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Abstract  

Water is among the critical limited resources required to sustain human life in 

space. NASA has targeted 98% water recovery from wastewater in its efforts to transition 

from low earth orbit to long-duration exploration missions.  A potential technology for 

this purpose is a membrane aerated bioreactor.  This research investigated three 

independent parameters hypothesized to decrease the start-up time of a simultaneous 

nitrifying/denitrifying reactor, ultimately intended to oxidize organic carbon and convert 

ammonium to nitrogen gas. Using 12 small, ambient pressure membrane aerated 

bioreactors (MABR), we investigated the effects of three different parameters against a 

urine-fed control.  The parameters included wastewater, addition of a quorum sensing 

molecule, and elevated temperature.  The fastest start-up time was produced using the 

wastewater.  These parameters decreased the startup time of the bioreactor until full-

strength wastewater was reached, demonstrating a quicker and more reliable method to 

initiate biological wastewater processing for long duration spaceflight.   

   

  



vii 

 

Table of Contents 

Acknowledgements ............................................................................................................ iii 

Abstract .............................................................................................................................. vi 

Table of Contents .............................................................................................................. vii 

List of Figures ..................................................................................................................... x 

List of Tables ................................................................................................................... xiii 

1. Introduction ................................................................................................................... 1 

1.1. NASA Needs for Regenerative Water Technologies ........................................... 1 

1.2. Challenges Associated with NASA’s Chemical Pretreatment and Limitations of 

the Current Water Treatment System ............................................................................. 3 

1.3. NASA’s Solution:  The Alternative Water Processor .......................................... 4 

1.4. The Fundamentals of Biological Nitrification and Denitrification ...................... 7 

1.5. The MABR: A Novel Approach to Nitrification and Denitrification ................ 10 

1.6. Advantages of a MABR ..................................................................................... 14 

1.7. Challenges of a MABR ...................................................................................... 15 

1.7.1. Membrane surface area ............................................................................... 16 

1.7.2. DO concentration ........................................................................................ 16 

1.7.3. Carbon and nitrogen strength in the influent wastewater ........................... 17 

1.8. The Need for Optimized MABR Start-up Protocols .......................................... 20 



viii 

 

2. Research Objective ..................................................................................................... 24 

2.1. Overall Experimental Approach......................................................................... 24 

2.2. Reactor Design ................................................................................................... 24 

2.3. Experiment Design & Independent Parameters ................................................. 27 

2.3.1. Control ........................................................................................................ 28 

2.3.2. Wastewater-Start ......................................................................................... 29 

2.3.3. Quorum Sensing.......................................................................................... 31 

2.3.4. Elevated Temperature ................................................................................. 33 

2.4. Stepwise Feeding Protocol & Sampling Schedule ............................................. 34 

2.5. Preventing Photo-inhibition of Ammonia Monooxygenase............................... 39 

2.6. DNA Sampling ................................................................................................... 41 

2.7. Establishment of Nitrification as a Success Metric ............................................ 44 

3. Results and Discussion ............................................................................................... 45 

3.1. Initial Inoculation and pH trends ........................................................................ 45 

3.2. Unexpected Events ............................................................................................. 50 

3.2.1. Higher than expected lab temperature for the first 32 days ........................ 50 

3.2.2. Loss of the Elevated Temperature reactors due to the federal government 

shut-down .................................................................................................................. 54 

3.2.3. Increased temperatures in Control, Wastewater Start and Quorum Sensing 

reactors due to the federal government shut-down .................................................... 55 



ix 

 

3.3. Relationship between pH and DO ...................................................................... 57 

3.4. MiSeq Results: Genus ........................................................................................ 59 

3.5. Diversity Assessment ......................................................................................... 63 

3.6. Quorum Sensing Reactor Failure ....................................................................... 69 

4. Conclusions and Forward Work ................................................................................. 73 

References ......................................................................................................................... 78 

Appendix A: Quorum Sensing Volumes .......................................................................... 78 

Appendix B: Determining the Oxygen Delivery Constant ............................................... 92 

Appendix C: Quorum Sensing Volumes for Secondary Experiment ............................... 94 

Appendix D: Chemical Analyses of Reactors Before and After Stepwise Feed Water 

Addition ...................................................................................................................... 95 

 

  



x 

 

List of Figures  

Figure 1:  Modified Ludzack-Ettinger Process ................................................................. 10 

Figure 2: Concentration profiles for oxygen and organic substrate in biofilm.  (A)     

Conventional biofilm growing on a solid support and (B) biofilm grown on 

membranes that supply the biofilm with oxygen ........................................................ 11 

Figure 3: Illustrative cross-section of a biofilm attached to a tubular membrane, showing 

substrate gradients in a counter-diffusional biofilm for organic oxidation and total 

nitrogen removal ......................................................................................................... 12 

Figure 4: Schematic drawing showing the transport fluxes of soluble constituents and 

indicative microbial stratification in a membrane-aerated biofilm ............................. 13 

Figure 5: Effect of temperature on ammonium oxidation by Nitrosomonas sp. .............. 20 

Figure 6: pH-dependency of ammonia and nitrite species in water.................................. 22 

Figure 7:  Fisherbrand Clear Straight-Sided Jar (P/N 02-911-762). ................................. 25 

Figure 8: Illustrative cross-section of tubing and connectors through the cap (left); View 

of the underside of the cap with tubing installed (right) ............................................. 25 

Figure 9: Subscale reactor ................................................................................................. 26 

Figure 10: Urine Stepwise Feeding Protocol for Control, Elevated Temperature and 

Quorum Sensing Reactors........................................................................................... 37 

Figure 11: Control, Wastewater-Start and Quorum Sensing subscale reactors covered in 

aluminum foil to prevent light photo-inactivation ...................................................... 41 

Figure 12: Genera present in initial inoculum sample, classified reads only above 1.0% 

abundance ................................................................................................................... 45 



xi 

 

Figure 13: pH of the Control reactors (A) ........................................................................ 48 

Figure 14: pH of the Wastewater Start reactors (B) ......................................................... 49 

Figure 15: pH of the Quorum Sensing reactors (C) .......................................................... 49 

Figure 16: pH of the Elevated Temperature reactors (D) ................................................. 50 

Figure 17: Temperature of the Control reactors (A) ......................................................... 51 

Figure 18: Temperature of the Wastewater Start reactors (B) .......................................... 52 

Figure 19: Temperature of the Quorum Sensing reactors (C) .......................................... 52 

Figure 20: Temperature of the Elevated Temperature reactors (D) .................................. 53 

Figure 21: Control, Wastewater-Start and Quorum Sensing subscale reactors covered in 

aluminum foil to prevent light inhibition .................................................................... 53 

Figure 22: pH and DO relationship of Control (A) reactors ............................................. 58 

Figure 23: pH and DO relationship of Wastewater Start (B) reactors .............................. 58 

Figure 24: Top 30 genus (classified reads only) from Control (A) reactors ..................... 61 

Figure 25: Top 30 genus (classified reads only) from Wastewater Start (B) reactors ...... 61 

Figure 26: Species richness using ACE, Chao1 and Jackknife indices of Control (A) and 

Wastewater Start (B) Reactors .................................................................................... 68 

Figure 27: Species diversity using Shannon and Simpson indices of Control (A) and 

Wastewater Start (B) Reactors .................................................................................... 69 

Figure 28: Quorum Sensing secondary experiment results; the 12-well plate is numbered 

according to Table 6.................................................................................................... 72 

Figure 29: Dissolved oxygen concentration accumulating over time in subscale reactors

..................................................................................................................................... 93 

Figure 30: TN and TOC Removal for Control Reactors................................................... 97 



xii 

 

Figure 31: TN and TOC Removal for Wastewater Start Reactors ................................... 97 

 

  



xiii 

 

List of Tables  

Table 1: Mass definition of a combined wastewater stream ............................................... 6 

Table 2: Summary of experimental parameters ................................................................ 29 

Table 3: Calculating Stepwise Volumes of Urine and Wastewater in DI for Urine-fed 

Reactors....................................................................................................................... 36 

Table 4: Constituent concentrations in raw urine, 100% urine in DI and 100% full 

wastewater................................................................................................................... 38 

Table 5: Bacterial 16S rRNA-based indices of diversity for Control (A) and Wastewater 

Start (B) reactors ......................................................................................................... 67 

Table 6: Secondary experiment to confirm a response from the addition of HSL 

molecules; All wells included 1.5 mL LB .................................................................. 71 

Table 7:  Using Origin linear fit to calculate oxygen delivery constant ........................... 93 

Table 8: Nitrite and nitrate concentration before and after feed water additions ............. 98 

Table 9: Total Nitrogen (TN) Concentration in Urine and Wastewater Feed Waters, by 

Step-wise Concentration ............................................................................................. 99 

 

  



1 

 

1. Introduction 

1.1. NASA Needs for Regenerative Water Technologies 

The National Aeronautics and Space Administration’s (NASA) International 

Space Station (ISS) has supported human life in low-Earth orbit (LEO) since 2000.  The 

ISS is the benchmark for long-term and extra-terrestrial habitation. Even though many of 

NASA’s technologies are state-of-the-art, the ISS still relies on the resupply of 

consumables, such as water and oxygen, from Earth.  In order to leave LEO and explore 

other parts of the solar system, NASA must consider regenerative technologies that will 

eliminate its dependence on supplies delivered from a distant Earth.  In addition, new 

technologies must be as efficient and economical as possible, since long-duration 

spacecrafts or outposts will be required to generate their own power and life-sustaining 

resources.   

Presently, water is among the most critical limited resources required to sustain 

human life in space.  The current state-of-the-art technology for water recycling on-board 

ISS is vapor compression distillation, a physiochemical process that requires urine 

pretreatment with toxic chemicals.  On-board the ISS, only urine, urinal flush water and 

humidity condensate water are recycled back into potable water.  Urine and urinal flush 

water are collected in the on-board toilets, while humidity condensate, the ambient water 

vapor, is collected from the cabin air conditioner.  “Pretreatment” using sulfuric acid 

(H2SO4) and chromium trioxide (CrO3) is required to stabilize the urine wastewater 

stream (Carter, Brown, & Orozco, 2013).   These chemicals are intended to function as 
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bactericides and maintain a low pH (between 2 and 4), thus preventing the release of 

volatile organic compounds and ammonia by oxidizing the organics and fixing the 

ammonia within ammoniated compounds (Winkler, Verostko, & Dehner, 1983).   

Pretreatment is required to prevent microbial hydrolysis of urea (𝐶𝑂2(𝑁𝐻2)2)  

through urease activity (Equation 1).  Urea comprises approximately one-half of the 

dissolved compounds in urine, and decomposes into free ammonia according to the 

following equation:  

𝐶𝑂2(𝑁𝐻2)2 + 2𝐻2𝑂
  𝑢𝑟𝑒𝑎𝑠𝑒   
→      2𝑁𝐻3 + 𝐶𝑂2 + 𝐻2𝑂.   (1) 

Upon release, ammonia can be present as free ammonia (𝑁𝐻3) or ionized ammonia 

(𝑁𝐻4
+), a reaction driven by pH and given as 

𝑁𝐻3 +𝐻2𝑂 ↔ 𝑁𝐻4
+ + 𝑂𝐻−.    (2) 

The release of free ammonia (𝑁𝐻3) causes an increase in pH, which can affect the 

solubility of many dissolved constituents in urine and humidity condensate.  As the pH 

increases, these dissolved constituents precipitate, creating solids in the residual fluid that 

will foul mechanical system components.  Furthermore, depending on the ammonium 

speciation and duration of crew exposure, only ammonia concentrations of 0.5-5 mg/L 

are permitted in the ISS potable water.  To prevent formation of precipitates in the 

retentate water, which causes mechanical issues, and to reduce crew exposure to 

ammonia in the product water, pretreatment is applied to fix the ammonia hydrolyzed 

from crew urine.  This pretreatment process, however, comes with its own sacrifices in 
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spacecraft design and waste management (Carter et al., 2013; Mclamore, Morse, & 

Jackson, 2007; National Aeronautics and Space Administration International Space 

Station Program, 2006; National Aeronautics and Space Administration Toxicology 

Group, 2008; National Aeronautics and Space Administration, 2013). 

1.2. Challenges Associated with NASA’s Chemical Pretreatment and 

Limitations of the Current Water Treatment System 

There are many drawbacks associated with using chemical pretreatment to 

achieve water recovery in space.  Chief among them are a lower than expected water 

recovery rate and the dangers of crew exposure to hazardous chemicals.  Shortly after 

installation in 2009, the Urine Processor Assembly (UPA) failed due to salt solids, 

primarily calcium sulfate, forming within the distiller. Urine calcium concentrations are 

elevated in microgravity compared to terrestrial urine, due to the loss of bone density in 

the reduced gravity environment. Sulfates, derived from the sulfuric acid pretreatment, 

reacted with the calcium to form calcium sulfate. As the recovery rate approached 85%, 

which was the recovery target baseline for the UPA, the calcium sulfate solubility 

exceeded its limit, leading to solids formation in the distiller. To prevent further 

precipitation reoccurrence, system managers limited water recovery to 74%.  Because of 

water’s criticality to supporting life on the ISS, water recovery rates lower than NASA’s 

target of 85% are undesirable.  Furthermore, the unreclaimed water, distillate salts and 

toxic pretreatment chemicals remaining after distillation, called “brine”, are considered 

toxic.  ISS brine requires special disposal and due to its chemical composition and high 
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concentration of salts and residual pretreatment chemicals, and any release of this fluid is 

considered catastrophic to the mission and the crewmember’s health (Carter et al., 2013).  

 With these limitations in mind, NASA released the Human Health, Life Support 

and Habitation Systems Roadmap in 2010 to guide the key capabilities considered 

integral to the success of NASA’s goals in future human space exploration.  By 2017, the 

agency will require water recovery systems to demonstrate 98% water recovery from 

wastewater consisting of urine, humidity condensate, hygiene, and laundry wastewater.  

By 2022, NASA will require this same composition and water recovery rate using 

biological systems (Hurlbert et al., 2010).  As a result, new systems and technologies, 

beyond the distillation-based recycling methods employed on ISS, are necessary to 

achieve NASA’s long-term goals.  

1.3. NASA’s Solution:  The Alternative Water Processor 

In response to these requirements and acknowledging that the current state-of-the-

art distillation system has limited water recovery capability from urine and requires toxic 

chemicals for pretreatment, NASA has developed the Alternative Water Processor 

(AWP).  The AWP is part of NASA’s Next Generation Life Support Program, where 

technologies focus on increasing reliability and efficiency of water recovery, while 

decreasing dependence on earth-supplied consumables and overall mass.  The Program 

mission targets affordable technologies that can enable long-duration human exploration 

beyond low-earth orbit (“Next Generation Life Support (NGLS),” 2013).  To achieve 

these goals, the AWP’s technical approach employs two treatment steps.  The first step 

incorporates a Biological Water Processor (BWP), which utilizes a membrane aerated 
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bioreactor (MABR) to perform simultaneous nitrification and denitrification of the 

wastewater.  The primary goal of this biological system is 90% oxidization of the influent 

organic carbon and 75% conversion of ammonium (𝑁𝐻4
+) (C. Meyer, 2012).  Following 

this first step, the effluent is further treated with a coupled forward and reverse osmosis 

system (FO, RO).  This coupled system, called the Forward Osmosis Secondary 

Treatment (FOST), allows the complete removal of the remaining large organic and 

inorganic molecules in the BWP effluent.   

The two-stage approach aims to leverage the benefits of biologically-driven 

reactions in order to improve membrane life and efficiency. As summarized by Jackson et 

al., including a biological pretreatment reactor would not only eliminate the need for on-

orbit pretreatment with toxic chemicals, but would reduce the scale and organic/inorganic 

precipitates capable of fouling distillation or FO/RO membranes units (Jackson et al., 

2011).  By designing processes that utilize ammonia in its free form, a biological reactor 

eliminates the need for sulfuric acid pretreatment (primarily used to fix ammonia as 

ammonium sulfate) and therefore eliminates H2SO4 as a primary scalant (Jackson et al., 

2011).  Using four MABRs in parallel, the BWP has demonstrated 85% carbon removal 

and 55% ammonium oxidation (C. E. Meyer & Vega, 2014).  The BWP’s reduction in 

organic carbon and ammonium are necessary to prevent both excessive fouling in the 

second stage membrane system and to reduce or eliminate ammonium from the potable 

product water.  As discussed previously, ammonium is difficult to reject both chemically 

and physically and chemical fixation using toxic pretreatment is an ineffective solution.  

Therefore, biological oxidation is a viable treatment choice for ammonium rejection (C. 

E. Meyer & Vega, 2014) . 
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Table 1: Mass definition of a combined wastewater stream 

Wastewater 

(WW) type 

WW per 

event 

(kg/event)  

Events per day 

per 

Crewmember 

(event/day-CM) 

Total WW for 

four crew 

(kg/day-crew)  

Composition 

Urine 
1.21  

(per day) 
N/A 4.85 

Donor urine, augmented for 

10 g/L total nitrogen to 

simulate observed in-flight 

astronaut concentrations 

Urinal Flush 
0.32  

(per day) 
N/A 1.2 DI water  

H
y
g
ie

n
e 

Oral 

Hygiene 
0.1 2 0.8 

DI water, including 

1.0g/event of Arm & 

Hammer Toothpaste 

Hand 

Wash 
0.125 8 4.0 

DI water, No-Rinse Body 

Wash, NASA Formulation.  

