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A wastewater recycling system with enhanced efficiencies is needed to satisfy the water 

need in a closed loop environment required by NASA’s Environmental Control and Life 

Support Systems (ECLSS). Wastewater treatment and water-recovery system within the 

ECLSS has an efficiency limitation of approximately 90% of water reclamation. To provide 

self-sustainable technology that would enhance the ECLSS in spacecraft and future space-

bases in the Moon and Mars, this project focuses on urea removal and conversion to ammonia 

from wastewater by using a bioreactor system. As such, the University of Puerto Rico (UPR), 

in collaboration with Faraday Technology, are designing a fully automated continuous bio-

electrochemical process. That will aid on water reclamation process improving the removal of 

urea through a continuous flow bioreactor in series with an electrochemical reactor for the 

ammonia oxidation. The prototype of the bioreactor model is being based on a shake-flask 

reactor and the advantage of P. vulgaris to metabolize urea. The automated bioreactor process 

continuously feds basal synthetic human urine (BSHU) using microbial enzymes to convert 

urea to ammonia through urease catalyzed hydrolysis. Thus, generating an ammonia rich 

effluent as by product, that can be further treated through an electrochemical reactor (e.g., 

alkaline ammonia fuel cell or electrolyzer). This later electrochemical reactor may be 

integrated to the downstream bioreactor process for the proper ammonia oxidation reaction 

to nitrogen from the bioreactor’s effluent. This will produce an effluent with significantly 

reduced ammonia and urea concentration in the water stream. Resulting data from a bench 

bioreactor system will be utilized to design a zero-gravity flight test to be flown on May 2021, 

evaluating the electrochemical results from bacteria and BSHU matrix in microgravity 

environment. This provides further understanding and innovative development for future 

integration of our bioreactor in a ECLSS system for closed loop environment interactions for 

water reclamation. 
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Nomenclature 

ECLSS  =  Environmental Control and Life Support System 

ISS  = International Space Station 

CFU  = colony forming units 

BHI  = brain heart Infusion 

BSHU = basal Synthetic Human Urine 

C1    =  bacterial concentration obtained from scale-up culture in BHI 

V1   =  volume concentrated BHI culture 

C2    = desired initial bacterial concentration  

V2   = final dilution volume 

CV  = cyclic voltammetry 

RHE  = reversible hydrogen electrode 

AOR   = ammonia oxidation reaction 

AOC  =   ammonia oxidation current density 

  

I. Introduction 

ore effective wastewater recycling systems are needed to satisfy the water demand in closed loop environments 

in spacecrafts and future colonies in the Moon and Mars. The current ECLSS water recovery system in the 

International Space Station (ISS) is capable of recycling approximately 90% of total wastewater generated, this 

includes the 74%-85% that can be recovered from human urine. 1,2 Nonetheless, long-term space missions in the future 

will not be able to waste any resources, hence, astronauts will be reliant on a more efficient recycling system. On the 

other hand, wastewater treatment and water recovery systems on earth are limited to about 87% water reclamation.3 

Each treatment has its advantages and constraints in terms of cost, efficiency, feasibility, and environmental impact. 

However, most modern systems rely on a combination of methods to achieve the desired water quality in a cost-

effective manner.4 As a consequence, our interest to provide a self-sustainable technology that benefits the ECLSS by 

focusing on water reclamation pathways is enabled. Among the various water recovery pathways included in the 

ECLSS roughly 80% of the wastewater comes from human urine. 

