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A B S T R A C T

Biomass attachment and growth are important factors for the startup and stability of fixed-film biological re-
actors being proposed to recycle wastewater for potable water use in manned space activity. Eight different
biofilm support media commonly used in wastewater treatment plants, aquaculture, and aquariums were
compared for their relative ability to support attachment and growth of nitrifiers, denitrifiers, and anaerobic
ammonia oxidizing (anammox) bacteria biomass. Accumulated total biomass was determined by comparing dry
weight of each media before and after culturing of biomass. Fluorescence In-Situ Hybridization (FISH) analysis
was used to quantify the proportion and relative activity of each organism group on each media. Measurements
of dry biomass normalized to several media properties showed polyether polyurethane foam to have the highest
extent of specific biomass attachment and colonization. Six of the eight media were able to sustain a population
of anammox bacteria that was more abundant than the other cohorts.

1. Introduction

Wastewater reuse and recycling on the International Space Station
(ISS) is an area of growing importance as the National Aeronautics and
Space Administration (NASA) begins planning long-duration space
missions to the moon and Mars that will accommodate large crews
(Kanas, 1990; Kanas et al., 2009). Systems for treating space mission
wastewater should be reliable, capable, economical, and lightweight
(Cath et al., 2005). Currently, a physical/chemical wastewater treat-
ment system is used in the ISS, consisting of a urine processor assembly
and a water processor assembly (Carter et al., 2013). Biological was-
tewater treatment could have a high economic significance in space
exploration due to its lower energy and consumables cost when com-
pared with physical/chemical systems (Garland et al., 2005).

Conventional biological methods that remove organic carbon and
nitrogen in wastewater have been widely applied for decades in mu-
nicipal wastewater plants, most commonly through a combination of
activated sludge followed by nitrification and denitrification unit pro-
cesses (Paredes et al., 2007). However, low levels of organic carbon
remaining after treatment with activated sludge are insufficient for
complete denitrification (Ahn, 2006). Addition of external organic

carbon for denitrification increases costs of consumables and of man-
agement of the surplus biosolids that must be disposed (Zhou et al.,
2009). More recently attention has shifted towards emerging, cost-ef-
fective and environmental-friendly biological wastewater treatment
technologies, such as deammonification. Deammonification makes use
of aerobic ammonia oxidizing bacteria (AOB) and anaerobic ammonia
oxidizing (anammox) bacteria (Mulder et al., 1995) to convert ni-
trogenous compounds (ammonia and nitrite) to nitrogen gas without
the need for an organic carbon substrate (Paredes et al., 2007). Sig-
nificantly less oxygen is required and smaller amounts of biosolids are
produced compared to the conventional nitrification/denitrification
(O'Shaughnessy et al., 2011; Regmi et al., 2012). However, deammo-
nification offers some operational challenges since efficient operation
requires precisely balanced flows of nitrite and ammonia into the
anammox reactor, which can only be achieved through sophisticated
process monitoring and control by highly trained operators (Dold et al.,
2007). It was found that combination of AOB and anammox biomass in
a single system displayed better bacterial activity and could be more
economical than separate AOB and anammox process. (De Pra et al.,
2016).

A process that addresses the operational drawbacks of
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deammonification by synergistically combining deammonification with
nitrification/denitrification in a process termed Nitrification-
Denitrification-anammoX (NDX) (Cumbie et al., 2017) is being studied.
The NDX bacterial consortium is comprised of three sets of micro-
organisms that include aerobic nitrifiers (a blend of AOB and NOB
(nitrite oxidizing bacteria)), anaerobic denitrifiers, and anaerobic ana-
mmox bacteria. The NDX process consists of three pathways (Fig. 1).
First, the partial oxidation of ammonia to nitrite by AOB under limited
oxygen conditions, and a subsequent reduction of this nitrite to ni-
trogen gas with the remaining ammonium, by anammox bacteria under
anaerobic conditions (also producing a small amount of nitrate). Sec-
ondly, the residual nitrate is reduced to nitrogen gas by denitrifiers
using organic carbon as an energy source (Gao et al., 2012; Lan et al.,
2011; Wang et al., 2010; Zhou et al., 2009). Thirdly, nitrate converted
from nitrite by NOB can be reduced to nitrogen gas by denitrifiers to the
extent that organic carbon is available for this process pathway. For the
NDX process to be effective, it is necessary to keep the nitrifiers (both
AOB and NOB), denitrifiers and anammox populations in balance.