1.5g/event for hand wash, 

25.0g/event for shower Shower  6.0 1 24.0 

Shave 0.15 1  

0.153  

(one CM of 

four will 

shave) 

Deionized (DI) water, 

including 0.8g/event 

Neutrogena Men Shave 

Cream 

Humidity 

Condensate 

1.954  

(per day) 
N/A 7.85 

Simulated; Includes 4.3 L 

urine as DI replacement to 

simulate observed in-flight 

astronaut concentrations of 

calcium and other organic 

and inorganic constituents 

Laundry ≤30 N/A 

≤15 (15kg per 

day on a 2-day 

cycle) 

Includes 15g/event of 

Seventh Generation Natural 

2X Concentrated Laundry 

Liquid (Free and Clear) 

 TOTAL 57.75  

                                                 
1 Historical urine output of ISS crewmembers is approximately 1.2kg/day.  This model does not make 

assumptions on the frequency of urination, only the total amount contributed daily.   
2 The historical value of urinal flush water is 0.3kg/day-CM, used in previous technology development 

testing, such as the Distillation Comparison Test (Crenwelge et al., 2009).   
3 Based on historical crew hygiene activities, this model assumes that one of three male crewmembers will 

choose to wet shave.  Therefore, of a four-person crew, only one crewmember will make a daily wet shave 

contribution at 0.15kg.   
4 The historical value for humidity condensate is 1.95 kg/day-CM.  This includes 1.85 kg/day in crew latent 

wastewater and 0.1kg/day of hygiene condensate (Crenwelge et al., 2009).   
5 The composition of humidity condensate water will include a concentrated volume of humidity 

condensate (78mL) added to 7.722L of DI water.  In order to augment this wastewater stream to include the 

above-terrestrial averages for dissolved constituents, additional urine replaces 4.3L of the 7.722L DI water.  

Therefore, the total daily urine volume is 9.1L. 
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1.4. The Fundamentals of Biological Nitrification and Denitrification 

Ammonium oxidation or nitrification is the first step in nitrogen removal from 

wastewater. Nitrification is the biological oxidation of ammonium, which is the product 

of urea hydrolysis.  Ammonium oxidation is carried out in two stages, facilitated by 

ammonia-oxidizing bacteria, then by nitrite-oxidizing bacteria. Oxygen serves as an 

electron acceptor during ammonium oxidation, producing nitrite (𝑁𝑂2
−) and hydrogen 

ions, which reduces the pH of the solution.  The first step of nitrification can be expressed 

as 

𝑁𝐻4
+ +  

3

2
𝑂2

𝑛𝑖𝑡𝑟𝑜𝑠𝑜𝑚𝑜𝑛𝑎𝑠
→           𝑁𝑂2

− +  2𝐻+ +  𝐻2𝑂.   (3) 

The second step in nitrification is the oxidation of nitrite to nitrate, expressed as  

𝑁𝑂2
− +

1

2
𝑂2

𝑛𝑖𝑡𝑟𝑜𝑏𝑎𝑐𝑡𝑒𝑟
→         𝑁𝑂3

−.     (4) 

Both nitrifying processes are aerobic and performed by autotrophic bacteria.  Typically, 

Nitrosomonas and Nitrobacter sp. bacteria (among others) are involved in these processes 

and require oxygen to perform nitrogen oxidization.  The overall reaction for 

Nitrosomonas and Nitrobacter sp. nitrification is given as  

𝑁𝐻4
+ +  1.89𝑂2 + 0.0805𝐶𝑂2 → 0.0161𝐶5𝐻7𝑂2𝑁 + 0.952𝐻2𝑂 + 0.984𝑁𝑂3

− +  1.98𝐻+   (5) 

(US Environmental Protection Agency, 1993).  Typically, nitrifiers, as autothrophs, have 

slow growth rates and low cell yields.  These microorganisms are very sensitive to 

changes in environmental conditions and, therefore special attention is needed to their 

environmental conditions in order to establish a robust biomass of nitrifying 
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microorganisms  (Henze, Harremoes, Jansen, & Arvin, 2002; Madigan, Martinko, & 

Parker, 2002; US Environmental Protection Agency, 1993). 

In the process of ammonia oxidation to nitrite and nitrate, the nitrogen is merely 

transformed, but not removed from the wastewater.  Another step, called denitrification, 

allows for molecular nitrogen removal, by reducing nitrate to nitrogen gas.  

Denitrification is performed by a much larger community of facultative heterotrophs that 

are able to utilize nitrate as an electron acceptor when subjected to anaerobic conditions.  

Preference for oxygen over nitrate, as an electron acceptor, is theorized to be the result of 

enzyme catabolic repression in sufficient oxygen concentrations.  According to McCarty 

et al., the denitrification half reduction reaction is given as 

1

5
𝑁𝑂3

− +
6

5
𝐻+ +  𝑒− →  

1

10
𝑁2 +  

3

5
𝐻2𝑂.    (6) 

The overall equation for denitrification is given as:  

Organic Carbon (𝐶10𝐻19𝑂3𝑁) + 10𝑁𝑂3
− →  5𝑁2 + 10𝐶𝑂2 +  3𝐻2𝑂 +  𝑁𝐻3 +  10𝑂𝐻−,   (7) 

(Madigan et al., 2002; McCarty, 1975; US Environmental Protection Agency, 1993).   

These equations illustrate the potential gains in utilizing a biofilm-based nitrogen 

removal system.  In the nitrification reaction, pH is lowered as 7.1 grams alkalinity (as 

CaCO3) are consumed for every gram of ammonium nitrogen oxidized (Equation 5).  

Yet, as expected from an autotrophic population, the cell yield is low and only 0.1 g of 

cells are produced per gram of ammonium nitrogen oxidized (Equation 5, Henze et al., 

2002).  Notably, 4.3 grams of oxygen are required per gram of ammonium nitrogen, 
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which requires sufficient oxygen delivery to support nitrification.  In an attached-growth 

process, this can be managed through increased oxygen transfer using pressurized air or 

high purity oxygen and dilution of the ammonium concentration through recirculation 

(US Environmental Protection Agency, 1993). 

During denitrification, 20.3 grams of organic carbon from domestic wastewater 

and 3.6 grams of alkalinity (as CaCO3) are required per gram of nitrate nitrogen reduced 

(which is nearly equivalent to grams of ammonium nitrogen oxidized, by Equation 5).  

While Equation 7 does not account for cell production as a result of denitrifying carbon 

oxidation and nitrogen reduction, it does illustrate the compatible benefit to pH of 

denitrification when paired with nitrification.  Plainly, the recovery of alkalinity through 

denitrification can partially compensate for the acid generated in nitrification (McCarty, 

1975; US Environmental Protection Agency, 1993).  In the case of the BWP, the influent 

wastewater stream sufficiently buffers the remaining acid.  In typical terrestrial 

wastewater treatment, dual-stage systems are used to separate these processes. These 

systems utilize multiple and individual reactors with controls for pH and dissolved 

oxygen (DO) concentration, while chemical products/reactants are recycled to balance 

and feed each reaction.  In these systems, nitrogen is removed by planktonic (cells in 

suspension) microbial communities.  An example of such terrestrial treatment is the 

Modified Ludzack-Ettinger (MLE) process shown in Figure 1 (US Environmental 

Protection Agency, 1993).  In this process, anoxic denitrification precedes nitrification in 

order to reduce the organic carbon in the influent and prevent heterotrophic domination in 

the secondary aerobic nitrifying reactor.  A fraction of the effluent, rich in nitrite and 

nitrate, is recycled back to the denitrification reactor for anaerobic respiration to enable 
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the production of nitrogen gas (Equation 7).  The final effluent settles any suspended 

mass in a clarifying chamber and nitrogen is liberated from the water. While effective, 

MLEs require a large volumetric footprint, energy for aeration and time for setting, 

parameters which would need to be eliminated for biological nitrification and 

denitrification to be successfully adapted to spaceflight (Jeyanayagam, 2005; US 

Environmental Protection Agency, 1993).  Upon recognizing that the aqueous equations 

described previously are complementary, a simultaneous nitrification/denitrification 

biofilm can leverage these benefits and adapt biological treatment to human spaceflight.  

 

Figure 1:  Modified Ludzack-Ettinger Process  

1.5. The MABR: A Novel Approach to Nitrification and 

Denitrification 

In 1988, Timberlake et al. suggested that biofilm-dependent processes could be an 

alternative approach to the dual-stage nitrogen removal systems (Timberlake, Strand, & 
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Williamson, 1988).  Biofilms are highly robust agglomerates of cells encapsulated in 

extracellular polysaccharide material and firmly attached to a surface (Donlan, 2002).  

Membrane-aerated bioreactors were conceived to take advantage of complementary 

nitrification and denitrification processes, while producing higher oxidation rates of 

aqueous ammonia than those possible in dual-stage MLE reactors that contain high 

concentrations of organic carbon in the influent.  The MABR is designed with a 

permeable membrane as a physical support that allows oxygen to be supplied to the 

biofilm. This allows the development of a stratified biofilm, in which the nitrifiers are 

located closest to the oxygen-diffusing membrane and denitrifiers are further away in the 

anaerobic area of the biofilm.  As illustrated in Figure 2 (Semmens, Dahm, Shanahan, & 

Christianson, 2003) and Figure 3, the oxygen delivered through the membrane does not 

fully penetrate the biofilm at a constant concentration.  Instead, it creates a concentration 

 

Figure 2: Concentration profiles for oxygen and organic substrate in biofilm.  (A)     

Conventional biofilm growing on a solid support and (B) biofilm grown on 

membranes that supply the biofilm with oxygen  
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Figure 3: Illustrative cross-section of a biofilm attached to a tubular membrane, showing 

substrate gradients in a counter-diffusional biofilm for organic oxidation and 

total nitrogen removal 

 

gradient within the microbial community while an opposing organic concentration 

gradient is formed on the exterior of the biofilm, driven by the nutrient-rich bulk 

wastewater (Casey, Glennon, & Hamer, 1999).  In one review, this concept is called a 

“counter-diffusional biofilm” because the oxygen delivery gradient is opposite to the 

nutrient delivery gradient (Martin & Nerenberg, 2012).  In traditional attached-growth 

systems, where oxygen is supplied via bubbling, one side of the biofilm is inert and 

concentrations of both nutrients and oxygen are reduced as they diffuse inward toward 

the membrane wall.  In a MABR, the geometry is “counter-diffusive” (Figure 3), such 

that the region with a low substrate concentration (in this case, organic carbon) 

corresponds to a high oxygen concentration to create conditions favorable for 

nitrification.  Similarly, the exterior of the biofilm is an anoxic zone, rich in substrate, 

creating conditions favorable to denitrification (Martin & Nerenberg, 2012).  This 
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advantageous exchange of nutrients through a biofilm, illustrated in Figure 4 (Syron & 

Casey, 2008), is the essence of a MABR.   

 

Figure 4: Schematic drawing showing the transport fluxes of soluble constituents and 

indicative microbial stratification in a membrane-aerated biofilm 

 

Timberlake et al. were among the first to recognize the benefits of a simultaneous 

nitrifying and denitrifying biofilm.  As described therein and summarized by Morse et al., 

the MABR design is advantageous when compared to a dual-stage system due to a 

number of characteristics.  These include: 1) high yields of nitrate from ammonia 

oxidation, 2) high ammonia oxidation and organic removal using efficient and sparing 

oxygen delivery, 3) improved mass transfer, oxygen delivery and substrate utilization via 

attached-growth processes, 4) reduced solids production compared to a suspended-growth 

system, and 5) limited sloughing (Morse, Jackson, & Rainwater, 2003; Timberlake et al., 

1988).  Leveraging the benefits of attached-growth and simultaneous nitrification and 

denitrification provides an acceptable alternative type of biological treatment that is 

suitable for space exploration using low energy, low volume, low consumables and 

complementary biological processes.   
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1.6. Advantages of a MABR 

 The MABR is an improvement over dual-stage treatment, both mechanically and 

chemically.  Mechanically, using a biofilm for carbon and nutrient removal can eliminate 

the complexity required of a two-stage reactor, large volume suspended growth treatment 

system with separate controls for pH, DO and recycling systems.  Dual-stage processes 

consume time and require complex configuration, high energy and operational costs 

(Dong et al., 2009).  As an attached-growth system, the MABR eliminates the need for 

suspended sludge settling and benefits from a compact, integrated design due to 

combined nitrogen oxidation and reduction.  Further improvements over traditional 

suspended-growth tank systems are gained in biomass retention using a fixed biofilm.  

The biofilm-based design eliminates solids retention time (SRT) from consideration with 

hydraulic retention time (HRT).  This allows the user to cater to the slow-growing 

autotrophic nitrifiers by ensuring that sufficient HRT is available to avoid washout.  

Furthermore, these same nitrifiers will preferentially locate themselves on the oxygen-

rich membrane surface, which will lengthen the HRT and protection afforded by an 

attached-growth system (Syron & Casey, 2008).  Since both growth rates and cell yields 

are lower for autotrophs than for those of heterotrophic bacteria, the minimum retention 

time required to avoid autotrophic washout in a suspended sludge system is also greater 

than for heterotrophic washout.  Simply, autotrophs require long residence times to 

survive and thrive.  Preferentially long solids retention times are inherent to the design of 

a MABR (Belser, 1979; US Environmental Protection Agency, 1993).  

Chemically, a MABR is advantageous because it allows the user to manipulate 

nitrogen removal by controlling the dissolved oxygen (DO) concentration based on 
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influent strength of the wastewater, parameters that can be easily calculated (Dong et al., 

2009).  MABRs also benefit from higher simultaneous nitrification, denitrification and 

COD removal rates due to the unique microbial population stratification compared to 

their dual-stage equivalents.  Furthermore, membrane oxygen delivery (or bubble-less 

aeration) offers the potential for significantly higher oxygen utilization efficiencies 

accompanied by energy savings. In addition, reduced air stripping during the biological 

treatment of volatile organic compounds is possible (Dong et al., 2009).  Using an 

attached-growth system for simultaneous nitrification and denitrification simplifies the 

control system and reduces the need for frequent manipulation and monitoring of DO 

concentrations.  In the case of DO in the biofilm system, the oxygen transport is 

controlled by the thickness of the biofilm, as well as the membrane characteristics, the 

oxygen partial pressure and wastewater flow velocity on the external side of the 

membrane. These parameters are essential to control the metabolic activity of the 

nitrogen and organic carbon removal in the wastewater influent (Brindle & Stephenson, 

1996). 

1.7. Challenges of a MABR 

 While a MABR is capable of higher carbon oxidation and nitrogen removal rates, 

there are many challenges associated with this integrated system.  Among these are: 

1. Membrane surface area 

2. DO concentration 

3. Carbon and nitrogen strength of the influent wastewater 

4. Start-up protocol 
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1.7.1. Membrane surface area 

Many studies reduce membrane design to a sizing parameter (sometimes called 

the transport flux rate) for the oxidation of either influent organic carbon (Terada, Hibiya, 

Nagai, Tsuneda, & Hirata, 2003) or nitrogen (Jackson et al., 2011; Zhu & Chen, 2002).  

In each study, and currently in practice at NASA’s Johnson Space Center, the sizing 

parameter is used to determine the size of the MABR based on the required daily mass of 

carbon or nitrogen to be oxidized per square meter of available membrane surface area 

(
𝑔−𝐶

𝑚2−𝑑𝑎𝑦
 or 

𝑔−𝑁

𝑚2−𝑑𝑎𝑦
).   Presently, there is not an optimal sizing parameter reported in the 

literature, but it can be partially estimated by the specific surface area, or the ratio of 

membrane surface area to liquid volume ratio.  Fundamentally, a relative measure of this 

ratio, nitrogen removal MABRs can vary from 50 
𝑚2

𝑚3
 to 200 

𝑚2

𝑚3
 (Jackson et al., 2011; 

Terada et al., 2003).  Reactors with insufficient surface area can be susceptible to fouling 

due to influent suspended solids or dead zones causing preferential flow.  Most 

worrisome are dense bundles of membranes that allow the biomass to “clump” together.  

Should these thick regions occur, substrate diffusion into the inner biofilm can be 

severely limited (Martin & Nerenberg, 2012).  Therefore, it is necessary consider the 

membrane surface area when designing a MABR. 

1.7.2. DO concentration  

Unlike transport flux rate and specific surface area, DO concentration can be 

actively controlled while operating the reactor.  DO is required for nitrification but, if the 

concentration is too high, the heterotrophic denitrifying bacteria will utilize available DO 

instead of denitrifying.  Since denitrifying heterotrophs are ubiquitous and faster-growing 



17 

 

than nitrifiers, if too much oxygen is available, they will grow aerobically, out-compete 

the nitrifiers for oxygen and nitrification will cease (Syron & Casey, 2008).  Since DO 

concentration is critical for autotrophic ammonium oxidation, an optimum oxygen 

balance is required to ensure that the oxygen is sufficiently low to force the facultative 

heterotrophs to denitrify, while providing enough oxygen so as not to limit nitrification.  

Oxygen supply should be optimized to deliver 4.6 grams of oxygen for every influent 

gram of ammonium nitrogen (Equations 2 and 3), but be conservative enough to limit the 

denitrifying biofilm oxygen utilization.  The exact flux is heavily reliant on the biofilm 

thickness, but the EPA recommends that oxygen concentration should exceed 0.2 mg/L in 

pure cultures and should exceed 0.3-1.5 mg/L in activated sludge systems to avoid 

starving the heterotrophs and choking denitrification (Gander, Jefferson, & Judd, 2000; 

C. E. Meyer, 2013; Syron & Casey, 2008; US Environmental Protection Agency, 1993).   

1.7.3. Carbon and nitrogen strength in the influent wastewater 

  As derived from Equations 5 and 7, which conservatively assume full carbon 

oxidation to CO2 and neglects cell synthesis, approximately 1.5 grams of carbon are 

required for every gram of ammonium nitrogen oxidized.  In a coupled system, when 

these ratios are too high or too low, the balance of nitrification and denitification is 

affected.  When carbon-to-nitrogen ratios are less than ideal, such as in a long-term space 

exploration model, where the concentration of organic carbon is very limited, the influent 

treatment can be negatively affected.  In a terrestrial decoupled, dual-stage, suspended-

growth system, the operator can easily compensate for the nutrient limitation. 