Human urine consists of water (95%), inorganic compounds, a variable percentage of organic metabolites, and 

urea (approximately 2%).5 Inorganic compounds and organic metabolites can be removed by reverse osmosis or 

membranes.6 Nonetheless, urea is a small uncharged molecule that is not easily removed from urine by means of size 

and charge exclusion. Other methods for urea removal include decomposition with strong oxidants, removal with 

adsorbents, and hydrolysis but these are not beneficial due to the process parameters requirements or matrix 

complexity incrementation.7 Previous studies suggested the use of the enzyme urease to remove urea from the urine 

solution, which catalyses the urea hydrolysis, shown in reaction (1).8 Nevertheless, enzyme instability due to 

unfavourable microenvironment factors prevents efficient removal of urea.9

  
NH2(CO)NH2 + H2O → 2NH3 + CO2 (1) 

Proteus vulgaris has proven to be a potential alternative to provide urease within a stable environment. This gram-

negative, facultative anaerob ic bacterium has the capacity to consume urea and metabolize it with urease. In contrast 

to other urease-containing bacteria, P. vulgaris can be adapted to high urea concentration environments by increasing 

urea metabolization.8 Using P. vulgaris for urea consumption ensures a constant and stable urease source for urea 

removal even at high pH.  

P. vulgaris has been used in fed-batch and continuous flow bioreactor systems.10 Two of the most common types 

of bioreactor are the chemostat and perfusion systems. Both systems control and maintain bacteria growth parameters 

while allowing a continuous flow of fresh feeding media influx to the bioreactor.11,12 The main difference between 

these systems is that the chemostat allows outflow of the consumed media, by products, and bacteria while the 

perfusion does not permit bacteria outflow.11 The bacteria outflow hindrance ultimately results in a microbial clot 

which is not convenient in a continuous system as it interrupts the flow. 

As urea is consumed in a chemostat system, ammonia is being generated as the main product of the process. 

However, ammonia remains toxic for human consumption, so its removal is required. Air stripping and biological 
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nitrification/denitrification are two of the most popular ammonia removal techniques. However, conventional 

biological degradation does not have a good response to shock loads of ammonia and air stripping provides acceptable 

results only at high pH conditions.13 A less common technique but of most convenience is the electrochemical 

ammonia oxidation reaction (AOR) process, which removes ammonia through electrochemical oxidation yielding 

elemental N2 and H2. 

Platinum (Pt) catalyses the electrochemical oxidation of ammonia, shown in reaction (2), at a potential of – 0.77 V 

vs SHE and increases reaction efficiency.14 Optimal Pt nanoparticle morphology has been studied for AOR and results 

favours cubic structure for higher oxidation peak current densities.15 In addition, the use of Pt nanocubes (PtNCs) has 

proven to be very effective in this type of reaction under similar conditions.6 The use of PtNCs-modified anodes 

ensures a highly efficient removal of ammonia as the one needed for the bioreactor efflux. 

NH3  → N2 + 3H2      (2)  

Coupling the electrochemical oxidation of ammonia to the bioreactor chemostat system should consolidate the 

process of water recovery from human urine. In the following work, we exposed different operating parameters for a 

shake-flask system which simulates a P. vulgaris chemostat bioreactor system. We provide base knowledge of the 

influence of flowrate in the P. vulgaris growth rate in the bioreactor system and the urea consumption. To study the 

urea consumption from the bioreactor system, we evaluate the ammonia oxidation peak current density at a 

polycrystalline Pt electrode in an electrochemical cell. 

II. Methodology 

A. Bacterial Subculture 

A plate containing MacConkey-agar (without salt, Sigma-Aldrich) was inoculated with P. vulgaris (ATCC 8424, 

VWR) from a glycerol stock vial, the plate was later incubated at 37°C (Thelco Laboratory Incubator Precision) 

overnight. A bacteria colony was used to inoculate 50 mL of Bacto™ Brain Heart Infusion (BHI) and incubated at 

37°C while shaking at 180 rpm overnight using a New Brunswick Scientific I 24 Incubator Shaker. To obtain 

metabolic active bacteria, a 0.1 mL sample from the overnight bacteria culture is used for a total 250.0mL scale-up 

process under the same incubation conditions for 3 hours. The bacteria concentration is determined through bacterial 

growth assay. From the 250 mL BHI scale-up is harvested P. vulgaris for inoculating 250.0 mL of basal synthetic 

human urine (BSHU). Harvesting includes initial concentration selection and rinse, separated from the media rinsed 

three times using 0.85 % NaCl solution and centrifuged at 3,900rpm for 10 minutes.  