Suitable support media along with biofilm composition and activity
are critical factors in the successful operation and control of integrated
fixed film processes of biological wastewater treatment (Kim et al.,
2003; Lazarova and Manem, 1995). Microorganisms used in wastewater
treatment have growth rates that span more than two orders of mag-
nitude, and achieving the proper balance of organisms can be proble-
matic. Cultivation and retention of anammox which has a doubling time
of approximately two weeks (Grismer and Collison, 2017) is especially
important. Support media are commonly used to provide a base for
sessile microorganisms to colonize, sustain attached bacterial growth,
and minimize washout of microorganisms from treatment systems. The
exact microbial community composition in biological systems depends
on wastewater composition, process design, and operation (Nielsen
et al., 2009). This study investigated abundance and spatial distribution
of an NDX bacterial consortium on eight different support media to
determine the media's relative suitability for ersatz space wastewater
treatment. All the support media were used in the treatment of the same
wastewater under the same operational conditions. The wastewater was
ersatz Early Planetary Base (EPB) wastewater, a synthetic wastewater
containing high nitrogen and organic carbon similar to that generated
on the ISS and commonly used as bioreactor influent in space waste-
water research (Verostko et al., 2004). FISH analysis makes it possible
to directly retrieve information on phylogenetic identities of the cells in
a sample, to maintain the morphology of the cells, and to supply in-
formation on the distribution and population of identified organisms.
The equivalent biovolume, the morphology, and architecture of bac-
teria were observed by the FISH analysis, and total dry weights of
biofilm were quantified to determine the best-performing support
media for attached growth of the NDX bacterial consortium treating
EPB wastewater.

2. Materials and methods

2.1. Nitrifiers, denitrifiers and anammox

The NDX biomass to inoculate the batch reactor was a mix of three
sets of microorganisms, including high performance nitrifying sludge
(HPNS), denitrifiers, and anammox. The initial ratio of HPNS (including
AOB and NOB), denitrifiers, and anammox settled biomass by volume
was 1:1:2 (approximately 1.5% inocula mass fraction for each). The
HPNS was obtained from United States Department of Agriculture-
Agricultural Research Service (USDA-ARS). The HPNS is deposited
under the provisions of the Budapest Treaty of the United Nations
(WIPO) in the ARS Culture Collection in Peoria, IL, with deposit ac-
cession number NRRL B-50298. It is a patented composition (U.S.
Patent No. 8,445,253 B2) of bacteria comprised of 35 strains or popu-
lations of isolated bacteria (Vanotti et al., 2013a,b). Based on 16S rRNA
analysis, 26 of the bacteria are affiliated with Proteobacteria, 7 with
Bacteroidetes, and 2 with Actinobacteria. The denitrifying biomass was
collected from the Hampton Roads Sanitation District (HRSD) York
River Treatment Plant. The plant has dedicated denitrification filters
that permitted collection of a consistent set of organisms with good
treatment capabilities. The anammox biomass was Candidatus Brocadia
caroliniensis, a strain isolated and patented (U.S. Patent 8,574,885 B2.)
by USDA-ARS (Vanotti et al., 2013a,b). It was deposited under the
provisions of the Budapest Treaty in the ARS Culture Collection (NRRL)
at Peoria, IL with accession number NRRL B-50286 (Vanotti et al.,
2013a,b).

2.2. Space synthetic wastewater

EPB wastewater was used as reactor feed, and prepared in ac-
cordance with instructions contained in the literature (Verostko et al.,
2004), as noted in Table 1.