In the study performed by LaPara et al., they designed six experiments varying 

gas sources (breathing air vs. 75% oxygen) and carbon to nitrogen ratio (10 vs. 4) to 
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determine the effects of carbon and nitrogen strength.  Their results illustrate the 

difficulty of consistently obtaining the same stratified biofilm, defined by both biofilm 

thickness and microbial community population.  Interestingly, of the four experiments 

using a carbon to nitrogen ratio of 10, only one yielded ammonia-oxidizing bacteria, 

quantified by polymerase chain reaction analysis of the ammonia monooxygenase 

(amoA) gene.  Conversely, air and elevated oxygen exhibited nearly identical nitrifying 

and denitrifying communities (normalized by biofilm thickness, evaluated by gene copies 

of amoA and nitrite-reducing genes (nirS/nirK) at a C:N ratio of 4.  All their results, 

however, are based on biofilm thickness and the resultant oxygen flux at the membrane 

as determined by a fixed upstream air/oxygen mass flow rate and pressure (LaPara, Cole, 

Shanahan, & Semmens, 2006).  In their summary, LaPara et al. concluded that their 

results indicate that wastewater strength is critical.  In the future, if predictive MABR 

models can account for wastewater strength, known biofilm characteristics and the 

specific reactor sizing parameters, active dissolved oxygen control could be automated.  

However, the current state of research does not yet allow such a model, which would be 

highly complex as it would require predicting the response of a biological system 

(Hibiya, Terada, Tsuneda, & Hirata, 2003; Jackson et al., 2011; C. E. Meyer, 2013; 

Semmens, Dahm, Shanahan, & Christianson, 2003; Terada et al., 2003).   

When considering LaPara et al.’s research, their results illustrate the difficulty in 

optimizing a biological system, which includes variable inputs on influent wastewater 

composition, gas type and delivery, membrane type and surface area, wastewater volume 

and so on.  They have limited their experiment to variants of wastewater composition and 

gas type, but have omitted any discussion regarding ways in which dissolved oxygen 
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concentration changes with biofilm growth.  As a biofilm establishes and thickens, 

oxygen demand should increase to supply sufficient oxygen to the increasing nitrifier 

community.  In turn, it can be inferred that during the biofilm establishment period in the 

MABR, the feed water strength should be weaker than the designed-for strength, because 

a successful MABR relies on nitrification to establish first.  As explained by LaPara, 

nitrification is most successful in a friendly environment with high ammonium, high 

inorganic carbon and low organic carbon. The authors, however, neglect to explain how 

they established nitrification and how, if at all, they varied their wastewater composition 

at start-up.  By overlooking the rate and strength of the initial biofilm attachment as 

variable and reportable parameters, the authors have failed to emphasize the importance 

of reactor start-up time and the formation and maintenance of robust biofilms (Martin & 

Nerenberg, 2012).  So, in addition to considering the desired sizing parameter based on 

wastewater composition and gas type, successful MABR design and operation also relies 

on a robust and repeatable start-up method. 

 The critical discussion above is not exclusive to LaPara et al., but LaPara’s is 

presently the only highly-cited study to attempt to optimize MABR parameters.  Other 

works, including Terada et al. and Hibiya et al. combine molecular biological analysis 

methods to analyze population characteristics while also quantifying nitrogen and organic 

carbon removal.  Yet, those studies simply employ one reactor design at fixed 

parameters, including fixed air mass flow  (Hibiya et al., 2003; Terada et al., 2003).  This 

research attempts to add to the body of work on MABR optimization by addressing the 

conditions best suited for rapid and repeatable start-up of a simultaneous nitrifying and 

denitrifying reactor.  
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1.8. The Need for Optimized MABR Start-up Protocols 

Nitrifier growth rates are slow due to their autotrophic utilization of inorganic 

carbon and their low cellular yields. Nitrifiers also tend to be sensitive to organic carbon 

shock loads (US Environmental Protection Agency, 1993).  Hence, during start-up of 

MABR, nitrifiers must first establish a mature biofilm before high concentrations of 

organic carbon are introduced or there is a risk that the heterotrophic population will out-

compete the nitrifier population.  The nitrifier Nitrosomonas sp. exhibits a maximum 

oxidation rate at 30°C, as demonstrated in Figure 5 (US Environmental Protection 

Agency, 1993).   

 

Figure 5: Effect of temperature on ammonium oxidation by Nitrosomonas sp.  

 

In addition of having a mature biofilm of nitrifiers, it is important to maintain a 

certain pH range. For instance, highest nitrification oxidation rates are reported between 

pH 6.5 and 8 (US Environmental Protection Agency, 1993).  It is also well-known that 

the pH of the bulk fluid will vary, however, since successful nitrification reduces the pH.  
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While denitrification produces the pH-complementary hydroxyl, this reaction also 

produces carbon dioxide, which lowers the bulk fluid pH.   

Additionally, studies have shown that Nitrosomonas sp. are susceptible to 

inhibition by free ammonia (10-150 mg/L) and Nitrobacter sp. are susceptible to 

inhibition by nitrous acid (0.1-1.0 mg/L).  The free ammonia/ammonium equilibrium is 

given in Equation 2, where the acid disassociation constant is 5.5 × 10−10 (Sawyer, 

McCarty, & Parkin, 2003).  The nitrite/nitrous acid equilibrium is given as  

𝐻𝑁𝑂2 ↔ 𝑁𝑂2
− + 𝐻+,     (8) 

with an acid disassociation constant as high as 4.57 × 10−4 (Holtzclaw Jr., Robinson, & 

Odom, 1991).  Derived from these equilibrium equations, Figure 6 shows that 

nitrification is optimum between pH 5 and 7.5, when the species of ammonium and nitrite 

are at their mutual maximum (US Environmental Protection Agency, 1993).  However, 

the desired pH range narrows to 6.5-7.5, to eliminate Nitrobacter sp. inhibition from 

nitrous acid.  Hence, for the successful deployment of MABRs, pH will need to be well 

controlled in this range to allow the development of a robust nitrifying biofilm able to 

successfully treat the wastewater.  

If a simultaneous nitrifying/denitrifying MABR is to be considered for 

spaceflight, each of the aforementioned challenges must be addressed.  Among these, a 

rapid and repeatable start-up protocol is critical.  The initial investigation of the MABRs 

was done at JSC, which consisted of four MABRs. The MABRs were inoculated in April 

2013 and required 67 days to tolerate a full wastewater stream as defined by Table 1.  

Upon test start, the MABRs were inoculated with a solution containing 10% urine-fed, 
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Figure 6: pH-dependency of ammonia and nitrite species in water 

nitrifying inoculum by volume and urine to an overall concentration of 200-250 mg/L 

total nitrogen (TN) in deionized water.  The urine-fed nitrifying inoculum was originally 

sourced from a wastewater treatment plant, but selected for nitrifying organisms at Texas 

Tech University.  At both JSC and TTU, the inoculum resides in a large, aerated conical 

reactor and is monitored daily for pH and DO.  When the pH decreases below 6.5, 

approximately 10% of the volume is decanted and solids are removed.  Depending on 

their objective, the inoculum receives approximately 10-15% volume consisting of 10% 

urine in DI.  When the labs are attempting to maintain their inoculum volume, 10% of the 

volume is both decanted and fed.  When the labs are attempting to increase the inoculum 

volume, then the operators add approximately 15% DI containing 10% urine and monitor 

the solution for a pH decrease below 6.5.  
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 When the MABRs were inoculated in April 2013, it took 67 days for the system 

to tolerate a full wastewater load, containing hygiene, laundry and humidity condensate 

water (Table 1).  In the interim, the MABRs were carefully monitored for signs that the 

microbial community was nitrifying the influent ammonia, indicated by a pH drop, 

decreasing concentrations of ammonium and increasing concentrations of nitrite and 

nitrate in the effluent.  When nitrification was confirmed, the MABRs were fed in a step-

wise fashion, with increasing concentrations of urine in DI.  Once the MABR microbial 

community was able to tolerate a full-strength volume of urine (approximately 16% urine 

in DI after augmentation to flight-like concentrations of urine salts, per Table 1), the JSC 

team added stepwise concentrations of the remaining carbon-rich balance of the 

exploration wastewater stream.  Ultimately, this stepwise start-up required 67 days from 

inoculation to full wastewater tolerance.  

 In an exploration scenario, 67 days is unwieldy, excessive and potentially 

crippling to a mission timeline.  Physiochemical systems, while known to achieve lower 

rates of carbon oxidation and ammonium removal than JSC’s BWP, are attractive for 

their ability to process wastewater immediately following launch.  Therefore, for 

biological treatment to be an attractive and viable alternate to physiochemical systems, 

the time to initiate a biological system must be rapid, reliable, and sustainable.     

  



24 

 

2. Research Objective 

This research investigates the effects of wastewater concentration, temperature, 

and presence of quorum sensing molecules as potential parameters for the acceleration of 

start-up time required for nitrifying biofilm formation in a MABR for simultaneous 

nitrification and denitrification. The successful implementation of one or more of these 

strategies would make biological water recovery from wastewater an attractive alternative 

to a strictly physiochemical process for long duration human space exploration. 

2.1. Overall Experimental Approach  

 Three parameters were considered viable candidates to influence the time required 

for biofilm formation and each were considered independently.  These parameters are 1) 

full wastewater start, 2) addition of a quorum sensing molecule and 3) elevated 

temperature.  These were compared to a control, which mimicked the laboratory 

conditions experienced by the full-size JSC MABRs at start-up.  The experimental 

approach consisted of subscale reactors, in triplicate, for each parameter, including the 

control.  Each subscale reactor contained silicone elastomer membrane tubes identical to 

those used in the JSC MABR.  The reactors’ construction is described in the following 

section.  

2.2. Reactor Design 

Each subscale batch reactor contained an approximate liquid volume of 850 mL. 

A Fisherbrand Clear Straight-Sided Jar with PTFE-Faced PE-lined cap (P/N 02-911-762) 

provided the liquid containment (Figure 7).  Four bulkhead assemblies penetrated the cap, 
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each comprised of a Cole Parmer Luer w/ Locknut 3/32” Polypropylene (P/N T-45518-

02) and a Bulkhead Luer Female 3/32” Polypropylene (P/N T-45508-32).  The underside 

of the cap/interior of the jar contained four of these assemblies, each connected to one 

Bulkhead Luer, Barbed Y-Connectors, Polypropylene, 3/32".  This assembly is illustrated 

in Figure 8 and Figure 9.   

 

Figure 7:  Fisherbrand Clear Straight-Sided Jar (P/N 02-911-762). 

 

 

Figure 8: Illustrative cross-section of tubing and connectors through the cap (left); View 

of the underside of the cap with tubing installed (right) 
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Figure 9: Subscale reactor 

Dow Corning Silastic® laboratory tubing (P/N 508-010) was used in the JSC 

MABRs and therefore was also utilized in this experiment.  It was a medical grade, 

translucent, platinum-cured silicone elastomer.  The tubing outer diameter was 4.88 ± 

0.28 mm with a 1.12mm wall thickness (Dow Corning, 2005).  This tubing was originally 

selected by TTU and recommended for use in the JSC MABRs.  Figure 8 shows the 

tubing as it is installed in each subscale reactor.  In an attempt to provide the most tubing 

surface area but avoid contact between the tubes, four tubes of increasingly longer 

lengths were used (Figure 8).  The tubes were 18.1, 22.2, 26.3 and 31.0 cm, for a total 

wetted tube length of 97.6 cm and an available surface area of 149.6 cm2.   A 2 cm 

diameter hole was added to the reactor cap to facilitate in situ pH sampling and sample 

volume removal without jostling or removing the membranes from the bulk fluid.   
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Each subscale bioreactor was equipped with an individual air pump.  The pump, a 

Fluval Q2 air pump (P/N A852) provided lab air between 2 and 4 psig at 

approximately 34 − 40 
𝑚𝑔−𝑂2

𝐿−𝑑𝑎𝑦
.  The method and derivation of the oxygen delivery 

constant are provided in Appendix B. 

2.3. Experiment Design & Independent Parameters 

As discussed in Section 1.7, there is no existing study that investigates the 

conditions that may accelerate the start-up of a nitrifying bioreactor.  This research 

employs twelve subscale reactors to model three independent parameters and one control 

in triplicate.  Each set of triplicate reactors attempted to isolate one parameter to 

ultimately yield a rapid start-up protocol supported by experimental data.  

  The rationale and experimental set-up for each independent variable is contained 

below.  The Control, Wastewater-Start and Quorum Sensing reactors were co-located in 

B7A, 1300B, the EC3 Microbiology Lab at NASA’s Johnson Space Center.  These 

reactors were exposed to the ambient conditions in the lab and co-located on a 9-position 

stirrer plate (Fisher Scientific, model 2008) set to 250 revolutions per minute (rpm).  The 

Elevated Temperature reactors were co-located on a four-position stirrer plate (Corning, 

model 440824) inside an incubator set to 30°C.  Both the ambient lab temperature and the 

incubator temperature were monitored daily.  

 The inoculation protocol was original modeled after JSC’s April 2013 procedure, 

described in Section 1.8.  This protocol was applied to all 12 subscale reactors, thereby 

limiting the varied parameters only to those described in detail below.  However, after 

implementing JSC’s April 2013 protocol, using 10% inoculum and including urine to a 
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total concentration of 200-250 mg/L TN in deionized water, the subscale reactors 

categorically failed to nitrify, as confirmed by pH and chemical data.   

 Concurrently, with respect to the larger AWP project, TTU reported successful 

rapid inoculation results using a new protocol.  Using a single replicate in the form of a 

single ~55 L reactor, they achieved nitrification and denitrification using a full 

wastewater stream in 22 days.  In light of this research’s first failed inoculation attempt 

and acknowledging that the ultimate goal of this research is to shorten the time required 

for initiation of a SND bioreactor, TTU’s new method was selected for a second attempt 

at inoculating the subscale reactors.  The results described in this project were obtained 

using the new TTU rapid inoculation protocol with the subscale reactors. 

The new TTU rapid inoculation protocol required filling the subscale reactor volume with 

a recently urine-fed nitrifying inoculum.  Where the previous protocol used only 10% 

inoculum in DI water, a single replicate was successfully inoculated at TTU by filling the 

entire available liquid volume with inoculum.  The following four replicate subscale 

reactors were subjected to inoculation on the same day using the same batch of urine fed-

nitrifying inoculum.    

2.3.1. Control 

The control specimens were inoculated and grown under the same ambient 

laboratory conditions as the NASA JSC MABRs in Building 7, Room 1300B.  As shown 

in Table 2, these reactors were labeled A.1, A.2, and A.3, where “A” indicates the control 

variable and the number denotes the replicate.  The control reactors remained at room 

temperature and humidity.  After inoculation, a drop in pH below 6.0 indicated a 

readiness to accept additional feed.  Following the protocol for the JSC MABRs, the 
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Table 2: Summary of experimental parameters 

 Control Wastewater-Start Quorum Sensing Elevated 

Temperature 

Designator(s) A.1, A.2, A.3 B.1, B.2, B.3 C.1, C.2, C.3 D.1, D.2, D.3 

Temperature Lab temp (~20°C, 

68°F) 

Lab temp (~20°C, 

68°F) 

Lab temp (~20°C, 

68°F) 
30°C (86°F) 

Start-up Begin with dilute 

urine, then increase 

25% by volume 

(b.v.) (Figure 10,  

Table 3).  When 

full strength urine 

achieved, increase 

WW content to full 

strength. 

Begin with dilute 

full wastewater, 

(Table 1), then 

increase at ~25% 

b.v. (Table 3) 

Begin with dilute 

urine, then increase 

25% b.v. (Figure 

10, Table 3).  

When full strength 

urine achieved, 

increase WW 

content to full 

strength. 

Begin with dilute 

urine,  then 

increase 25% b.v. 

(Figure 10,  

Table 3).  When 

full strength urine 

achieved, increase 

WW content to full 

strength. 

Additives None None 0.8 and 2.2nM C8 

and C
10

-AHL, 

respectively.  

Maintain 

concentration.  

None 

 

control reactors were fed with increasing stepwise concentrations of urine in DI until 

16% by volume (or 100% of the urine content in a combined wastewater stream) could be 

achieved.  When 16% urine by volume successfully nitrified, full wastewater (per Table 

1) would be introduced stepwise until 100% full wastewater by volume was undergoing 

nitrification.  This process was performed for the Control, Elevated Temperature and 

Quorum Sensing reactors, and is illustrated in Figure 10, with volumes determined in 

Table 3. 

2.3.2. Wastewater-Start 

The second parameter investigated was the effects of employing full strength 

wastewater in place of a diluted urine feed at start-up.  Inoculation and initial feed 

methods have varied among the MABR literature.  In one study, the authors obtained a 

seed culture acclimated in “domestic modified wastewater” for one month.  Following 

inoculation with that seed culture, the system was left to recycle until TOC oxidation 
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exceeded 75%, after which they fed the MABR a continuous stream of the same modified 

wastewater.  In this study, the origins of the seed and domestic modified wastewater are 

unknown.  This reactor yielded 90% TOC and nitrogen removal over approximately one 

hundred days (Hibiya et al., 2003).    

In another study, the authors sought high carbon and nitrogen removal from swine 

farm wastewater.  They obtained a seed sludge of nitrifying bacteria previously 

acclimated in ammonia-rich (1.50 
𝑘𝑔−𝑁

𝑚3𝑑
 ) inorganic wastewater for one year.  When 

biofilm growth was observed in the reactor, the authors added a heterotrophic bacterial 

seed, previously acclimated in municipal wastewater (1.20 
𝑘𝑔−𝑁

𝑚3𝑑
 and 1.92 

𝑘𝑔−𝐶

𝑚3𝑑
 ) for 

three years, followed by the undiluted swine wastewater.  This reactor yielded 96% TOC 

removal and 83% nitrogen removal over approximately one year (Terada et al., 2003).    