 
B.  Bacterial Growth Assay 

From the 250 mL BHI culture, a 1 mL sample was collected to perform 1/10 serial dilutions. The serial dilutions 

contain a total of 1 mL each and were labelled according to the dilution factor: 10-1,10-2, 10-3, 10-4, 10-5, and 10-6. 

Triplicates of 0.1 mL from the 10-4, 10-5, and 10-6 dilutions were spread onto plates containing MacConkey-agar along 

with control sample, which was not inoculated. These were incubated overnight at 37°C. Bacterial colonies were 

counted the next day and bacterial concentration was calculated using Eq. (1). The bacterial concentration obtained 

from the serial dilutions was used to calculate the desired initial bacterial concentration for the Bacterial Growth Assay 

Curve in synthetic human urine. This was calculated using Eq. (2). 

       

C.  Dilution Rate Experiment  

This process was performed in duplicate for each dilution rate. An initial bacterial concentration was inoculated 

in 250 mL of BSHU. The culture was incubated shaking at 180 rpm, 37°C for 3 hrs. Then aliquots were collected from 

hour 0 through 12 within periods of three hours and a final one at hour 24 to measure the bacteria concentration.  After 

the aliquot was extracted, five different volume percentages were removed from independent cultures with a total 

culture volume of 250 mL. The volume percentages removed every three hours were as follow (A) 0%, (B) 10%, 

( ) ( )

( )

Number of colonies  x Total dilution factor  CFU
 =    

mL   Volume plated

    Eq. (1) 

1 1 2 2C V C V=              Eq. (2) 
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(C) 30%, (D) 50%, and (E) 80%. The volume removed from the 250 mL culture is equivalent to feed and effluent 

flow rate of 0.00 mL/min, 0.13 mL/min, 0.42 mL/min, 0.69 mL/min, and 1.11 mL/min, respectively. After removing 

the effluent, fresh BSHU was added to replenish the volume extracted and placed back to the incubator shaker until 

the next measurement.  

D. Automated Trial Bioreactor Prototype  

The BSHU media of the bioreactor is prepared by mixing in a 2000 mL volumetric the components in Table 1 

followed by adjusting the pH to 6.20 while filled till the mark. The solution is then filtered using Corning® bottle-top 

vacuum filter system (polyether sulfone membrane, pore size 0.1 μm, filter capacity 1000 mL). The experimental 

setup is based on a general chemostat flow system (Figure 1a). Then a 500 mL Erlenmeyer flask was filled with 

250 mL of BSHU coupled with a pH electrode (Orion 8157BNUMD ROSS Ultra pH Triode) and three plastic tubes 

(Tyson-EE3603), Figure 1b. The samples were taken to monitor the bacterial concentration within the Bioreactor at 

the beginning of the experiment, denominated as hour zero. To monitor the bacteria concentration through time, this 

process was repeated in selected 3 hours intervals for twenty-four-hour periods in triplicate to assure repeatability 

through the core process. The culture flask was placed inside an incubator shaker, as shown in Table 1, at 37°C and 

180 rpm. There were pumps connected to the culture flask (Gilson Peristaltic Pump) were set to turn on two hours 

after inoculation. The inlet flow and outlet flow were set to flow at 10% of the total culture volume, which was 

equivalent to 0.42mL/min. The flows were calibrated by measuring the time it took to fill a graduated cylinder to a 

certain water volume. Then, the pump connected to the third tubbing (Welch Peristaltic Pump) provided the inlet of a 

hydrochloric acid (HCl) solution to maintain system pH under 6.50 with minimum volume. This was done through 

the usage of an ELEGOO UNO R3 board controller circuit and programmed using Arduino® platform, the pH was 

Table 1 Components used for the BSHU. 