2.3. Reactor setup

A bioreactor (Fig. 2) was initially operated with 16.3 L of half
strength EPB wastewater. Two circulation pumps (Hydor, PICO 180,
4W) were placed in the reactor to provide uniform mixing at approxi-
mately 1.9 L/min. These also facilitated transport of inoculum to media
surfaces during start-up and minimizing liquid-phase boundary layer
thickness at the liquid-media interface. Oxygen was supplied by two air
pumps (Tetra Whisper, 1.5W) delivering lab air (flow rate= 0.3 L/
min) to two ceramic air diffusers, one positioned just downstream of
each circulation pump. The dissolved oxygen concentration in the tank
varied between 0 and 2mg/L. A quartz glass submersible heater
(ViaAqua, 50W) set to 30 °C was used to maintain the reactor

Fig. 1. NDX process pathways.

Table 1
Average solution properties of full strength ersatz EPB wastewater (Verostko
et al., 2004).

Property Formula Units Ave. Value Std. Dev.

Potential of hydrogen pH 8.9 ±0.2
Conductivity EC μS 6.869 ±1030
Total organic carbon TOC mg/L 631 ±63
Total inorganic carbon TIC mg/L 391 ±59
Chloride Cl− mg/L 514 ±77
Nitrite NO2

− mg-N/L 0 0
Nitrate NO3

− mg-N/L 0 0
Phosphate PO4

−3 mg-P/L 116 ±17
Sulfate SO4

−2 mg/L 88 ±13
Sodium Na+ mg/L 331 ±50
Ammonium NH4

+ mg-N/L 852 ±128
Potassium K+ mg/L 240 ±36
Calcium Ca+2 mg/L 0 0
Magnesium Mg+2 mg/L 0 0
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Fig. 2. Scaffolds in reactor: (a) 3D schematic with corresponding media number in Table 2; (b) side A in reactor; (c) side B in reactor.

Table 2
Information of media used in reactor.

Number Name Type Applications

1 Polyethylene 100% premium quality virgin polyethylene Rusten et al., (2006)
2 Porous SiO2 A complex pore system (65%–75% SiO2) composed of 85% micro-tunnels and 15% micro-

cavities
McCallum et al., (2017)

3 Porous ceramic Ceramic bio-filter media with vast surface area and open-flow porosity Sharma et al., (2018)
4 Activated carbon Activated carbon that is shaped as a spherical bead of about 1.4mm in diameter with a very

uniform particle size distribution
Çeçen and Aktas, (2011)

5 Polyurethane foam with activated
carbon

Polyurethane foam impregnated with a mixture of activated carbon and a copolymer RK
dispersion as binder

Moe and Irvine, (2001)

6 Porous sintered glass Highly porous artificial sintered glass Perez et al., (1997)
7 Polyether polyurethane Polyether polyurethane foam (Pascik, 1990; Zhou et al., 2009)
8 PVC Rigid and non-flammable PVC sheets Ye et al., (2009)
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temperature. Bacteria were cultured simultaneously on the eight dif-
ferent media listed below (Table 2) in a single reactor inoculated with
250mL NDX biomass (62.5, 62.5 and 125mL of HPNS, denitrifiers and
anammox, respectively), for 45 days. Each type of media was evaluated
in triplicate using sets of 5 cm×5 cm×2.5 cm scaffolds to determine
biomass accumulation over the culturing period.

Photos of the media before culturing are shown in the appendix
(Fig. A.1). One small scaffold cube (2.5 cm×2.5 cm×2.5 cm) of each
media was also cultured in the reactor over the same period for sub-
sequent FISH analysis. The positions of each media in the reactor are
indicated in Fig. 2.

