for
controlling biofouling in a reverse osmosis unit (Radu et al., 2012).

Conclusions

SRB and MET may proliferate in a denitrifying MBfR, consuming
H2 and producing undesirable byproducts.

� High H2 concentrations, low nitrate concentrations, thick
biofilms, and thick liquid diffusion layers are favorable to SRB
and MET.

� MET are outcompeted by DNB and SRB, unless nitrate and
sulfate concentrations are low.

� Avoiding high H2 concentration in the biofilm, by controlling the
H2 supply pressure can control proliferation of SRB and MET.

� A rough (non-flat) membrane can promote thriving of SRB and
MET by providing niches with high H2 concentrations, low
nitrate concentration, and shelter from detachment.

� Periodic biofilm sloughing can help control SRB and MET.
� The 2-d model allowed novel mechanisms, not previously

described for MBfRs, to be captured.
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