Historically, both the April 2013 inoculation and the new TTU rapid inoculation 

protocols have relied upon a stepwise pattern of increasing urine concentration in DI 

before exposing the reactors to full strength wastewater, which included the soaps and 

organics defined in Table 1.  In these “Wastewater Start” subscale reactors, labeled B.1, 

B.2, and B.3, the reactors were fed following a stepwise pattern of increasing full-

strength wastewater from Table 1 after inoculation with urine-fed, nitrifying seed, 

skipping the urine/DI feeding schedule.  The average constituent concentrations of carbon 

and ions in urine and wastewater can be found in Table 4.  

Other studies discussed above have demonstrated successful SND without 

partitioning their influent wastewater to selectively feed only high ammonia 

concentrations before exposing the reactor to the remaining fraction of carbon-rich 

wastewater.  The Wastewater Start reactors were investigated to determine whether the 
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urine-fed nitrifying inoculum, used during the TTU rapid inoculation protocol, could 

successfully colonize the MABR and establish nitrification using full strength wastewater 

feed rather than a urine (followed by full strength wastewater) like the Control. This 

procedure would accelerate the start-up of the nitrifying bioreactor as compared to the 

Control. 

The Wastewater-Start reactors went through a stepwise increase of wastewater in 

DI after inoculation, in the same manner as the Control, Elevated Temperature and the 

Quorum Sensing subscale reactors.  However, the wastewater balance added to DI was 

50%, 75% and 100% full wastewater (Table 3).  Since the full wastewater stream 

includes urine, these fractions are equivalent to the 50%, 75% and 100% fractions of 

urine in DI that were added to the Control, Elevated Temperature and the Quorum 

Sensing subscale reactors.   

The Wastewater-Start reactors resided in the JSC Building 7, Rm 1300B lab.  The 

reactors were co-located with the Quorum Sensing and Control reactors on the 9-position 

stirrer plate.  

2.3.3. Quorum Sensing 

Quorum sensing plays a critical role in biofilm establishment.  As the density of 

quorum-sensing bacteria increase, the production of a signal molecule or “autoinducer” 

also increases.  Once the autoinducer exceeds a threshold concentration, it can be 

detected by other quorum sensing bacteria, which leads to changes in the bacterial gene 

expression and behavior, thereby synchronizing certain gene-coded behaviors and 

enabling a community-wide function as a multi-cellular organism (Waters & Bassler, 

2005).  Acyl-homoserine lactone (acyl-HSL) signal molecules are the most well-known 
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mediating molecules for Proteobacteria  (von Bodman, Willey, & Diggle, 2008) and are 

expected to affect microorganisms from the β-proteobacteria phylum, such as 

Nitrosomonas sp. (Burton, Read, Pellitteri, & Hickey, 2005; von Bodman et al., 2008). 

Davies et al. demonstrated that acyl-HSL-producing members of the 

Pseudomonas aeruginosa species (a member of the γ-Proteobacteria class) formed 

biofilms in microcolonies separated by water channels, while non-sensing members of 

the same species formed an 80% thinner, simple stacked layer of biofilm.  They 

concluded that cell signaling was responsible for the complex structures formed by the 

quorum sensing P. aeruginosa species  (Davies, Parsek, Pearson, Iglewski, & Greenberg, 

1998).  Therefore, it is reasonable to theorize that promoting or enhancing the production 

of acyl-HSL could aid in nitrifer biofilm formation and ultimately hasten nitrification.   

In a separate study, Burton et al. attempted to identify the highest quantities of 

HSL compounds present in Nitrosomonas europaea batch cultures.  Upon examination of 

the chemostat supernatant and in comparison to HSL standards, C8-HSL and C10-HSL 

were found to be present in the batch culture at 0.8 and 2.2 nM, respectively (Burton et 

al., 2005).  Therefore, it is hypothesized that the addition of C8-HSL and C10-HSL in 

these quantities could exceed threshold concentrations of signaling molecules and 

promote faster biofilm formation.   

The Quorum Sensing reactors (C.1, C.2, and C.3) were located in the JSC 

Building 7, Rm 1300B lab.  The reactors were co-located with the Wastewater-Start and 

Control reactors on the 9-position stirrer.  The reactors followed the same stepwise urine 

protocol described in Section 2.4.  The initial inoculation for the Quorum Sensing 

reactors included 0.8 nM and 2.2 nM of C8-HSL and C10-HSL, respectively (6.8µL and 
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18.7µL of C8 and C10, respectively; see Appendix A for calculations).  As reactor samples 

were withdrawn for analysis, make-up HSL concentrations were included with dilute 

urine feed as appropriate to maintain an overall concentration of 0.8 and 2.2 nM in each 

group C reactor. 

2.3.4. Elevated Temperature 

Ammonia- and nitrite-oxidizing species are highly sensitive to environmental 

conditions and research suggests higher nitrification efficiency can be obtained at warmer 

temperatures.  In a 2003 study, average nitrogen removal was 83% over 350 days in a 

MABR at 25°C (77°F) (Terada et al., 2003).  A similar reactor at 30°C (88°F) achieved 

90% nitrogen removal over 150 days at 30°C (86°F) (Hibiya et al., 2003).   The carbon-

to-nitrogen (C:N) ratios of the influent wastewaters were 1.5 and 4, respectively.  While 

this disparity could be responsible for the increased nitrogen removal, another likely 

candidate for increased nitrification is the higher temperatures experienced by the Hibiya 

reactors (Hibiya et al., 2003; Terada et al., 2003)    

The US EPA Nitrogen Control manual recommends a wide range of warm 

temperature (4-45°C or 39-113°F) for nitrification.   However, the advisable temperature 

narrows when considering the chief nitrifiers.   Nitrosomonas and Nitrobacter are 

expected to perform optimally at 35°C (95°F) and 35-42°C (95-108°F), respectively (US 

Environmental Protection Agency, 1993).   Yet, when considering the benefits of 

increased reaction rates at higher temperatures with the detrimental effects of high 

temperatures on protein structure, researchers believe that nitrification rates actually 

decrease above 30-35°C (86-95°F) (Shammas Kh., 1986; US Environmental Protection 

Agency, 1993). 
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The ambient lab conditions in the JSC Building 7, Room 1300 water lab are 

poorly regulated due to an oversized air conditioning system.  As a result, the internal lab 

temperatures often range between 18° and 21°C (65°F and 70°F).  Considering these low 

temperatures, the elevated temperature selected for this experiment was 30°C (86°F).  

The three Elevated Temperature reactors (labeled D.1, D.2, and D.3) were located in an 

incubator on a 4-position stirrer (Corning, 440824) in the JSC Building 7 Rm 1300B lab.  

The internal temperature of the subscale reactors was measured daily. 

Ultimately, the temperature of these reactors averaged 33°F.  The reasons for this 

change are discussed in Section 3.2. 

2.4. Stepwise Feeding Protocol & Sampling Schedule 

On a daily basis, a Hach IntelliCAL™ pH Ultra Refillable pH electrode (P/N 

PHC281) and Standard Luminscent/Optical Dissolved Oxygen Probe (P/N LDO101) was  

used to quantify pH, DO and temperature, respectively.  Chemical analyses of total 

organic carbon (TOC), total inorganic carbon (TIC) and total nitrogen (TN) were 

performed before and after each stepwise feeding event.  They were performed on a 

Shimadzu TOC-L instrument. Similarly, a Metrohm 850 Professional IC was used to 

quantify NH4
+-N, NO2

--N, NO3
--N, chloride (Cl-), phosphate (PO4

-3), sulfate (SO4
-2), 

sodium (Na+), potassium (K+), calcium (Ca+2) and magnesium (Mg+2).  Additional 

spectrophotometric analysis was used to monitor NH3-N concentrations.  These include 

the ultra-low range (ULR) and high range (HR) Ammonia TNTplus vials (Method 

10205).  These vials were read on a Hach DR5000 spectrophotometer.  

The subscale reactor feeding protocol is intended to mimic the initiation of the 

full-scale JSC MABRs, while validating the new rapid inoculation protocol from TTU.  
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As such, the stepwise increases in concentration of either urine or wastewater were 25%, 

50%, 75% and 100%.  After initial inoculation, the reactors were re-inoculated with 

urine-fed nitrifiying inoculum after the pH dropped below 6.0, indicating nitrification.  

The first re-inoculation event was 16% by volume (135 mL) and the second event was 

20% by volume (170 mL).  Once the subscale reactors had confirmed nitrification, the 

urine or wastewater strength of the feed, in DI water, was increased at 25% intervals.   

 The opportunity to feed the reactors corresponded to chemical and DNA sampling 

events, described in detail below.  During inoculation events, an aliquot of the inoculum 

was preserved for chemical and DNA analysis.  During feeding events, 107 mL of 

urine/DI or wastewater/DI was added to each reactor.  This feed compensated for two 15 

mL chemical TOC and IC analytical samples (obtained after the preceding feed step and 

before the current feed step), 25mL DNA samples in triplicate and two 1 mL samples for 

Hach TNT plus analysis.   

 The stepwise concentrations of urine and wastewater in DI added to each subscale 

reactor were calculated based on the overall concentration of urine in the AWP test feed 

from Table 1, which was 9.1 L urine in 57.75 L total daily feed.  The calculations are 

shown in Table 3 and the stepwise feeding schedule is shown in Figure 10.  The stepwise 

feeding schedule was identical for the Wastewater-Start subscale reactors where 

wastewater, prepared according to Table 1, was used in place of urine.  For the 

Wastewater-Start reactors, Table 3 shows the calculations to determine the wastewater 

volumes used for the Wastewater-Start reactors.  Typical concentrations of chemical 

constituents can be found in Table 4. Notably, the constituent concentrations for 100% 

urine in Table 4 should be equivalent to 16% of the average constituents given in Putnam 
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et al., since 16% represents the dilution of the total volume of urine (9.1 L) into the total 

volume of AWP wastewater (58 L) (David F. Putnam, 1971).  However, the constituent 

concentrations of raw urine and their resultant 16% dilution concentrations are higher 

than the concentrations determined from chemical analyses of 100% urine used in this 

experiment; this was likely due to the differences in the donor pool.  The urine collected 

for the AWP test wastewater stream was very dilute. Anecdotally, the donor pool was 

limited to a small number of habitual donors who are known to hydrate in anticipation of 

their donation.  This is likely why the urine and the full wastewater stream were dilute 

when compared to the values reported in Putnam’s 1971 paper, despite inclusion of 

additional urine to augment the stream for higher inorganic constituent concentrations (D. 

F. Putnam & Thomas, 1969; David F. Putnam, 1971).  

Table 3: Calculating Stepwise Volumes of Urine and Wastewater in DI for Urine-fed 

Reactors 

 

Step Urine, then Wastewater Feed Volume (mL) DI (mL) 

25% Urine 
(
9.1

57.75
) × 0.25 × 𝐹𝑒𝑒𝑑 𝑣𝑜𝑙𝑢𝑚𝑒 𝑖𝑛 𝑚𝐿 

𝐹𝑒𝑒𝑑 𝑣𝑜𝑙𝑢𝑚𝑒 𝑖𝑛 𝑚𝐿
− 𝑈𝑟𝑖𝑛𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 

50% Urine 
(
9.1

57.75
) × 0.5 × 𝐹𝑒𝑒𝑑 𝑣𝑜𝑙𝑢𝑚𝑒 𝑖𝑛 𝑚𝐿 

75% Urine 
(
9.1

57.75
) × 0.75 × 𝐹𝑒𝑒𝑑 𝑣𝑜𝑙𝑢𝑚𝑒 𝑖𝑛 𝑚𝐿 

100% Urine 
(
9.1

57.75
) × 𝐹𝑒𝑒𝑑 𝑣𝑜𝑙𝑢𝑚𝑒 𝑖𝑛 𝑚𝐿 

25% Wastewater 0.25 × 𝐹𝑒𝑒𝑑 𝑣𝑜𝑙𝑢𝑚𝑒 𝑖𝑛 𝑚𝐿  

 

𝐹𝑒𝑒𝑑 𝑣𝑜𝑙𝑢𝑚𝑒 𝑖𝑛 𝑚𝐿
−𝑊𝑎𝑠𝑡𝑒𝑤𝑎𝑡𝑒𝑟 𝑣𝑜𝑙𝑢𝑚𝑒 

50% Wastewater 0.5 × 𝐹𝑒𝑒𝑑 𝑣𝑜𝑙𝑢𝑚𝑒 𝑖𝑛 𝑚𝐿 

75% Wastewater 0.75 × 𝐹𝑒𝑒𝑑 𝑣𝑜𝑙𝑢𝑚𝑒 𝑖𝑛 𝑚𝐿 

100% Wastewater 𝐹𝑒𝑒𝑑 𝑣𝑜𝑙𝑢𝑚𝑒 𝑖𝑛 𝑚𝐿 
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Figure 10: Urine Stepwise Feeding Protocol for Control, Elevated Temperature and Quorum Sensing Reactors 
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Table 4: Constituent concentrations in raw urine, 100% urine in DI and 100% full 

wastewater 

 

 Raw urine6 100% urine in DI7  

(AWP test dilution, 

16%) 

100% Full 

Wastewater      (as 

defined by Table 1 in 

the AWP test) 

 Range (mg/L) Test Average (mg/L) Test Average (mg/L) 

pH 6.3-6.8 6.3-6.8 8.7-9.3 

TOC 2,615 10,404 553 382 

TIC 24 140 13 409 

TN 4,871 13,447 819 892 

Ammonium 

(𝑁𝐻4
+ − 𝑁) 

4,500 11,462 31 666 

Nitrite  

(𝑁𝑂2
− − 𝑁) 

None None None None 

Nitrate 

(𝑁𝑂3
− − 𝑁) 

None None None None 

Phosphorous, 

total (𝑃) 

470 1,070 104 mg./L as 

phosphate 

112 mg./L as 

phosphate 

Sulfur, 

inorganic (𝑆) 

163 1,800 108 mg/L as sulfate 115 mg/L as sulfate 

Chloride (𝐶𝑙−) 1,870 8,400 447 443 

Sodium (𝑁𝑎+) 1,170 4,390 238 277 

Potassium(𝐾+) 750 2,610 219 247 

Calcium (𝐶𝑎2+) 30 390 None None 

Magnesium 

(𝑀𝑔2+) 

20 205 None None 

 

                                                 
6 Constituents in raw urine derived from Table 1 in Putnam, 1971. 
7 The concentration of urine in the full wastewater used in the AWP test is 9.1L in 57.75 total L or 16%.  

Therefore, these averages correspond to raw urine diluted to 16% in DI water.  
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2.5. Preventing Photo-inhibition of Ammonia Monooxygenase 

 Prior to the start of the JSC AWP test in April 2013, collaborators at Kennedy 

Space Center recommended covering the reactors in order to prevent ammonia oxidation 

inhibition due to light exposure.  This recommendation was based on work by Hooper & 

Terry, who first suggested that bright light, defined as 5,000 foot-candles, can cause 

irreversible ammonia monooxygenase inactivation of Nitrosomonas (Hooper & Terry, 

1973).  Notably, Hooper & Terry found that the intermediate nitrification step, the 

oxidation of hydroxyl amine (𝑁𝐻2𝑂𝐻) to nitrite, was unaffected by visible light 

(wavelength range of 400 nm and above) (Hooper & Terry, 1974).  Additionally, high 

ammonia concentrations in the influent were reported to decrease the rate of photo-

inactivation of ammonia monooxygenase, but the authors did not report a range.    

 These and other authors have suggested various methods to prevent the 

irreversible inhibition of the ammonia monooxygenase enzyme in Nitrosomonas, 

including supplementing with ammonia or hydroxylamine to increase the rate of nitrite 

production or inducing anaerobic conditions.   Additionally, cells can be protected from 

permanent photo-inactivation by applying competitive, alternative ammonia oxidation 

inhibitors (Hooper & Terry, 1974; Shears & Wood, 1985).  However, the second and 

third protections against photo-inactivation (anaerobiosis and use of competitive 

inhibitors) are ill-suited to this research.  First, anaerobiosis may preserve the ammonia 

monooxygenase pathway in the presence of light, but conversely will limit nitrite and 

nitrate production, a key component of SND.  The use of competitive inhibitors will 

reduce the nitrification rate and require consumables to augment the wastewater stream, 
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which is not preferable for a long-duration spacecraft mission where launch mass is at a 

costly premium. 

 With respect to the first protection against photo-inactivation, supplementation 

with ammonia, the literature is unclear at what concentration sufficient ammonia is 

provided to prevent photo-inactivation.  Hooper & Terry performed limited testing on a 

pure culture of Nitrosomonas europea in ammonia concentrations of 17
𝑚𝑔

𝐿
  and 340

𝑚𝑔

𝐿
.  

The authors found that the lower concentration of ammonia demonstrated an 88% 

reduction in the rate of nitrate produced while the cells were illuminated, compared to a 

55% reduction at the higher ammonia concentration.  Furthermore, when examining the 

effects of nitrite production after the illumination ceased, the reduction rate increased 

(and nitrite production fell) for both tested concentrations of ammonia.  Specifically, after 

illumination, 98% and 64% of nitrate production was lost under the lower (17
𝑚𝑔

𝐿
 ) and 

higher (340
𝑚𝑔

𝐿
) concentrations of ammonia substrate.  With such limited data, these 

results suggest that there may not be a risk of photo-inactivation using the exploration 

wastewater stream, which contains ammonia in the range of 342 to 1,023
𝑚𝑔

𝐿
 (C. E. 

Meyer & Vega, 2014)  However, it is reasonable to assume that in a spacecraft system, 

water recycling systems would be contained within a larger housing to prevent leaks.  