Halfway through the incubation time (Day 23), the culturing solu-
tion (half strength EPB) in the reactor had to be replaced due to
shedding of carbon particulates by 5 cm×5 cm×2.5 cm scaffold
media samples of activated carbon (#4) and polyurethane foam with
activated carbon (#5), and full strength EPB was selected so as to begin
the feeding regimen. The washout of the carbon particulates resulted in
extremely cloudy reactor water so both the activated carbon and the
polyurethane foam with activated carbon were deemed unsuitable for
application in wastewater treatment and were removed from the re-
actor for the remainder of the experiment. The 2.5 cm×2.5 cm x
2.5 cm smaller scaffold cubes intended for FISH analysis were left in the
reactor for the entire test duration. Some organisms in the carbon-
contaminated water were lost during the water replacement. To address
this issue, 500mL anammox and 250mL HPNS were added after the
reactor was filled with full strength EPB. The reactor was operated in
batch mode and not fed again until half of the ammonia in the full
strength EPB was depleted (Day 33), at which point feed was initiated
at a rate of 700mL full strength EPB daily. This was done using peri-
staltic pumps to evenly feed 700mL EPB wastewater and remove
700mL final effluent per 24-hr period until the 45th day. The average
NH4-N concentration over the last ten days declined from 694mg/L in
influent to 181mg/L in effluent while the effluent NO3-N and NO2-N
increased from 0mg/L each to 3mg/L and 9mg/L, respectively.

2.4. Biomass growth analysis

The 5 cm×5 cm×2.5 cm scaffolds were weighed before and after
the 45-day testing period. Before weighing, media were oven-dried for
48 h at 60 °C and transferred to a desiccator. The scaffolds were then
cooled and dried in the desiccator for 2 h, and then weighed. The
amount of dry biomass grown on each scaffold was determined by the
difference of its dry weight before and after the testing.

2.5. Fluorescence In situ hybridization (FISH)

The treated 2.5 cm cubes were collected from the reactor after the
45-day testing period and tested by FISH analysis. Media samples were
taken from the 2.5 cm media scaffolds, washed three to four times using
half strength EPB wastewater, and sonicated with an ultrasonic dis-
rupter (42 kHz, 70W; Bransonic Ultrasonic Cleaner, 151OR-MTH,
Danbury, USA) for 1min to release all cells off the support media.
Flexible media (e.g., polyether polyurethane foam, #7) were also ma-
nipulated by hand to squeeze out biomass attached to interior surfaces.
All samples were fixed with 4% paraformaldehyde for 6 h as described
by Amann (Rudolf, 1995). The samples were then stored at −20 °C in a

1:1 (v/v) mixture of Ethanol and PBS (8 g NaCl, 0.2 g KCl, 2.9 g
Na2HPO4⋅12H2O, and 0.2 g KH2PO4 per liter of distilled water at pH
7.4). Prior to hybridization, each sample was homogenized by sonica-
tion for 1–2min in order to disperse large aggregates. In situ hy-
bridization was performed according to the standard hybridization
protocol described by Amann (Rudolf, 1995). In brief, 10 μL of the fixed
and homogenized sample was applied on a gelatin-coated microscope
slide containing three wells (Tekdon Incorporated, Myakka City,
Florida) and dried at 46 °C for 15min, followed by a successive dehy-
dration step with 50%, 80% and 99% ethanol for 3min each. For hy-
bridization, 9 μL of hybridization buffer with the optimal formamide
concentration was mixed with 1 μL of labeled probe (50 ng/μL) and
then pipetted on the microscope slide for a 3-h hybridization at 46 °C.
After the hybridization, the microscope slide was rinsed with preheated
(48 °C) washing solution and incubated for 15min. Simultaneous hy-
bridization with probes requiring different sequence (5’-3’) was per-
formed by the successive hybridization procedure described by Nielsen
(Nielsen et al., 2009). Following the last hybridization, wells were
stained with 4’, 6-diamidino-2-phenylindole (DAPI) as an intercalating
agent to quantify all bacteria, including both probe-targeted and non-
targeted organisms. Table 3 describes the name, target, and sequence of
specific probes employed to identify the microbial characterization of
the samples. Negative controls without organisms were used to elim-
inate false positive results due to autofluorescence. The images used for
quantification of bacterial groups were acquired through an epi-
fluorescence microscope (Nikon Eclipse 50i) and were resolved using
standard image controls (Nikon DS-5M digital camera and DS-L1
camera control unit). FISH images from epifluorescence microscope
were examined by a digital image analyzer (Image J software) with a
curated collection of Fiji's plugins pre-installed for quantification. Also,
to see the AMX and AOB biomass architectures and morphology, ad-
ditional images were acquired using a confocal microscope (Nikon
Eclipse 80i) and were resolved using control and standard software
(Nikon ACT-1, version 2.63).