Constituents 
Concentration 

(mM) 
Mass per 1L (g) 

 
Constituents (Amino Acids) Mass per 1L (g) 

Sodium Chloride 100 5.844 Aspartic Acid 0.00976 

Sodium Sulfate 17 2.4147 Threonine 0.0194 

Magnesium Chloride ∙6 H2O 3.2 0.6506 Serine 0.04231 

Potassium Chloride 38 2.8329 Glutamic Acid 0.00718 

Calcium Chloride ∙2 H2O 4 0.4439 Valine 0.00745 

Creatinine  9 1.0181 Methionine 0.00462 

Sodium citrate ∙2 H2O 3.4 1.9999 Leucine 0.00861 

Magnesium Sulfate ∙7 H2O 3.2 0.7887 Tyrosine 0.04186 

Sodium oxalate 0.18 0.0241  Phenylalanine 0.01403 

Sodium Phosphate Dibasic 6.5 0.9227  Histidine 0.16915 

Potassium Phosphate 

Monobasic 
16 2.1774 

 
Lysine 0.01923 

Uric acid 0.6 0.1009  Proline 0.00452 

Sodium Bicarbonate 13.5 1.1341  Glycine 0.14112 

Urea 280 16.8168  Alanine 0.04291 

Glyceraldehyde  1.1 0.0991  Isoleucine 0.00818 

Iron (II) Sulfate ∙7 H2O 0.005 0.0014  Taurine 0.11117 

D-glucose 11.1 1.9997  Cystine 0.02397 

NH4Cl 20 1.0698    

Sodium phosphate monobasic 

∙ H2O 
3.6 0.5616 

 *Shaded Constituent cannot 

be autoclaved. 
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monitored and whenever the pH electrode detected the pH ≥6.50, the HCl solution was pumped into the flask lowering 

pH. During the process at random times, the pH data was compared between the controller and an external bench pH 

meter. To explore the system behaviour for larger time interval, this process was modified to from 30 hours to 77 

hours. The modification reducing the times sample were collected and halting the effluent flow for a period of 3 hours.   

 

           
 

          
 
Figure 1.  Continuous chemostat bioreactor: a) Schematic of the system and b) Shake-flask system used to 

simulate bioreactor. 
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E. Ammonia Electrochemical Current Measurement 

A three-electrode electrochemical cell was used for all experiments. The electrode potential controlled using a 

BioLogic VMP3 multichannel potentiostat with a SAS low-current option attachment. The working and counter 

electrodes were Pt wires (WE with a spherical ending). Potentials were measured against a Hydroflex® reversible 

hydrogen electrode (RHE). Sulfuric acid solution was prepared from DI water (GEMINI-Ultra high purity water 

system) and Optima grade sulphuric acid reagent (Fisher). 

 Cyclic voltammetry (CV) was performed in 0.5 M H2SO4 to calculate the charge involved in the so-called 

hydrogen-under potential deposition region to determine the Pt electrode active surface area (EASA). The obtained 

EASAs were used for the proper normalization determination of ammonia oxidation current densities (AOC) from 

each electrochemical experiment. Culture samples were extracted at fixed times, bubbled with inert N2 gas for 10 min, 

and measured the AOC at 0.77 V vs reversible hydrogen electrode (RHE) from CVs done at a scan rate of 10 mV/s in 

a potential window between 0.4 and 0.85 V vs. RHE. Blank measurements were taken from synthetic urine without 

bacteria and subtracted from the culture currents. The same protocol was followed to determine the storage time effect 

over samples stored in semi closed 15 mL Falcon tubes.  