They are also likely to be contained within a cheap, machinable material, such as 

stainless steel.  While future exploration water recycling systems are not yet designed, 

this assumption is reasonable considering the author’s personal experience with the 

current ISS urine processing system.  Therefore, the architects of the AWP test neither 

analyzed the light intensity in the JSC lab nor did they comparatively test the ammonia 
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oxidation rates under both light and dark conditions.  Rather, they decided that covering 

the AWP MABRs was a reasonable measure to prevent the unquantified effects of photo-

inhibition on ammonia monooxygenase oxidation. Similarly, the subscale reactors in this 

study will be covered, as shown in Figure 11. 

 

Figure 11: Control, Wastewater-Start and Quorum Sensing subscale reactors covered in 

aluminum foil to prevent light photo-inactivation 

 

2.6. DNA Sampling  

DNA was sampled from each set of subscale reactors in triplicate prior to a feed 

water addition.  Simply, on each day that feed was added to the reactors, 25 mL of fluid 

was removed from each reactor and labeled with the reactor identifier and the date.  In 

order to provide spare samples of DNA, each subscale reactor was sampled in triplicate.  

This resulted in 18 total DNA samples harvested for every sampling date after initial 

inoculation on August 30.  For example, the DNA harvested from the Control reactors 
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were labeled A.1-1, A.1-2, A.1-3, A.2-1, A.2-2, A.2-3, A.3-1, A.3-2 and A.3-3 with the 

date.  Only one triplicate sample from each subscale reactor (A.1, A.2, and A.3) were 

provided for MiSeq sequencing.    

The samples were centrifuged at 4000 rpm for four minutes using a centrifuge 

(Eppendorpf 5810R).  Fluid was discarded, and the remaining pellet was frozen at -20°C.  

In preparation for sequencing, DNA was extracted from the pellet using the 

PowerBiofilm DNA Isolation Kit (MO BIO, Laboratories, Inc., Carlsbad, 

CA).  Polymerase chain reaction (PCR) amplification, using an Eppendorf Mastercycler 

nexus or an MJ Research PTC-200, of the V3-V4 region of the 16S rDNA gene was 

executed according to recommendations provided by Illumina (Illumina, 2013).  

Oligonucleotide primers targeting the 16S rDNA gene were selected according to 

Klindworth et al.  The nucleotide sequences of the primers were 5’-TCGTCGGCAGCGT  

AGATGTGTATAAGAGACAGCCTACGGGNGGCW GCAG-3’ (forward) and 5’-

GTCTCGTGG GCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCT 

AATCC-3’ (reverse), and expected to amplify a ~550 base pair section of the DNA target 

(Illumina, 2013; Klindworth et al., 2013).  Reaction mixtures were prepared in 

accordance with Illumina’s recommendations in a total volume of 25 µL, using 2.5 µL of 

extracted DNA at 5 ng/µL, with 5 µL of each 1 µM forward and reverse primers and 12.5 

µL of 2x KAPA HiFi HotStart ReadyMix. Thermal cycling was carried out with an initial 

denaturation step of 98°C for 20 seconds, as recommended by the KAPA HotStart 

manufacturer, followed by a second denaturation step at 95°C for 3 minutes.  

Amplification was performed for 25 cycles of denaturation at 95°C for 30 seconds, 
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annealing at 55°C for 30 seconds, and elongation at 72°C for 30 seconds, then completed 

by a final elongation step of 72°C for 5 minutes (Illumina, 2013).  

The sequencing laboratory used the “16S Metagenomic Sequencing Library 

Preparation” guide (Part # 15044223, Rev. B) to generate libraries for 300 base pair reads 

using the Illumina MiSeq platform (Illumina, San Diego, CA).  Prior to library 

normalization and pooling, the DNA from each library was quantified using the Qubit 

dsDNA BR Assay Kit and instrument (Life Technologies, Grand Island, NY).  The size 

of each library was determined using a 2100 Bioanalyzer (Agilent Technologies, Santa 

Clara, CA).  The data was analyzed using the “16S Metagenomics v1.0” application in 

Illumina’s cloud-based bioinformatics site BaseSpace. 

The data generated using BaseSpace contains the number of DNA sequence 

matches according to genus.  In order to analyze the data, unclassified genera were 

disregarded.  The remainder was used to calculate the percent abundance of each genus 

and those present in quantities greater than 1% were considered in the analysis of each 

reactor community.   

A similar examination of the BaseSpace-provided data was performed at the 

species level, wherein unclassified sequences were similarly disregarded.  Using 

EstimateS, five indices were calculated to estimate biodiversity and richness of the 

samples (Colwell, 2013).   

The nucleotide sequences obtained in this study have been deposited in the 

GenBank database and assigned BioProject accession number SRP060277. 
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2.7. Establishment of Nitrification as a Success Metric 

In order to establish successful nitrification, pH was monitored as an indicator.  A 

drop in pH indicated that the nitrifying culture is oxidizing the influent ammonium.  As a 

general rule of thumb, during startup of the JSC reactors, the pH was not allowed to 

exceed 7.8 during the establishment of nitrification.  A drop in pH below 6.0 indicated 

that the culture has acclimated and ready to accept new feed.   

During the initiation of this experiment, after the initial inoculum feeding, the 

reactors were run in recycle (i.e. no more influent was provided).  If the pH rose above 

7.8, this was an indicator that nitrification was not proceeding or was inhibited, perhaps 

by high influent feed flow rates.  If a high pH condition was observed, the reactor was re-

inoculated with fresh nitrifying culture.  When the pH dropped below 6.0, the influent 

feed was resumed or the concentration of the feed was increased.  After the initial 

inoculation, any increase in feed strength was generally recommended when the reactor 

had demonstrated a consistent drop in pH.  Once nitrification at the previous dilution is 

confirmed, the feed water strength was increased stepwise until full strength urine or 

wastewater was achieved.   
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3. Results and Discussion 

3.1. Initial Inoculation and pH trends 

All reactors were inoculated on August 30, 2013, with 850mL of urine-fed, 

nitrifying inoculum.  Figure 12 presents the initial inoculum composition. 

 

Figure 12: Genera present in initial inoculum sample, classified reads only above 1.0% 

abundance 

 

During the experiment, the reactors were monitored for pH and DO.  As shown in 

Figure 22 and discussed in detail in Section 3.3, shortly after inoculation, one can observe 

an inverse relationship between pH and DO after the introduction of fresh inoculum or 

feed water.  Figure 13 through Figure 16 show the correlation between averaged pH 

(among the triplicate reactors) and a feeding event.  In all four cases, the first three 

feeding events were inoculations with nitrifying inoculum.  Days three and six 

reintroduced 16% and 20% inoculum by volume, respectively.  These inoculum feeding 

events confirmed that the reactors were nitrifying and successfully establishing their 
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microbial communities.  The seventh day or fourth feeding event contained 25% urine in 

DI for each the Control, Quorum Sensing and Elevated Temperature reactors.  The 

Wastewater Start Reactors were fed 25% wastewater in DI on the seventh day.  

 In the Figures 13 through 16, similar pH behavior was observed among all 

reactors.   Following a feeding event, the pH of each reactor rose.  For the urine-fed 

reactors, the initial pH rise lagged with nitrification as the microbial community adjusted 

to the feed.  This behavior is demonstrated in Figures 13, 15 and 16.  Compared to the 

urine-fed reactors, the pH increase was immediate in the Wastewater Start reactors 

(Figure 14).  This behavior illustrates the chemical differences between the urine and 

wastewater feeds, previously discussed in Table 4.  The pH of the urine feed was 

typically between 6 and 7, while the pH of the wastewater feed was typically 8.7-9.3.  

The urine used for the Control, Quorum Sensing and Elevated Temperature reactors was 

refrigerated to retard urea hydrolysis, then acclimated to room temperature immediately 

prior to feeding to subscale reactor.  The delayed hydrolysis of urea accounts for the 

lagging pH increase in the Control, Quorum Sensing and Elevated Temperature reactors.  

Conversely, the Wastewater Start reactors experience an immediate spike in pH upon 

feeding.  The wastewater feed for this experiment was harvested from a larger AWP test 

wastewater feed tank, which was at room temperature.  Urine and the other constituents 

(hygiene, laundry and humidity condensate) were added to the AWP test feed tank 

separately via an automated system.  Once the feed was collected in the AWP test feed 

tank, the solution was fed into the AWP system over 16 hours.  Consequently, the 

wastewater feed for this work’s subscale reactors was harvested from this tank later in the 

evening, usually several hours after the solution had equilibrated with room temperature.  
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Therefore, the wastewater feed consistently had a higher pH associated with urea 

hydrolysis.   

 In all subscale reactors, the culture eventually acclimatized and nitrification was 

strongly indicated by a downward trending pH.  A pH below 6.0 was used as an indicator 

that the reactor was willing to accept new feed at the lower limit of the pH range 

favorable to nitrification (Figure 6).   As shown in Figure 13 through 15, most of the 

reactors were able to accept 100% of their respective feeds by the 24th day, with the 

exception of the reactors with Elevated Temperature, which did not perform well and 

eventually died off.  These results indicate that elevated temperatures above 30°C might 

be harmful to the resident microorganisms.  The Quorum Sensing reactors (Figure 15) 

were fed 100% wastewater on the 31st day, despite only two of the three reactors 

achieving a pH below 6.0.  The pHs were 5.72, 7.11 and 5.76 for C.1, C.2 and C.3, 

respectively.  Since the averaged behavior of the group C reactors, until this date, had 

been similar to the Control reactors and the experiment was being readied for relocation 

(discussed in Section 3.2.2), all three Quorum Sensing reactors were fed 100% urine in 

DI in the hopes of correcting reactor C.2.  Ultimately, C.2 and C.1 failed to achieve 

another pH below 6.0 and were considered failures.  This conclusion is discussed in more 

detail in Section 0, but is ultimately attributed to the lack of Nitrosomonas sp., which the 

C8- and C10-HSL compounds were intended to target. 

Ultimately, Figure 14 suggests that the Wastewater Start reactors (group B) were 

able to successfully nitrify a full, combined wastewater stream without the requirement of 

an initial feed and acclimation to urine only.  The Control reactors (group A), on the other 

hand, which were only fed urine, would require additional steps for the microorganisms 
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to acclimate. These steps would involve a stepwise increase in the wastewater 

concentration up to the full strength, as was done with the Wastewater Start reactors.  

Therefore, the Wastewater Start reactors successfully achieved start-up faster than their 

initially urine-fed counterparts.  

 

Figure 13: pH of the Control reactors (A) 
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Figure 14: pH of the Wastewater Start reactors (B) 

 

Figure 15: pH of the Quorum Sensing reactors (C) 
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Figure 16: pH of the Elevated Temperature reactors (D) 
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The elevated temperature of the ambient reactors over the first 26 days is 

theorized to have two causes.  First, latent heat was transferred from the stirrer plate to 

the reactors.  Second, by virtue of their close contact (Figure 21), the reactors were not 

exposed to sufficient convective cooling, preventing them from residing at near 20°C 

temperatures.  When the initial failed experimentation that preceded this study indicated 

that the Control, Wastewater Start and Quorum Sensing reactors would be warmer than 

expected, the incubator temperature of the Elevated Temperature (D) reactors was 

increased to 33°C.   

 

Figure 17: Temperature of the Control reactors (A) 
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Figure 18: Temperature of the Wastewater Start reactors (B) 

 

Figure 19: Temperature of the Quorum Sensing reactors (C) 
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Figure 20: Temperature of the Elevated Temperature reactors (D) 

 

 

Figure 21: Control, Wastewater-Start and Quorum Sensing subscale reactors covered in 

aluminum foil to prevent light inhibition 

0 5 10 15 20 25 30 35 40 45 50
0

5

10

15

20

25

30

35

40

 Elevated Temperature (D) reactors

 Feeding event

 Temperature change

Average temperature of Elevated Temperature reactors 

(D.1, D.2, and D.3)
Feed strength, urine:

Inoculum 25% 50%  75%

T
e
m

p
e
ra

tu
re

 (
C

)

Days

Avg Temp: 33°C Avg Temp: 35°C 



54 

 

Unfortunately, varied temperature continued to confound the experiment.  At 27 

days, the laboratory air conditioner failed.  Likely due to the other machinery (such as 

incubators and refrigerators) residing in the room, the temperature in the laboratory rose 

to 30-31°C.  The facility maintenance organization was contacted to correct the air 

conditioning issue, but quickly overcome by a larger event on day 32, described in 

Section 3.2.2.  

3.2.2. Loss of the Elevated Temperature reactors due to the federal 

government shut-down 

In order to mimic the ambient environment of the AWP and access all the 

chemical analyses and wastewater sources available to the AWP, this experiment was 

carried out in a lab at Johnson Space Center.  The experiment began on August 30, 2013 

at 8:30am.  Unexpectedly, the federal government was shut down on October 1, 2013 

(experiment day 32) and non-essential civil service employees were furloughed.  Since 

non-essential employees, including the experimenter, were barred from entering Johnson 

Space Center, the experiment had to be relocated to a residential location. Between 

October 1 and October 17, 2013, the Control, Wastewater Start and Quorum Sensing 

reactors were tested for pH, DO and temperature using the Hach IntelliCAL™ monitor 

described in Section 2.4.  The Elevated Temperature reactors could not be moved from 

their incubator, which was a permanent lab fixture.  Therefore, the Elevated Temperature 

reactors remained at JSC until the furlough ended on October 17 (day 48).   

At the start of the furlough on day 32, the Control, Wastewater Start and Quorum 

Sensing reactors had already twice nitrified their full strength influent streams (100% 

urine, wastewater and urine, respectively).  When increasing the feed strength from 50% 
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to 75% for the Control, Wastewater Start and Quorum Sensing reactors, pH dropped 

below 5.0.  Conversely, the Elevated Temperature reactors were failing to maintain the 

same feeding schedule.  The Elevated Temperature reactors had failed to nitrify at a pH 

lower than 5.6 after 13 days at 50% feed.  The trend toward slower nitrification and 

slower pH recovery continued after incorporating 75% feed on day 24.  By the first day 

of the furlough, 8 days after increasing the feed to 75% strength, the group D reactors had 

only lowered their pH to approximately 6.5.  Since the Elevated Temperature condition 

had failed to maintain the feeding schedule of the Control, Wastewater Start and Quorum 

Sensing reactors, and because it was physically impossible to move the reactors while 

maintaining their elevated temperature, the Elevated Temperature reactors remained at 

JSC in recycle for the duration of the government shut-down.  Based on this evidence, the 

elevated temperature condition was considered a failure to influence rapid start-up of a 

nitrifying wastewater reactor.  

3.2.3. Increased temperatures in Control, Wastewater Start and Quorum 

Sensing reactors due to the federal government shut-down 

As described in Section 3.2.2, the Control, Wastewater Start and Quorum Sensing 

reactors were relocated to a residential location during the government shut-down.  

Monitoring was restricted to pH, DO and temperature provided by the Hach IntelliCAL™ 

monitor.  On the morning of their relocation, all twelve reactors were fed their respective 

feeds at 100% strength.  During the furlough, on October 8 (experiment day 40), all 

twelve reactors were fed again.  Urine was obtained from a limited residential donor pool 

consisting of the experimenter and her husband, while wastewater was obtained from 

JSC, where essential personnel were maintaining the AWP on a reduced feeding 



56 

 

schedule.  Due to the unavailability of the HSL compounds, stored in a -80°C freezer at 

JSC, the Quorum Sensing reactors were only fed 100% urine, without replenishment of 

their C8- and C10-HSL compounds.   

As with the Elevated Temperature reactors, enough data had been gathered by this 

time to conclude the addition of HSL molecules had failed to influence rapid start-up of a 

nitrifying wastewater reactor in the quorum sensing condition.  The second 100% urine 

addition on day 32 was made even though the average pH of the Quorum Sensing 

reactors did not fall below the pH 6.0 rule of thumb.  As discussed previously, the pHs on 

day 32 were 5.72, 7.11 and 5.76 for C.1, C.2 and C.3, respectively.  Since the averaged 

behavior of the group C reactors, until this date, had been similar to the Control reactors 

and the experiment was being readied for relocation, the C reactors were fed 100% urine 

in DI in the hopes of correcting reactor C.2.   In comparison to the Control reactors 

(Figure 13), the Quorum Sensing reactors (Figure 15) appear to lag behind.  After day 32, 

at the residential location, the three Quorum Sensing reactors diverged and only C.3 

achieved a pH less than 6.0, indicating a readiness to accept new urine feed.  Because the 

quorum sensing condition both lagged and did not maintain similarity among the three 

subscale reactors, it was not considered a winning variable to promote rapid start-up of a 

nitrifying wastewater reactor.  

Notably, the temperature of all twelve reactors increased during their temporary 

relocation.  As shown in Figure 17, Figure 18 and Figure 19, the average temperature 

rose by approximately 3 degrees Celsius.  Unfortunately, the ambient environment in the 

residential lab location was warmer than the JSC lab.   Again considering that by the start 

of the furlough on day 32, the Control, Wastewater Start and Quorum Sensing reactors 
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had already twice nitrified their full strength influent streams (100% urine, wastewater 

and urine, respectively), the data gathering during the relocation can be disregarded.  

Additional conclusions about the Quorum Sensing failure are drawn in Section 3.6. 

3.3. Relationship between pH and DO 

As discussed in Martin et al., the utilization of a biofilm rather than a suspended-

growth system for nitrification and denitrification is characterized by a strong correlation 

between feed water strength or substrate strength and DO (Martin & Nerenberg, 2012).   