2.6. Statistical analysis

Based on the dry biomass weight as well as the bacterial attachment
of AOB, NOB, AMX and DN on different media, a statistical analysis to
compare the differences of each media on the results was carried out
using one-way analysis of variance (ANOVA) at P < 0.05 in Excel of
Microsoft Office™ Software.

3. Results and discussion

3.1. Biomass attachment

Activated carbon (#4) and polyurethane foam with activated
carbon (#5) were deemed not suitable for this application. Both media,
made of activated carbon, released large amounts of inert carbon par-
ticles in the first half of the 45-day testing, resulting in contamination of
the reactor water. After the reactor water was replaced by full strength
EPB in the middle of the testing, the reactor was much clearer.
Although trace amounts of carbon remained on the other scaffolds after
water replacement, the amounts of the leaked carbon on each scaffold
should have been similar due to the continuous mixing pattern in the

Table 3
rRNA-targeted oligonucleotide probes used to detect nitrifying, anammox and denitrifying microorganisms in the biofilm samples.

Probe name Target Sequence (5’- 3’) Reference

FLC-labeled Nso190 oligonucleotide probe Betaproteobacterial (AOB) CGA TCC CCT GCT TTT CTC C Mobarry et al., (1996)
FLC-labeled NIT3 oligonucleotide probe Genus Nitrobacter (NOB) CCT GTG CTC CAT GCT CCG Wagner et al., (1996)
Cy3-labeled Flo1 oligonucleotide probe C. Brocadia carolinensis (anammox) TCG GTA GCC CCA ATT GCT TGG Rothrock et al., (2011)
FLC-labeled Pae997 oligonucleotide probe Most true Pseudomonas spp. (denitrifier) GCT GGC CTA GCC TTC Amann et al., (1996)
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reactor and therefore have had similar effects on the results when
comparing the dry weights of different media.

Average mass of dry biomass on each scaffold media was de-
termined at the end of the study (45 days) in the remaining 6 media
(Table 4). The mass of biomass in the various media was calculated in
three ways: 1) per scaffold total internal surface area, 2) per scaffold
mass, and 3) per scaffold volume (Table 4). Polyether polyurethane
foam (#7) scaffolds had the greatest average dry biomass weight. With
an internal surface area of approximately 1600m2/m3, polyether
polyurethane foam is at least twice as space efficient as the other non-
microporous media, such as polyethylene (#1) and PVC (#8). The
weight of the materials sent to space station should be also considered
in reference to cost and energy, as materials with less weight are pre-
ferred. The polyether polyurethane foam maintained the highest bio-
film growth per unit weight (mass of biomass per scaffold mass in
Table 4). Although porous SiO2 media (#2) had the second-highest
biomass growth, it is the heaviest media among the eight tested media
(scaffold average mass, Table 4), and is thus not suitable as material to
be used on the space station. It is worth noting that the polyether
polyurethane foam, polyethylene filter, and PVC are much lighter than
the other three media. Polyethylene and PVC had the second and the
third greatest biomass growth per unit weight, respectively. Media
volume should also be considered for saving space when designing a
system, and the polyether polyurethane foam achieved the highest mass
of biomass per scaffold volume (Table 4). In conclusion, the ideal
support media in terms of biomass attachment is the polyether poly-
urethane foam.