III. Discussion 

A. Dilution Experiments 

The main objective of the dilution experiments was to observe the bacteria concentration behaviour in a constant 

dilution pattern before proceeding to automatize a flow rate. We observed, that as the dilution rate increases the 

lifespan of the bacteria in the flask also lengthens, as seen in Figure 2. Nevertheless, for the case A and B we were not 

able to measure bacteria concentration after the twelve hours of inoculation. We believe the dilution rate for A and B 

provided enough time for the bacteria to metabolize enough urea which increased ammonia in the media. The increase 

in ammonia provides a rise in the pH, which solely by dilution was not sufficient to provide a sustainable environment 

for the bacteria. At the 9th hour the pH ranged between 6.51 for the dilution rate from case E, and a pH of 9.13 for the 

dilution rate from case B. We proceeded to select the case C, with a dilution rate of thirty percent (30%) of volume 
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Figure 2. Bacterial growth rate from Chemostat simulation with P. vulgaris in BSHU media. The 

data points are samples taken every 3 hours up to 12 hours, before removing and replenishing the 

following percentages of the culture volume: case (A) 0%, case (B) 10%, case (C) 30%, case (D) 50% and 

case (E) 80%. The data for the dilution rates was taken in duplicate. 
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every three hours equivalent to ten percent (10%) per hour, for the automation process. As it provided enough time 

for the bacteria to metabolize urea, sustain a relatively high bacteria concentration, while at the same time requires 

less amount of HCl solution than the lower flow rates.  

B. Automated System  

The objective of this experiment is to understand the pattern of the P. vulgaris growth rate, which we associate 

proportionally with the urea consumption when exposed to a continuous flow environment. In Figure 3 we can observe 

that after allowing the two hours inoculation to overcome the lag phase and enters the exponential phase of the bacterial 

growth we had started the flow rate. Resulting in relatively small increase in the bacteria concentration, due to the 

dilution and outflow from the culture flask. The presence of large error bars in Figure 3, is attributed to the first trial 

from the triplicates, which was inoculated with higher bacteria concentration than the other two trials. We observed 

that the two the initial bacteria concentration used for the continuous flow system behaves alike, but with different 

maximum in bacteria concentration. This is true for the bacteria growth rate before the fifteen (15) hours, which means 

that at the early stages the bacteria are overgrowing the flowrate at which it has been exposed. However, is observed 

a decrease in the growth rate pattern of P. vulgaris on these conditions, we attribute it to the fact that the flow rate 

could not be evenly controlled between the feed and exit.  

The estimated flow rate difference between the pump and the pump effluent was estimated to be 0.05mL/min. 

This was assessed from initial volume (250 mL) and the volume difference the 24th hour. The flow difference was not 

resolved. Since, it is attributed to the height differences (0.61 m) between the culture flask located in the incubator 

shaker to the fresh BSHU bottle and effluent container located in the Biosafety cabinet at lower level. Since the effluent 

pump requires slightly less work to flow down towards the effluent container.  

To explore the robustness of the process, the experiment period was extended from thirty (30) hours to seventy-

seven (77) hours. The required modification for the process, allowed the bacteria to grow back and simultaneously 

supply time to fill-up the flask. This step provides enough time to sustain the system CFU but was not enough time to 

completely fill the tank. This proves that the use of P. vulgaris in the continuous system is robust enough to withstand 

the changes that could not be controlled.   
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Figure 3. Bacterial growth rate triplicate from automated chemostat simulation with P. vulgaris in 

synthetic urine, BSHU media. The initial concentration for the different triplicate had different initial 

bacteria concentration.  The synthetic urine flow rate was equivalent to 10% volume/hour of the culture’s 

total volume (is equivalent to a 0.42mL/min flow of synthetic urine). The initial concentration for the 

different triplicates that had an initial Log CFU equivalent to 8.245, 7.446, 7.466. 
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C. pH Controller Recording  

The pH controller provides us alternative way to evaluate and monitor the bacteria metabolic profile through the 

extent of the experiment, Figure 4. If we contrast the bacteria concentration at given times and the pH response, this 

provides a similar pattern on both monitoring approaches. Since on both we can observe that during the inoculation 

phase and after 20th hour the pH response corresponds to a bacteria concentration on the CFU order of 107, equivalent 

to Log CFU = 7. Furthermore, during the period of high bacteria concentration (3rd to 15th hour) we observe that the 

need for pH adjustments is high. In Figure 4, we observe that there are undifferentiated measurements of pH, which 

indicates, a high ammonia production interacting with the pH controller. Since, ammonia’s pKa =9.2, the increase in 

ammonia concentration promotes an increase in the pH in the system that is originally at pH 6.2. The large ammonia 

production rate can be linked to the large concentration of bacteria in the media consuming urea.  We also observe in 