As expected, this experiment demonstrated the inverse behavior when pH was considered 

as an indicator of substrate addition.  As discussed previously, a pH rise was observed 

each time the subscale reactors were fed urine or wastewater.  Once the pH peaked, it can 

be assumed that the microbial community acclimated to the strength of the influent feed 

and began to nitrify.  As the nitrification rate of a new feed slowed, the dissolved oxygen 

concentration of the bulk fluid rose.  This supports the utilization of pH monitoring as a 

nitrification indicator, since it can be assumed that oxygen, held at a standard flow rate 

and pressure, is diffusing further across the biofilm and into the bulk fluid.  As new feed 

is added and fresh ammonium is available for nitrification, the preferentially located 

nitrifiers are utilizing the dissolved oxygen at a faster rate and less oxygen is available for 

bulk fluid saturation.  At these experimental temperatures (27-28°C), oxygen saturation 

in fresh water is limited to approximately 8 mg/L.  This behavior is evidenced in Figure 

22 and Figure 23. 
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Figure 22: pH and DO relationship of Control (A) reactors 

 

Figure 23: pH and DO relationship of Wastewater Start (B) reactors  
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3.4. MiSeq Results: Genus 

Using MiSeq, the top 30 genera for both the Control (A) and the Wastewater Start 

(B) reactors were determined from the sequencing analysis.  The unclassified operational 

taxonomic units (OTU) were not included in the data analysis (per the MiSeq BaseSpace 

library), therefore the analysis included only 41 to 46% of the total sequence reads. 

Furthermore, the triplicate subscale reactors for each DNA sampling performed prior to 

each feeding were averaged to paint a composite picture of the community adapted to the 

urine and wastewater feed streams in each Control (A) and Wastewater (B) reactors over 

time, respectively.   

Figure 24 and Figure 25 demonstrate the changing microbial community in the 

reactors over time due to the increasing feed water strength.  In a previous study, NASA 

analyzed the spatial distribution of ammonia-oxidizing bacteria expressing the amoA 

gene in a trickling filter bioreactor (TFB).  The TFB was part of a larger wastewater 

recycling system operated in 1997.  The TFB was coupled with an immobilized cell 

bioreactor for carbon removal to treat a similar wastewater stream consisting of laundry, 

shower, handwash, oral hygiene, urine, and humidity condensate.  Using terminal 

restriction fragment length polymorphism (T-RFLP), this study analyzed the amoA-

expressing bacteria in the inoculum, and at the top, middle and bottom of the aerated, 

cylindrical reactor.  The community analysis found many T-RFLP sequences to be 

similar to members of the Proteobacteria phylum, alpha, beta and gamma groups, in 

addition to Cytophagales, Nitrospira and Planctomycetes as matched by the Ribosomal 

Database Project.  However, the close-matching genera identified in the TFB were not 
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present in greater than 1.0% abundance in either the Control or Wastewater Start reactors 

(Sakano, Pickering, Strom, & Kerkhof, 2002).   

The TFB was inoculated using a commercially available nitrifying consortium.  

This differs from the subscale reactor inoculum, which was obtained from a wastewater 

treatment plant and acclimatized in donor urine for longer than six months, which 

potentially accounts for the differences in microbial community.  Additionally, 1997 test 

microbial samples were obtained at the conclusion of the 91-day test, providing a glimpse 

into the established community rather than the colonization of the reactor.  By assessing 

the acclimatized community at each feeding event, it is possible to draw conclusions from 

the trends in the present microbes, the feed strength and the chemical composition.  

In both the Control and Wastewater Start reactors, the Rhodanobacter genus 

increased, with a dominating presence at full-strength urine/wastewater.  The 

Rhodanobacter genus includes many facultative anaerobes known to be involved in 

denitrification, including R. denitrificans (Chon, Kim, Chang, & Cho, 2010; Green et al., 

2010; Zhang et al., 2011).  Similarly, Denitrobacter sp., which is also involved in 

denitrification, increased for both reactors, indicating that the nitrite/nitrate-to-nitrogen 

gas pathway is increasing.  A chemical analysis of the reactors before and after the 

acclimatization of 50% feed water strength shows the production of nitrite in both 

Control and Wastewater Start reactors.  Nitrite continues, and increases until 100% feed 

water strength.  Additional detail on the chemical analysis of nitrogen speciation by feed 

water strength is provided in Appendix D. 

The genus Alicycliphilus increases later in the reactor development (feedings 75 

and 100% for both Control and Wastewater Start reactors).  A. denitrificans is a 
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Figure 24: Top 30 genus (classified reads only) from Control (A) reactors 

 

 

 
Figure 25: Top 30 genus (classified reads only) from Wastewater Start (B) reactors 
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facultative bacterium, previously found in a municipal wastewater treatment plant, known 

for the utilization of lactate and pyruvate as carbon sources, and nitrate as an electron 

acceptor.  Both lactate and pyruvate are metabolic by-products present in human urine 

(David F. Putnam, 1971).  The presence of A. denitrificans in the reactor is encouraging, 

as it indicates the progression of the nitrogen cycle through nitrate production (Mechichi, 

Stackebrandt, & Fuchs, 2003).   

When considering nitrifying species, Nitrosovibrio is the only nitrifying genera 

identified in the top 30 genera of both reactor types.  This was unexpected, as the 

nitrifying inoculum, initially harvested from a domestic wastewater treatment plant, was 

expected to contain more ubiquitous ammonia-oxidizing species such as Nitrosomonas 

and  Nitrosococcus (Juretschko, Timmermann, Schmid, Schleifer, Pommerening-Roser, 

et al., 1998; Purkhold et al., 2000).  Nitrobacter, an expected nitrite-oxidizing species, is 

present, but less than 1% abundance and decreases as the feed water concentration 

increases. Some studies suggest that Nitrobacter sp. can be outcompeted by Nitrospira 

sp. (Juretschko, Timmermann, Schmid, Schleifer, Pommerening-Röser, et al., 1998) 

Nitrospina sp., Nitrococcus sp. (Wagner, Rath, Koops, Flood, & Amann, 1996) and 

Nitrosospira sp. (Schramm, De Beer, Wagner, & Amann, 1998).  Notably, Nitrosospira 

sp. is present in both Control and Wastewater Start reactors, though in concentrations less 

than 0.01%.  When considering the production of nitrate and nitrite following each feed 

water increase (Appendix D) and the presence of Rhodanobacter and Denitrobacter 

species, evidence indicates some completion of the ammonia-to-nitrogen gas pathway.  

Therefore, it is reasonable to assume that the lack of Nitrobacter sp. suggests out-

competition by other nitrite-oxidizing species.  Other studies have had similar difficulty 
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returning evidence of the presence of Nitrobacter sp. in similar water recycling 

environments (Wagner et al., 1996).   

Nearly half of the genera present in the inoculum at >1.0% abundance decreased 

or disappeared entirely from the reactors at 100% feed water strength.  Among these, 

Dokdonella, Amaricoccus, Bradyrhizobium, Vogesella, Desulfonauticus, 

Propionicimonas, Rhodococcus, Candidatus Protochlamydia, Waddlia and 

Flavisolibacter were well established during the first three feeds of inoculum, but 

decreased as feed water strength was increased. Among the most plentiful, Amaricoccus 

and Dokdonella are aerobes commonly found in activated sludge (Li et al., 2013; 

Maszenan, Seviour, Patel, Rees, & McDougall, 1997).  Bradyrhizobium, known for 

nitrogen gas fixation, was present at less than 6% abundance in both Control and 

Wastewater Start reactors, and eliminated after 50% and 25% feed water strength for 

control and wastewater start reactors, respectively (Menna & Hungria, 2011). 

As this work was the first instance of microbial community sequencing of the 

AWP inoculum, further investigation should be devoted to identify species present in the 

nitrifying inoculum prior to use in the MABR.  Furthermore, JSC might consider adding 

other nitrifying species, such as Nitrosomonas and Nitrobacter cultures to the reactors to 

potentially boost nitrification, therein shortening the start-up time.  

3.5. Diversity Assessment 

Using EstimateS, a biodiversity estimator, five indices were calculated for the 

OTUs identified using MiSeq and are presented in Table 5 (Colwell, 2013).  In order to 

use this tool, the raw sequence reads were obtained from MiSeq.  The unclassified OTUs 

were excluded from the data analyses and only classified species, ranging from 19 to 
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27% of the total reads, were considered.  As with the pH, DO and temperature data, the 

classified genera reads from each triplicate reactor were averaged to provide a composite 

picture of the community adapted to the urine and wastewater feed streams in each of the 

reactors (i.e. Control (A) and Wastewater (B), respectively).   

The community diversity and richness, obtained before each new feeding event, 

was investigated before acclimation to the new feed strength (Table 5).  According to 

both the Abundance Coverage-based Estimator (ACE) and Chao1 richness estimator 

(Chao1), species richness declined due to the declining proportion of all OTUs that 

appeared more than once.  Due to the high amount of observed species (Sobs), these 

indices are considered good estimators of microbial species richness  (Chao, Hwang, 

Chen, & Kuo, 2000; Chao, 1984; Hughes, Hellmann, Ricketts, & Bohannan, 2001).   

First-order Jackknife richness, an incidence-based richness estimator, is compared 

to the abundance-based ACE and Chao1 indices in Figure 26 (Heltshe & Forrester, 

1983).  As demonstrated in the figure, there is slightly different behavior between the 

Control (A) reactors and the Wastewater Start (B) reactors.  The Wastewater Start 

reactors demonstrated higher species richness over the course of the experiment.  This is 

expected, due to both the composition of the wastewater and the community differences 

between the wastewater and the urine-fed nitrifying culture used to inoculate the 

experiment.  While no samples of the urine and wastewater feed were retained for 

microbial sequencing and community analysis, it is reasonable to assume that the full 

combined wastewater would contain a larger and more diverse bacterial community than 

the urine fed-microbial community due to the more complex chemical composition, 

collection and storage of the wastewater, particularly due to the inclusion of laundry and 
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hygiene wastewater.  The laundry wastewater is generated from dirtied donor exercise 

clothing.  Similarly, the hygiene water (shower, shave, hand wash and oral hygiene) is 

donated and accumulated daily in a common tank (C. E. Meyer, 2013), where it is 

subsequently collected for this subscale reactor experiment.  The common tank and 

associated plumbing are part of the physical structure of the AWP test and had been 

employed for four months at the time of this experiment.  Therefore, in addition to having 

a larger bacterial community due to the source (human skin, sweat and mouth), the 

wastewater feed anecdotally contains many more bacteria due to the seasoned pipes and 

tanks used to collect the wastewater feed.   

The donor urine used in this test was collected in individual 1L Nalgene bottles 

and pooled in washed carboys before it was added to the Control reactors.  In order to 

provide only urine to the Control reactors, the urine feed was collected after it was pooled 

into a composite stream, but before it was added to a common tank at the AWP inlet and 

combined with the rest of the wastewater feed.  Therefore, due to both the source and the 

cleanliness of the collection containers, it is reasonable to assume that the urine has a 

lower concentration and richness of bacteria, resulting in lower species richness as 

compared to the Wastewater Start reactors in Figure 26.  Furthermore, the higher species 

richness of the Wastewater Start reactors and increasing richness until 100% wastewater 

concentration is reached is reasonably explained because of the influx of diverse bacteria 

harvested from donor clothing, skin and mouths.  By the second addition of 100% 

wastewater, it’s reasonable to conclude that the bacterial community within the 850 mL 

reactor is sufficiently established such that the addition of 13% wastewater by volume no 
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longer contributes to large changes in the species richness.  Therefore, all three indices 

begin to decline.  

Species diversity is estimated using both the Shannon and Simpson indices. 

Shannon can be used to estimate both the richness and the evenness of the species present 

in the community.  As demonstrated in Figure 27, the Shannon estimate declines from its 

peak value during initial inoculation, then remains relatively constant while both feed 

types (urine and wastewater) are increased.  Similar results are obtained when 

considering the Simpson Inverse Index of diversity.  There, it can be concluded that the 

difference between the Shannon and Simpson indices and the ACE, Chao1 and Jackknife 

indices is the influence of evenness in the identified OTUs (Magurran, 2004).  
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Table 5: Bacterial 16S rRNA-based indices of diversity for Control (A) and Wastewater Start (B) reactors 

  

 Feed strength 

& type added 

to reactors  

Sample 

Date 

Number 

of Species 

(Sobs) 

ACE 

(Sace) 

Chao1 

(Schao1) 

JackKnife 

(Sjack.k) 

Shannon 

(H') 

Shannon 

evenness 

(J') 

Simpson 

(1/D) 

Simpson 

evenness 

(E1/D) 

Inoculum 8/30 762 933 933 762 1.68 0.253 1.87 0.081 

A
 (

tr
ip

li
ca

te
 s

a
m

p
le

s 

a
v
er

a
g
ed

) 

25% inoculum  9/2 770 1056 1056 770 1.6 0.241 1.8 0.084 

25% inoculum 9/4 843 1117 1117 843 1.43 0.212 1.71 0.087 

25% urine 9/6 696 943 943 696 1.33 0.203 1.67 0.091 

50% urine 9/10 726 913 913 726 1.29 0.196 1.64 0.093 

75% urine 9/16 721 983 983 721 1.37 0.208 1.66 0.092 

100% urine 9/23 735 926 926 735 1.3 0.197 1.61 0.094 

100% urine 9/30 673 828 828 673 1.34 0.206 1.63 0.094 

B
 (

tr
ip

li
ca

te
 s

a
m

p
le

s 

a
v
er

a
g
ed

) 

25% inoculum 9/2 848 1097 1097 848 1.57 0.233 1.78 0.083 

25% inoculum 9/4 817 993 993 817 1.42 0.212 1.7 0.088 

25% wastewater 9/6 689 908 908 689 1.39 0.213 1.77 0.086 

50% wastewater 9/10 803 1060 1060 803 1.28 0.191 1.59 0.094 

75% wastewater 9/16 908 1102 1102 908 1.46 0.214 1.69 0.087 

100% 

wastewater 

9/23 803 1101 1101 803 1.35 0.202 1.72 0.087 

100% 

wastewater 

9/30 690 862 862 690 1.32 0.202 1.65 0.093 
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Figure 26: Species richness using ACE, Chao1 and Jackknife indices of Control (A) and 

Wastewater Start (B) Reactors 
 

 

0 5 10 15 20 25 30 35
0

200

400

600

800

1000

1200

0

200

400

600

800

1000

1200
100%100%50% 75%

R
ic

h
n
e
s
s
 E

s
ti
m

a
te

Days

 Feeding Event

 ACE & Chao1, A Reactors

 Jackknife, A Reactors

 ACE & Chao1, B Reactors

 Jackknife, B Reactors

Species Richness for Control (A) and Wastewater Start (B) Reactors
Feed Strength:

Inoculation 25%



69 

 

 
 

Figure 27: Species diversity using Shannon and Simpson indices of Control (A) and 

Wastewater Start (B) Reactors 
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was conceived to test the efficacy of the HSL concentrations recommended in Burton et 
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al. The experimenters designed a sample matrix incorporating both nitrifying inoculum 

and effluent from the large-scale AWP test (Table 6).  Both the effluent and the inoculum 

were expected to contain nitrifiers and likely threshold-exceeding concentrations of HSL 

molecules sufficient to induce a response from Chromobacterium violaceum CV026.  C. 

violaceum is a gram-negative bacterium that produces bioluminescence as a purple 

pigment.  CV026 will bioluminesce in the presence of homoserine lactones, but will not 

produce HSLs, and is therefore a good indicator that a threshold concentration of quorum 

sensing molecules are present, but not induced, in the sample (Burton et al., 2005; 

McClean et al., 1997).  As a positive control, C. violaceum 12472 was also included in 

this secondary experiment.  Also bioluminescent, CV12472 will synthesize its own HSL 

molecules, therefore a purple stain will confirm that the conditions in the sample will not 

inhibit any homoserine lactones (McLean, Pierson, & Fuqua, 2004). 

Where added, the volumes of CV026 and CV12472 were 25.62 µL and 22.83 µL 

respectively in 1.5 mL of lysogeny broth (LB) and in wells 5 through 12, 1.5 mL of AWP 

effluent or inoculum.  The volumes of bacteria added are calculated in Appendix C.  The 

results of the experiment, shown in Figure 28, demonstrate an unexpected lack of 

response by the C. violaceum.  This indicates that the HSLs are not present in either the 

0.2 µm filtered effluent or inoculum and similarly not present or expressed by the 

bacteria in the AWP effluent or inoculum.   

The HSL concentrations used in this experiment were based upon Burton et al.’s 

research with Nitrosomonas europaea.  As demonstrated in Sections 3.1 and 3.4, 

Nitrosomonas was not present into the inoculum and therefore, unsurprisingly, HSL 

concentrations used to target Nitrosomonas sp. failed to produce the desired effect.  
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Table 6: Secondary experiment to confirm a response from the addition of HSL 

molecules; All wells included 1.5 mL LB  

 

Well # Sample Expected Outcome Results8 

Well 1 CV026 Negative Control - 

Well 2 CV12472 Positive Control + 

Well 3 CV026 + CV12472 Positive Control + 

Well 4 Sterile LB Negative Control - 

Well 5 CV026 + 0.2 µ Filtered AWP effluent 

Purple stain 

- 

Well 6 Duplicate of Well 5 - 

Well 7 CV026 + Unfiltered AWP effluent - 

Well 8 Duplicate of Well 7 - 

Well 9 CV026 + 0.2 µ Filtered inoculum - 

Well 10 Duplicate of Well 9 - 

Well 11 CV026 + Unfiltered inoculum - 

Well 12 Duplicate of Well 11 - 

 

                                                 
8 “+” indicates a positive C. violaceum response to HSL molecules in the form of a purple stain.  
“-“ indicates a negative C. violaceum response, allowing the experimenter to conclude that the 
HSL were either not present or did not exceed the threshold response required by CV026. 
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Figure 28: Quorum Sensing secondary experiment results; the 12-well plate is numbered 

according to Table 6 
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4. Conclusions and Forward Work 

This research endeavored to identify variable(s) that can hasten the start-up time 

of a nitrifying bioreactor.  Renewable, low power and low consumable resources, like 

those of a simultaneous nitrifying/denitrifying bioreactor for water reclamation, require 

further study and optimization in order to become a viable candidate for long-term space 

exploration.  Furthermore, the initiation of systems that are not physiochemical but rather 

rely on metabolic responses of microorganisms are often considered an art and not a 

science.  As such, the available literature lacks fundamental research about the microbial 

composition and optimum parameter conditions to start-up and optimize such systems.  