3.2. Molecular quantification of abundance

The relative abundances of nitrifying (AOB and NOB), denitrifying
(DN), and anammox (AMX) bacterial populations on the eight support
media were compared using FISH after the 45-day testing, as shown in
Fig. 3. For comparison and controls, the last three microbial composi-
tions (Fig. 3) present the analysis of anammox inocula (InAMX), ni-
trifying inocula (InNIT), and denitrifying inocula (InDN), respectively.

Anammox have a slower growth rate (9–11 days) compared to AOB,
NOB, and DN, and possess a range of potential inhibitors (Bettazzi et al.,
2010; Dapena-Mora et al., 2007; Strous et al., 1999). Thus it is favor-
able to create conditions to keep the anammox bacteria in the reactor as
much as possible. Data in Fig. 3 show that 75% of the eight support
media (6/8) were able to maintain anammox as the bacterial cohort
with the greatest abundance of all attached organisms, with a relative
abundance higher than AOB, NOB, or DN. Especially polyether poly-
urethane foam (#7) with 32.1% relative abundance, activated carbon
(#4) with 31.8%, and porous ceramic media (#3) with 31.1%. How-
ever, #3 was made of a material that was found to be very fragile
during reactor operation.

In the NDX process, AOB utilize ammonia and oxygen as substrates,
while AMX require ammonia and nitrite. On the other hand, NOB make
use of nitrite and oxygen, and can outcompete the AOB-AMX process
due to oxygen competition with AOB and nitrite competition with AMX.
Therefore, it is necessary to keep the amount of NOB relatively low.
Additionally, from an energy standpoint a low NOB population reduces
the required oxygen. Moderate NOB is helpful to generate nitrate as
substrates used by denitrifiers to remove carbon. Fig. 3 indicates that
the support media #7 had the least amount of NOB (0.9%), which is
very advantageous for NDX application. While the mechanisms for
preferential attachment of each bacterial group onto one media or an-
other is not studied here, the apparent selectivity of polyether poly-
urethane foam for higher AMX and AOB with lower NOB and DN,
combined with its high specific biomass accumulation and light weight,
make the polyether polyurethane foam a preferred support substrate for
a fixed-film process.

Although the presence of heterotrophic denitrifying bacteria is im-
portant for carbon and nitrate removal, some research found anammoxTa
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communities could be inactivated or eradicated under concurrent op-
eration with denitrification when COD exceeds 300mg/L so COD would
be critical for process selection between anammox reaction and deni-
trification (Chamchoi et al., 2008). In addition, autotrophic AOB and
anammox bacteria cannot incorporate exogenous organic compounds
because they obtain energy from oxidation of inorganic compounds (De
Pra et al., 2012; Yamamoto et al., 2011). The maximum growth rate of
autotrophic AOB (μAmax) is much lower than the growth rate of aerobic
heterotrophic bacteria (μHmax) as Wiesmann (1994) reported
μHmax=7.2 d−1 and μAmax=0.77 d−1. This significant difference in
growth rates—coupled with the rapid growth of heterotrophic deni-
trifying bacteria fed by the carbon available in EPB wastewater—can
promote competition by heterotrophic denitrifying bacteria for living
space in a bioreactor, suppressing the growth of AOB and anammox.
Therefore, control of heterotrophic denitrifying bacteria is important to
successful operation of the NDX process. Polyethylene (#1) and porous
SiO2 media (#2) are not recommended because they were found to host
a very large proportion of denitrifying bacteria (Fig. 3).

Fig. 4 shows the representative images from FISH using a confocal
microscope, and illustrates the AMX and AOB populations' composition
and architecture on eight support media. The biomass architectures
were different, alternating from big aggregates dominated by AMX, to
smaller and dispersed AOB flocs (Figs. 4 and 1 to 8). It is possible to see
large aggregates of both bacteria with a nice consociated mix of AOB
and AMX in image 1, 2, and 7 of Fig. 4. In the other images (3–6, and 8),

the AOB were mainly present in small and dispersed flocs in the bio-
mass, possibly explaining their apparently much smaller amount re-
lative to AMX in most of the support media.