Accordingly, this research attempted to determine the influence of three fundamental 

parameters on the start-up time of subscale bioreactors.  The results of this work should 

be used to influence additional large-scale testing of NASA JSC’s Alterative Water 

Processor.  

Based on the results presented in Section 3, the rapid inoculation method using 

combined wastewater as feed successfully achieved full strength wastewater faster than 

the control, a subscale representation of NASA large-scale testing.  The addition of the 

quorum sensing HSL molecules or elevated temperature above 30°C failed to produce an 

observable benefit to decrease start-up time.  

This research was limited by the economics of testing three parameters and a 

control, in triplicate.  There is a high degree of confidence in the conclusions drawn 

above, that a viable method of shortening the start-up time of a wastewater reactor 

includes using both the rapid start-up protocol with a full volume of nitrifying inoculum 
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and feeding with full wastewater in a stepwise fashion.  However, since the subscale 

reactors are merely ambient pressure substitutes for the higher pressure AWP system, 

forward work should include additional verification of the viability of these conclusions 

using a reactor under liquid and gas pressure conditions like those of the AWP. 

This research benefitted from NASA JSC’s access to a MiSeq 16S sequencing 

platform available for time-course studies of the reactor microbial population.  Using 

DNA sequencing to evaluate reactor performance was an invaluable tool and should 

continue to be leveraged to achieve the optimum reactor community and performance.  In 

this research, the results would be strengthened if additional microbial sequencing 

analyses of the inoculum seed had been performed, as well as analyses of the populations 

introduced through urine and wastewater.  As discussed in Section 3.4, the inoculum was 

surprisingly deficient of Nitrosomonas sp.  As a universally recognized nitrifier, the 

assumption that Nitrosomonas sp. would be present was strong enough to affect one of 

the four test variables of this work: using C8- and C10-HSLs to strengthen the rate of 

nitrification through artificially increasing the quorum sensing signal.  Future work 

should include time-course microbial sequencing analyses to determine how the 

inoculum changes with time in ways that can be attributed to the feed or laboratory 

environment.  Additional sequencing effort should be devoted to wastewater and urine 

streams to prove the diversity and richness hypotheses presented in Section 3.5.  With the 

advent of lower cost and easily accessible sequencing platforms like the MiSeq, 

microbial population studies should be leveraged through testing to create the optimum 

communities for wastewater remediation in long-duration space flight.  
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Future work is suggested to optimize the continuing operation of the nitrifying 

reactor after start-up.  These considerations include the carbon-to-nitrogen ratio of the 

wastewater and start-up in the absence of a freshly-fed inoculum.    

The optimization of the carbon-to-nitrogen (C:N) ratio of the influent wastewater 

represents an area that will potentially contribute to the successful start-up and operation 

of an extra-terrestrial MABR.  In two of the MABR studies discussed previously (Terada 

et al. and Hibiya et al.), the C:N ratios of the influent wastewaters were 1.5 and 4, 

achieving average nitrogen removals of  83% over 350 days and 90% nitrogen removal 

over 150 days (Hibiya et al., 2003; Terada et al., 2003).    In another study leveraging 

simultaneous nitrification and denitrification, though not in a MABR, a compact 

suspended carrier biofilm reactor exceeded 65% nitrogen removal over for one month at 

each C:N ratio of 10, 5 and 3.  Maximum total nitrogen removal (76%) and ammonium 

conversion (75%) occurred at a ratio of 10.  Their resultant microbial analysis revealed 

that certain nitrifying Proteobacteria populations, specifically Nitrosospira, were 

sensitive to changes in the carbon-to-nitrogen ratio.  While intuitive, their work suggests 

that a high C:N ratio is not necessarily strengthening the nitrifying community, but rather 

is providing the necessary carbon to balance simultaneous nitrification and 

denitrification, achieving the highest SND efficiency, where  

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦𝑆𝑁𝐷 = (1 −
𝑁𝑂𝑥,𝑟𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔

−

𝑁𝐻4,𝑜𝑥𝑖𝑑𝑖𝑧𝑒𝑑
+ ) × 100    (9) 

(87.2%) of the C:N ratios considered  (Xia, Li, Wang, Li, & Zhang, 2010).  This 

conclusion agrees with high efficiencies generated by SND sequencing batch reactors 

developed and tested by Chui et al. and Münch et al., who found their highest SND 

efficiency at a C:N ratio of 11 (Chiu, Lee, Chang, & Chao, 2007; Münch, Lant, & Keller, 
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1996).  Follow-on work should include a study of the effects of an increased carbon-to-

nitrogen ratio on start-up.  Table 4 demonstrates that the C:N ratio of diluted urine and 

full wastewater in this experiment averaged 0.7 and 0.4, respectively.  Since Xia et al. 

concludes that lower C:N ratios will suppress denitrification, influent carbon could be 

manipulated in such a way to advantageously promote initial nitrification, then increased 

to optimize efficient SND (Xia et al., 2010).  However, testing this hypothesis requires 

the introduction of other sources of carbon outside of the wastewater stream defined in 

Table 1.  This testing is a promising avenue for the next round of subscale reactor testing 

but requires more coordination with NASA to define the wastewater stream and/or 

identify other carbon-rich wastewater producers. 

 Another area for future work is the storage and application of the MABR 

inoculum.  In its current form, the inoculum is harvested as a liquid, from a designated 

urine-fed, aerated reactor.  Hardware to be launched into space often requires advanced 

delivery time in weeks, if not months.  In the same manner that the conditions conducive 

to rapid start-up are critical to the deployment of this technology, NASA should work to 

identify an efficient and reliable way to inoculate the microbial reactor in space.  It is 

reasonable to assume that designating additional resources to a secondary inoculum 

reactor will not be favorable.  Future work should evaluate methods to rapidly and 

reliably induce start-up using a more favorable delivery method.  While nearly all studies 

in this area rely upon a liquid seed culture, generally from wastewater treatment plants or 

existing reactor systems, one alternative could be a commercially available nitrifying 

seed culture designed to be stored until use, or perhaps a custom dried or concentrated 

liquid culture created from NASA’s urine-fed inoculum (Hibiya et al., 2003; Hibiya, 
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Tsuneda, & Hirata, 2000; Jackson, Peterson, Morse, & Landes, 2010).  One such 

refrigerated, concentrated nitrifying culture is commercially available from Novozymes 

has been used as a jump-start culture in domestic wastewater treatment plants that have 

lost nitrification (Novozymes Biologicals, n.d.).  These solutions should be investigated 

for their successful incorporation into the rapid start-up protocol.  

The variables selected for study in this experiment were intentionally 

fundamental.  Since no studies exist that attempt to isolate a single parameter and its 

effect on reactor start-up time, this work was highly relevant to the field of microbial 

bioreactor development.  Furthermore, confidence that a reactor may proceed from 

inoculation to full wastewater, skipping the intermediate feeding stage using only urine, 

is a highly attractive conclusion for long-duration space travel.  While the environmental 

control and life support systems architecture for a mission beyond low earth orbit is not 

yet solidified, it is reasonable to assume that chosen water/wastewater reclamation 

systems will be selected for their simplicity and ease of use.  The ability to initiate a 

water reclamation system without having to partition the influent feed streams at startup 

will be an attractive characteristic of a future microbial-based wastewater recycling 

system.  

 

 

 



78 

 

References 

Belser, L. W. (1979). Population ecology of nitrifying bacteria. Annual Review of 

Microbiology, 33, 309–33. http://doi.org/10.1146/annurev.mi.33.100179.001521 

Brindle, K., & Stephenson, T. (1996). Mini-Review: The Application of Membrane 

Biological Reactors for the Treatment of Wastewaters. Biotechnology and 

Bioengineering, 49(6), 601–610. 

Burton, E. O., Read, H. W., Pellitteri, M. C., & Hickey, W. J. (2005). Identification of 

Acyl-Homoserine Lactone Signal Molecules Produced by Nitrosomonas europaea 

Strain Schmidt. Applied and Environmental Microbiology, 71(8), 4906–4909. 

http://doi.org/10.1128/AEM.71.8.4906–4909.2005 

Carter, L., Brown, C., & Orozco, N. (2013). Status of ISS Water Management and 

Recovery. In 43rd International Conference on Environmental Systems (pp. 1–11). 

Vail: The American Institute of Aeronautics and Astronautics (AIAA). 

Casey, E., Glennon, B., & Hamer, G. (1999). Review of membrane aerated biofilm 

reactors. Resources, Conservation and Recycling, 27(1-2), 203–215. 

http://doi.org/10.1016/S0921-3449(99)00007-5 

Chao, A. (1984). Non-parametric estimation of the number of classes in a population. 

Scandinavian Journal of Statistics, 11, 265–270. 



79 

 

Chao, A., Hwang, W.-H., Chen, Y.-C., & Kuo, C.-Y. (2000). Estimating the number of 

shared species in two communities. Statistica Sinica, 10, 227–246. 

Chiu, Y.-C., Lee, L.-L., Chang, C.-N., & Chao, A. C. (2007). Control of carbon and 

ammonium ratio for simultaneous nitrification and denitrification in a sequencing 

batch bioreactor. International Biodeterioration & Biodegradation, 59(1), 1–7. 

http://doi.org/10.1016/j.ibiod.2006.08.001 

Chon, K., Kim, Y., Chang, N. I., & Cho, J. (2010). Evaluating wastewater stabilizing 

constructed wetland, through diversity and abundance of the nitrite reductase gene 

nirS, with regard to nitrogen control. Desalination, 264(3), 201–205. 

http://doi.org/10.1016/j.desal.2010.05.010 

Colwell, R. K. (2013). EstimateS: Statistical estimation of species richness and shared 

species from samples. Version 9 and earlier. User’s Guide and application. 

Retrieved from http://purl.oclc.org/estimates 

Crenwelge, L., Pickering, K., Carter, L., Callahan, M., Flynn, M., & McQuillan, J. 

(2009). JSC 47176, Exploration Life Support Water Recovery System Distillation 

Comparison Test Plan. Houston. 

Davies, D. G., Parsek, M. R., Pearson, J. P., Iglewski, B. H., & Greenberg, E. P. (1998). 

The Involvement of Cell-to-Cell Signals in the Development of a Bacterial Biofilm. 

Science (New York, N.Y.), 280(5361), 295–298.  



80 

 

Dong, W., Wang, H., Li, W., Ying, W., Gan, G., & Yang, Y. (2009). Effect of DO on 

simultaneous removal of carbon and nitrogen by a membrane aeration/filtration 

combined bioreactor. Journal of Membrane Science, 344(1-2), 219–224. 

http://doi.org/10.1016/j.memsci.2009.08.007 

Donlan, R. M. (2002). Biofilms: microbial life on surfaces. Emerging Infectious 

Diseases, 8(9), 881–90. http://doi.org/10.3201/eid0809.020063 

Dow Corning. (2005). Silastic Laboratory Tubing. Retrieved from 

http://www.dowcorning.com/DataFiles/090276fe8018cf93.pdf 

Gander, M., Jefferson, B., & Judd, S. (2000). Aerobic MBRs for domestic wastewater 

treatment: a review with cost considerations. Separation and Purification 

Technology, 18(2), 119–130. http://doi.org/10.1016/S1383-5866(99)00056-8 

Green, S. J., Prakash, O., Gihring, T. M., Akob, D. M., Jasrotia, P., Jardine, P. M., … 

Kostka, J. E. (2010). Denitrifying bacteria isolated from terrestrial subsurface 

sediments exposed to mixed-waste contamination. Applied and Environmental 

Microbiology, 76(10), 3244–54. http://doi.org/10.1128/AEM.03069-09 

Heltshe, J. F., & Forrester, N. E. (1983). Estimating Species Richness Using the 

Jackknife Procedure. Biometrics, 39(1), 1–11. 

Henze, M., Harremoes, P., Jansen, J. la C., & Arvin, E. (2002). The Influence of 

Environmental Factors on Nitrification. In Wastewater Treatment: Biological and 

Chemical Processes (Third Edit, p. 430). Springer. 



81 

 

Hibiya, K., Terada, A., Tsuneda, S., & Hirata, A. (2003). Simultaneous nitrification and 

denitrification by controlling vertical and horizontal microenvironment in a 

membrane-aerated biofilm reactor. Journal of Biotechnology, 100(1), 23–32. 

Hibiya, K., Tsuneda, S., & Hirata, A. (2000). Formation and characteristics of nitrifying 

biofilm on a membrane modified with positively-charged polymer chains. Colloids 

and Surfaces B: Biointerfaces, 18(2), 105–112. http://doi.org/10.1016/S0927-

7765(99)00141-1 

Holtzclaw Jr., H. F., Robinson, W. R., & Odom, J. D. (1991). General Chemistry (9th 

ed.). Lexington, MA: D.C. Heath and Co. 

Hooper, A. B., & Terry, K. R. (1973). Specific Inhibitors of Ammonia Oxidation in 

Nitrosomonas. Journal of Bacteriology, 115(2), 480–485. 

Hooper, A. B., & Terry, K. R. (1974). Photoinactivation of Ammonia Oxidation in 

Nitrosomonas. Journal of Bacteriology, 119(3), 899–906. 

Hughes, J. B., Hellmann, J. J., Ricketts, T. H., & Bohannan, B. J. M. (2001). Counting 

the Uncountable: Statistical Approaches to Estimating Microbial Diversity. Applied 

and Environmental Microbiology, 67(10), 4399–4406. 

http://doi.org/10.1128/AEM.67.10.4399-4406.2001 

Hurlbert, K., Bagdigian, B., Carroll, C., Jeevarajan, A., Kliss, M., & Singh, B. (2010). 

Draft Human Health, Life Support and Habitation Systems Roadmap - Technology 



82 

 

Area 06. Retrieved from http://www.nasa.gov/pdf/500436main_TA06-HHLSHS-

DRAFT-Nov2010-A.pdf 

Illumina. (2013). 16S Metagenomic Sequencing Library Preparation Guide. 

Jackson, W. A., Christenson, D., Kubista, K., Morse, A., Morse, S., Vercellino, T., & 

Corporation, D. (2011). Performance of a TRL 5 Bioreactor for Pretreatment of an 

Justification for Reactor Development. In 41st International Conference on 

Environmental Systems (pp. 1–7). Portland, Oregon. 

Jackson, W. A., Peterson, K., Morse, A., & Landes, N. (2010). Development and Testing 

of a TRL 5 Bioreactor for Pretreatment of a Lunar Surface Wastestream. In 40th 

Interational Conference on Environmental Systems (pp. 1–6). 

Jeyanayagam, S. (2005). True Confessions of the Biological Nutrient Removal Process. 

Florida Water Resources Journal, (3), 37–46. 

Juretschko, S., Timmermann, G., Schmid, M., Schleifer, K. H., Pommerening-Röser, A., 

Koops, H. P., & Wagner, M. (1998). Combined molecular and conventional 

analyses of nitrifying bacterium diversity in activated sludge: Nitrosococcus mobilis 

and Nitrospira-like bacteria as dominant populations. Applied and Environmental 

Microbiology, 64(8), 3042–3051. 

Juretschko, S., Timmermann, G., Schmid, M., Schleifer, K.-H., Pommerening-Roser, A., 

Koops, H.-P., & Wagner, M. (1998). Combined Molecular and Conventional 

Analyses of Nitrifying Bacterium Diversity in Activated Sludge: Nitrosococcus 



83 

 

mobilis and Nitrospira-Like Bacteria as Dominant Populations. Applied and 

Environmental Microbiology, 64(8), 3042–3051. 

Klindworth, A., Pruesse, E., Schweer, T., Peplies, J., Quast, C., Horn, M., & Glöckner, F. 

O. (2013). Evaluation of General 16S Ribosomal RNA Gene PCR Primers for 

Classical and Next-Generation Sequencing-based diversity studies. Nucleic Acids 

Research, 41(1), 1–11. http://doi.org/10.1093/nar/gks808 

LaPara, T. M., Cole, A. C., Shanahan, J. W., & Semmens, M. J. (2006). The effects of 

organic carbon, ammoniacal-nitrogen, and oxygen partial pressure on the 

stratification of membrane-aerated biofilms. Journal of Industrial Microbiology & 

Biotechnology, 33(4), 315–23. http://doi.org/10.1007/s10295-005-0052-5 

Li, Y., Zhang, J., Chen, Q., Yang, G., Cai, S., He, J., … Li, S. P. (2013). Dokdonella 

kunshanensis sp. nov., isolated from activated sludge, and emended description of 

the genus Dokdonella. International Journal of Systematic and Evolutionary 

Microbiology, 63(PART4), 1519–1523. http://doi.org/10.1099/ijs.0.041798-0 

Madigan, M. T., Martinko, J., & Parker, J. (2002). Brock Biology of Microorganisms 

(10th ed.). Upper Saddle River: Pearson Education, Inc. 

Magurran, A. E. (2004). Measuring Biological Diversity. Measuring Biological 

Diversity. John Wiley & Sons. 



84 

 

Martin, K. J., & Nerenberg, R. (2012). The membrane biofilm reactor (MBfR) for water 

and wastewater treatment: principles, applications, and recent developments. 

Bioresource Technology, 122, 83–94. http://doi.org/10.1016/j.biortech.2012.02.110 

Maszenan, A. M., Seviour, R. J., Patel, B. K., Rees, G. N., & McDougall, B. M. (1997). 

Amaricoccus gen. nov., a Gram-Negative Coccus Occurring in Regular Packages or 

Tetrads, Isolated from Activated Sludge Biomass, and Descriptions of Amaricoccus 

veronensis sp. nov., Amaricoccus tamworthensis sp. nov., Amaricoccus macauensis 

sp. nov., and A. International Journal of Systematic Bacteriology, 47(3), 727–734. 

http://doi.org/10.1099/00207713-47-3-727 

McCarty, P. L. (1975). Stoichiometry of Biological Reactions. Progress in Water 

Technology, 7(1), 157–172. 

McClean, K. H., Winson, M. K., Fish, L., Taylor, A., Chhabra, S. R., Camara, M., … 

Williams, P. (1997). Quorum sensing and Chromobacterium violaceum: exploitation 

of violacein production and inhibition for the detection of N-acylhomoserine 

lactones. Microbiology, 143(12), 3703–3711. http://doi.org/10.1099/00221287-143-

12-3703 

Mclamore, E., Morse, A., & Jackson, W. A. (2007). Dynamics of Human Urine Storage 

in the Early Planetary Base Wastestream. Habitation, 11(806), 1–9. 

McLean, R. J. C., Pierson, L. S., & Fuqua, C. (2004). A simple screening protocol for the 

identification of quorum signal antagonists. Journal of Microbiological Methods, 

58(3), 351–60. http://doi.org/10.1016/j.mimet.2004.04.016 



85 

 

Mechichi, T., Stackebrandt, E., & Fuchs, G. (2003). Alicycliphilus denitrificans gen. 

nov., sp. nov., a cyclohexanol-degrading, nitrate-reducing beta-proteobacterium. 

International Journal of Systematic and Evolutionary Microbiology, 53(1), 147–

152. http://doi.org/10.1099/ijs.0.02276-0 

Menna, P., & Hungria, M. (2011). Phylogeny of nodulation and nitrogen-fixation genes 

in Bradyrhizobium: Supporting evidence for the theory of monophyletic origin, and 

spread and maintenance by both horizontal and vertical transfer. International 

Journal of Systematic and Evolutionary Microbiology, 61(12), 3052–3067. 

http://doi.org/10.1099/ijs.0.028803-0 

Meyer, C. (2012). Integrated AWP Test Objectives. Houston. 

Meyer, C. E. (2013). CTSD-ADV-XXX: Alternative Water Processor (AWP) Integrated 

Test Wastewater Definition and Collection Document. Houston. 

Meyer, C. E., & Vega, L. M. (2014). Alternative Water Processor (AWP) Advanced 

Exploration Systems (AES) Infusion Review Presentation. Houston. 

Morse, A., Jackson, A., & Rainwater, K. (2003). Nitrification using a Membrane-Aerated 

Biological Reactor. In 33rd International Conference on Environmental Systems 

(pp. 1–7). Vancouver, BC. http://doi.org/10.4271/2003-01-2559 

Münch, E. V., Lant, P., & Keller, J. (1996). Simultaneous nitrification and denitrification 

in bench-scale sequencing batch reactors. Water Research, 30(2), 277–284. 

http://doi.org/10.1016/0043-1354(95)00174-3 



86 

 

National Aeronautics and Space Administration. (2013). Cross Program Fluid 

Procurement and Use Control Specification (MPCV 70156). Houston. 

National Aeronautics and Space Administration International Space Station Program. 

(2006). International Space Station Medical Operations Requirements Document 

(ISS MORD, SSP 50260) (C). Houston. Retrieved from 

sd.jsc.nasa.gov/doclib/sa/sd/medical_requirements/ssp_50260_revc_dcn011_collate

d_master.docx 

National Aeronautics and Space Administration Toxicology Group. (2008). Spacecraft 

Water Exposure Guidelines (SWEGs, JSC-63414). Houston. Retrieved from 

http://www.nasa.gov/centers/johnson/pdf/485931main_SWEGsGuidelines.pdf 

Next Generation Life Support (NGLS). (2013). Retrieved from 

https://gcd.larc.nasa.gov/projects/next-generation-life-support/#.U8xRSBDN6So 

Novozymes Biologicals. (n.d.). Novozymes BioRemove® 5805. Retrieved from 

http://vistec.biz/Novozymes/Case Studies/BioRemove5805_applicationSheet EN 

A4.pdf 

OriginPro 8.5.0. (n.d.). Northhampton, MA: OriginLab Corporation. Retrieved from 

http://www.originlab.com 

Purkhold, U., Pommerening-röser, A., Schmid, M. C., Koops, H., Juretschko, S., 

Pommerening-ro, A., & Wagner, M. (2000). Phylogeny of All Recognized Species 

of Ammonia Oxidizers Based on Comparative 16S rRNA and amoA Sequence 



87 

 

Analysis : Implications for Molecular Diversity Surveys Phylogeny of All 

Recognized Species of Ammonia Oxidizers Based on Comparative 16S rRNA and 

amo, 66(12), 5368–5382. http://doi.org/10.1128/AEM.66.12.5368-

5382.2000.Updated 

Putnam, D. F. (1971). Composition and Concentrative Properties of Human Urine. 

Washington D.C. 

Putnam, D. F., & Thomas, E. C. (1969). Recovery of Potable Water from Human Urine. 

Aerospace Medicine, 40(7), 736–739. 

Sakano, Y., Pickering, K. D., Strom, P. F., & Kerkhof, L. J. (2002). Spatial Distribution 

of Total, Ammonia-Oxidizing and Denitrifiying Bacteria in Biological Wastewater 

Treatment Reactors for Bioregenerative Life Support. Applied and Environmental 

Microbiology, 68(5), 2285–2293. http://doi.org/10.1128/AEM.68.5.2285 

Sawyer, C. N., McCarty, P. L., & Parkin, G. F. (2003). Chemistry for Environmental 

Engineering and Science (5th ed.). New York: McGraw-Hill. 

Schramm, A., De Beer, D., Wagner, M., & Amann, R. (1998). Identification and 

activities in situ of Nitrosospira and Nitrospira spp. as dominant populations in a 

nitrifying fluidized bed reactor. Applied and Environmental Microbiology, 64(9), 

3480–3485. 



88 

 

Semmens, M. J., Dahm, K., Shanahan, J., & Christianson, A. (2003). COD and nitrogen 

removal by biofilms growing on gas permeable membranes. Water Research, 

37(18), 4343–50. http://doi.org/10.1016/S0043-1354(03)00416-0 

Shammas Kh., N. (1986). Interactions biomass on the nitrification of pH , process and. 

Water Pollution Control Federation Journal, 58(1), 52–59. 

Shears, J. H., & Wood, P. M. (1985). Spectroscopic evidence for a photosensitive 

oxygenated state of ammonia mono-oxygenase. Biochemical Journal, 226(2), 499–

507. 

Syron, E., & Casey, E. (2008). Membrane-Aerated Biofilms for High Rate Biotreatment: 

Performance Appraisal, Engineering Principles, Scale-up, and Development 

Requirements. Environmental Science & Technology, 42(6), 1833–1844. 

http://doi.org/10.1021/es0719428 

Terada, A., Hibiya, K., Nagai, J., Tsuneda, S., & Hirata, A. (2003). Nitrogen removal 

characteristics and biofilm analysis of a membrane-aerated biofilm reactor 

applicable to high-strength nitrogenous wastewater treatment. Journal of Bioscience 

and Bioengineering, 95(2), 170–178. http://doi.org/10.1016/S1389-1723(03)80124-

X 

Timberlake, D. L., Strand, S. E., & Williamson, K. J. (1988). Combined aerobic 

heterotrophic oxidation, nitrification and denitrification in a permeable-support 

biofilm. Water Research, 22(12), 1513–1517. http://doi.org/10.1016/0043-

1354(88)90163-7 



89 

 

US Environmental Protection Agency. (1993). Nitrogen Control Manual. Washington 

D.C. 

Von Bodman, S. B., Willey, J. M., & Diggle, S. P. (2008). Cell-cell communication in 

bacteria: united we stand. Journal of Bacteriology, 190(13), 4377–91. 

http://doi.org/10.1128/JB.00486-08 

Wagner, M., Rath, G., Koops, H., Flood, J., & Amann, R. (1996). In Situ Analysis of 

Nitrifying Bacteria in Sewage Treatment Plants. Water Science and Technology. 

http://doi.org/10.1016/0273-1223(96)00514-8 

Waters, C. M., & Bassler, B. L. (2005). Quorum sensing: cell-to-cell communication in 

bacteria. Annual Review of Cell and Developmental Biology, 21, 319–46. 

http://doi.org/10.1146/annurev.cellbio.21.012704.131001 

Winkler, E. H., Verostko, C. E., & Dehner, G. F. (1983). Urine Pretreatment for Waste 

Water Processing Systems. In Thirteenth Intersociety Conference on Environmental 

Systems (pp. 1–6). San Francisco: SAE Technical Paper Series. 

Xia, S., Li, J., Wang, R., Li, J., & Zhang, Z. (2010). Tracking composition and dynamics 

of nitrification and denitrification microbial community in a biofilm reactor by PCR-

DGGE and combining FISH with flow cytometry. Biochemical Engineering 

Journal, 49(3), 370–378. http://doi.org/10.1016/j.bej.2010.01.013 

Zhang, J., Zheng, J.-W., Hang, B.-J., Ni, Y.-Y., He, J., & Li, S.-P. (2011). Rhodanobacter 

xiangquanii sp. nov., a novel anilofos-degrading bacterium isolated from a 



90 

 

wastewater treating system. Current Microbiology, 62(2), 645–9. 

http://doi.org/10.1007/s00284-010-9757-4 

Zhu, S., & Chen, S. (2002). The impact of temperature on nitrification rate in fixed film 

biofilters. Aquacultural Engineering, 26(4), 221–237. http://doi.org/10.1016/S0144-

8609(02)00022-5 

  



91 

 

Appendix A: Quorum Sensing Volumes 

The concentrations of acyl-homoserine lactone (acyl-HSL) signal molecules to be 

added to the Quorum Sensing subscale reactors were derived from two stock solutions of 

100 𝜇𝑀 𝐶8 and 𝐶10.  The desired concentrations of 𝐶8 and 𝐶10 were 0.8 and 2.2 nM, 

respectively.  The resultant volumes of acyl-HSL molecules added to the Quorum 

Sensing subscale reactors are derived below.  

 

N-octanoyl-L-homoserine lactone (𝐶8-HSL), molecular weight 227.3 
𝑔

𝑚𝑜𝑙𝑒
 

0.8 𝑛𝑀 𝑑𝑒𝑠𝑖𝑟𝑒𝑑 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛

100 𝜇𝑀 𝑠𝑡𝑜𝑐𝑘 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
 × 0.85 L volume =  6.8 𝜇𝐿 

 

N-decanoyl-L-homoserine lactone (𝐶10-HSL), molecular weight 255.4 
𝑔

𝑚𝑜𝑙𝑒
 

2.2 𝑛𝑀 𝑑𝑒𝑠𝑖𝑟𝑒𝑑 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛

100 𝜇𝑀 𝑠𝑡𝑜𝑐𝑘 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
 × 0.85 L volume =  18.7 𝜇𝐿 
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Appendix B: Determining the Oxygen Delivery Constant 

As discussed previously, it was not economically feasible to build triplicate 

pressurized reactors for this work.  As such, the subscale reactors were designed for 

ambient liquid and air conditions.  In order to determine the available oxygen for delivery 

as discussed in Section 2.2, the Fluval Q2 air pump and tubing were tested for oxygen 

permeability.  

A clean subscale reactor with through-cap tubing (Figure 8) was filled with DI 

water and boiled to eliminate the resident dissolved oxygen.  Air was supplied to the 

reactor using the Fluval air pump at three different pressures.  Using the Hach 

IntelliCAL™ Standard Luminscent/Optical Dissolved Oxygen Probe, DO was measured 

at regular intervals.  At the start of the experiment, DO was measured every 30 seconds.  

However, once the gradient between tubing and the water was not so severe, sampling 

slowed to one, then five minute intervals for five hours.  This data is demonstrated in 

Figure 29.  

Since the maximum oxygen delivery will occur when the gradient between the 

tube and the degassed fluid is the highest, the first 100 minutes were considered as they 

produced the steepest increase in DO over time.  Obtained using Origin, Table 7 

demonstrates the resulting values for a linear fit used to calculate DO as a function of 

time (“OriginPro 8.5.0,” n.d.).  By correcting the units of the slope from 
𝑚𝑔−𝑂2

𝐿−𝑚𝑖𝑛
 to 

𝑚𝑔−𝑂2

𝐿−𝑑𝑎𝑦
, 

the resultant oxygen delivery constant was calculated to be between 34 and 40 
𝑚𝑔−𝑂2

𝐿−𝑑𝑎𝑦
.    
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Figure 29: Dissolved oxygen concentration accumulating over time in subscale reactors 

 

Table 7:  Using Origin linear fit to calculate oxygen delivery constant 

Pump 

pressure 

Slope Intercept Slope 

standard error 

Intercept 

standard error 

Oxygen Delivery 

Constant (mg/L-day) 

2 psig 0.02697 0.05827 3.094E-4 0.01235 38.8 

3 psig 0.02371 0.31514 2.276E-4 0.00869 34.1 

4 psig 0.02772 0.30592 4.232E-4 0.01655 39.9 
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Appendix C: Quorum Sensing Volumes for Secondary 

Experiment 

The secondary experiment utilized a 12-well plate with 3 mL samples according 

to Table 6.    The experiment targeted a 0.01 absorbance at 600 nm, corresponding to a 

106 concentration of bacteria.  Prior to the experiment, the absorbance of each C. 

violaceum stock was determined to be 1.171 and 1.314 at 600 nm for each CV026 and 

CV12472, respectively.  Where the volume of each well plate is 3 mL, the volume of 

each bacterium to be added to the well plates was calculated according to the following 

equation:  

 
0.01

1.171
× 3 𝑚𝐿 = 25.6 𝜇𝐿 CV026 and  

0.01

1.314
× 3 𝑚𝐿 = 22.8 𝜇𝐿 CV12472. 
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Appendix D: Chemical Analyses of Reactors Before and After 

Stepwise Feed Water Addition 

As described in Section 2.4, chemical analyses of total organic carbon (TOC) and 

total nitrogen (TN) were performed before and after each stepwise feeding event on a 

Shimadzu TOC-L instrument. Similarly, a Metrohm 850 Professional IC was used to 

quantify NH4
+-N, NO2

--N, NO3
--N, chloride (Cl-), phosphate (PO4

-3), sulfate (SO4
-2), 

sodium (Na+), potassium (K+), calcium (Ca+2) and magnesium (Mg+2).   

Each analysis was performed in the Advanced Water Systems Research and 

Analysis Lab, in Building 7, Room 2010.  Due to the routine sample processing required 

by this laboratory, the number of analyses was restricted to include only samples before 

and after each feeding event.  Since daily samples were impossible to process in a timely 

manner, we could not collect enough data to compare with the other parameters collected 

daily. 

 Figure 30 and Figure 31 show the TN and TOC removal averaged among the 

triplicate reactors before and after each feeding event.  Both reactors achieved good TOC 

removal with similar total nitrogen removal at 100% feed water strength.  Another 

excellent indicator of ammonia oxidation and nitrification is the production of nitrite and 

nitrate.  Nitrite was first detected after the addition of 50% feed water strength, with the 

production of 27 mg/L and 36 mg/L in the Control and Wastewater Start reactors, 

respectively (Table 8).  Nitrite concentration continued to accumulate between feed water 

additions.   
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Nitrate was present in all reactors at the start of the experiment, an average 

concentration of 116 mg/L among three additions of inoculum.  Nitrate concentration 

declined steadily until the addition of 75% feed water strength.  Following the production 

of nitrite after 50% feed water strength in both Control and Wastewater Start reactors, 

nitrate concentrations change and begin to increase and decrease with each feed water 

addition and acclimatization.  In the Control reactors, nitrate was 114 mg/L at 50% urine 

strength, before increasing the urine strength to 75%.  Immediately after the addition of 

75% feed, the concentration of nitrate had fallen to 66 mg/L, due to dilution of nitrate-

free urine in DI (Table 4).  Yet, six days later, sampling prior to increasing the urine 

content to 100% shows that the nitrate concentration has increased to 105 mg/L. This 

increase is evidence of microbial nitrate production.  In each group of reactors, this trend 

continues.  Nitrite and nitrate are diluted after feed water is added to the reactor, but 

subsequently recover, indicating microbial activity and some completion of the  

nitrite/nitrate-to-nitrogen gas pathway. 
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Figure 30: TN and TOC Removal for Control Reactors 

 

 

Figure 31: TN and TOC Removal for Wastewater Start Reactors 
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Table 8: Nitrite and nitrate concentration before and after feed water additions 

 

 Nitrate (𝑵𝑶𝟐
−) concentration 

(mg/L) 

Nitrate (𝑵𝑶𝟑) concentration 

(mg/L) 

 

Control 

Wastewater 

Start Control Wastewater Start 

Before 25% 0 0 146 147 

After 25% 0 0 130 129 

Before 50% 0 0 133 133 

After 50% 0 0 116 113 

Before 75% 27 36 114 115 

After 75% 26 33 66 99 

Before 100% 54 59 105 137 

After 100% 47 53 71 87 

Before 100% 73 98 98 105 

After 100% 60 79 75 86 

 

Notably, an analysis of the concentration of TN in each feed water was similar, as 

shown in Table 9.  This suggests that the nitrogen available for oxidation was largely the 

same for each reactor type.  Therefore, in this case, the type of feed water used to 

establish a nitrifying community is irrelevant.  Overall, these chemical analyses support 

the conclusion that nitrification was achieved in each reactor type.  Therefore, the fastest 

route to initiating nitrification is through the introduction of a step-wise dilution of full 

strength wastewater feed. 
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Table 9: Total Nitrogen (TN) Concentration in Urine and Wastewater Feed Waters, by 

Step-wise Concentration 

 

Feed Water Strength TN in Urine (mg/L) TN in Wastewater (mg/L) 

25% 202 245 

50% 440 Data unreported 

75% 493 493 

100% 819 892 

 

 

 

 

 

 

 

 