Fig. 3. Relative abundances of AOB, NOB,
AMX and DN measured by probe-targeted
FISH over the total bacterial population
(targeted-DAPI), as well as abundance of all
the bacteria in the field of view (FOV)
during the analysis. One-sided error bars
represent plus one standard deviation. The
x-axis number 1 to 8 refers to media number
in Table 2.

Fig. 4. Representative FISH images under confocal microscope illustrating the differences of the biomass compositions and architectures on eight different support
media. Anammox populations are displayed with red color allocation and AOB in green. (For interpretation of the references to color in this figure legend, the reader
is referred to the Web version of this article.)

Fig. 5. Representative FISH image of polyether polyurethane foam under
confocal microscope (anammox populations are displayed with red color allo-
cation). (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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In summary, the best support media in terms of microbial compo-
sition in the NDX process for space exploration is the polyether poly-
urethane foam media #7. It had better quantitative and qualitative
measurements of AOB, AMX and DN than the other media, and thus
showed significant capacity for attachment and growth of NDX bac-
teria. In addition, it is lightweight, which is important for space sys-
tems. From FISH image (Fig. 5) captured from the polyether poly-
urethane foam (#7), it is possible to visualize an intrinsic characteristic
of anammox bacteria. As it is common for anammox bacteria to occur as
small to large cell aggregates (Nielsen et al., 2009), anammox bacteria
have a coccoid morphology and a “donut-like” shape after FISH ana-
lysis, with an apparent small hole in the center of the cells. The in-
tracellular “hole” is anammoxosome that is ribosome-free (van Niftrik
and Jetten, 2012) (and thus absence of target molecules for FISH
probes) in this region.

3.3. Statistical analysis

One-way ANOVA performed on the results, at a significance level of
0.05, indicated that dry biomass weight as well as the bacterial at-
tachment of AOB, AMX and DN were significantly affected by the media
(Table 5). The significant bacterial attachment difference may be re-
lated to different oxygen level across the depth of the different media as
well as contrasting media internal surface area (Table 4). Different
media had no significant effect on NOB population. This may be be-
cause of the effect of low dissolved oxygen level (< 1mg/L) in the NDX
reactor on the growth of NOB. Relatively lower population of NOB
compared to the other bacteria resulted in the relatively equal group

variance. The overall (sum of AOB, NOB, AMX and DN) bacterial re-
lative abundance were significantly different on the media, with a P
value of 2.106E-05.

4. Conclusions

The extent of NDX bacteria growth on 8 different media carriers
over a 45-day testing period was investigated. The results indicated that
polyether polyurethane foam had the greatest biomass growth as well
as the highest biofilm growth per unit mass and per unit volume,
making it an optimal candidate for biological wastewater treatment in
space. In addition, the functional microbial composition of polyether
polyurethane foam, with the greatest AMX bacterial attachment (32.1%
relative abundance), better quantitative and qualitative measurements
of AOB, AMX and DN than the other media and relatively low NOB,
would improve the treatment efficiency. The polyether polyurethane
foam will be further studied on the effects of foam porosity and thick-
ness variables on substrate transport and wastewater treatment per-
formance as well as the risk analysis of its reliability in NDX-based
bioreactors.
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Table 5
Results of one-way ANOVA statistics (P values).

Dry biomass weight
(mg)

Relative abundance

All bacteria AOB NOB AMX DN

P 0.0101 2.106E-05 5.325E-09 0.7264 0.0079 0.0003
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Appendix

Fig. A.1. Triplicate scaffolds made of different media: (1) Polyethylene (2) Porous SiO2 (3) Porous ceramic (4) Activated carbon (5) Polyurethane foam with
activated carbon (6) Porous sintered glass (7) Polyether polyurethane (8) PVC.
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