Figure 4, there is a small signal on the range of pH 5.4, which comes from electrical interference. As result, every time 

the pH meter detects pH≥ 6.50, the controller circuit uses power from the electrode grid to activate a relay, which in 

turn provides a false pH value. Nevertheless, the measurements from the pH electrode in the circuit hand an accuracy 

of pH ±0.05. To determine the accuracy of the controller’s measurements, samples from the culture were taken at 

random times to measure in an external bench pH meter. 

D. Ammonia oxidation in culture samples 

Cyclic voltammetry was performed on extracted culture samples, and the values at 0.77 V vs. RHE taken as 

ammonia oxidation indication. Three findings are reported here for the ammonia oxidation while 1) changing the 

dilution rates with exception of case E, 2) under chemostat simulation, and while 3) evaluating the suitability of culture 

storing.  Although the dilution ratio did not favour the bacteria lifespan beyond the 24th culture hour, in Figure 5a 

could be seen a correlation with the ammonia oxidation current analysed till the 16th hour. In cultures with lower 

dilution ratios (case A, case B), the ammonia production detected, through the AOC, was higher. Meanwhile, at higher 

dilution ratios (case C, case D), the AOC increased slowly but far below the others. As mentioned before, a lower 
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Figure 4. pH vs time measurement, in a single automated P. vulgaris culture trial from the 

triplicates. The measurement of pH was recorded until the 30th hour of the experiment. Each data point 

is taken in an interval of approximately 3 seconds. This measurement is connected to the pH controller, 

while was added BSHU at a flow rate of 0.42 mL/minutes.  
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dilution ratio promotes an extended residence time for the bacteria to increase both the NH3 concentration and pH. 

These results reinforce the decision to move forward to the automation system with a dilution ratio of 10% as presented 

in Figure 3. 

 

 
Even though, the automated system proved the use of P. vulgaris robust enough to withstand the changes that 

could not be controlled in the setup, we found by electrochemical measurements that the amount of urea hydrolysed 

by the bacteria at this dilution ratio is not enough to reach the approximately 16 µA/cm2 ammonia oxidation current 

achieved in the last experiment. As presented in Figure 5b, this fast urea replenishment makes it difficult to obtain a 

suitable AOC since it is known the passivating effect of urea on Pt catalysts, especially when higher concentrations 

than 0.28 mM are present.6 

To boost the ammonia production and favour a noticeable feature for ammonia oxidation, we increased the P. 

vulgaris exposition time with the matrix in semi closed falcon tubes at 37 °C and measured the AOC after 72nd hour 

of storage. This approach led to higher observed ammonia oxidation current densities for each bioreactor extracted 

sample (Figure 6a).  

 

 
Further experiments showed that even more ammonia can be oxidized by improving the storage conditions. For 

instance, reducing the temperature to room conditions without shaking the tubes resulted in a cost-effectiveness of 

approximately 0.7 times current density increase (Figure 6b) since no additional energy input is required. Thus, 

creating a hybrid system which has the potential to be a continuous stop-flow process. Moreover, we found that even 

when incubating at bench conditions yielded higher currents, but it was a slower process. While incubating conditions 

 
 

Figure 5. AOC as a function of bioreactor time for different dilution rates. a) The dilution ratios 

presented from cases A, B, C and D. b) AOC as a function of time in a chemostat simulation of 0.42 mL/min. 

Data extracted from CV recorded from 0.4-0.85 V vs RHE. Peak current densities taken at 0.77 V vs. RHE. 

Scan rate 10 mV/s. Ammonia oxidation in stored cultures. 

 

  

 
Figure 6. AOC after 72 h of storage time. a) Measurements correspond to samples extracted at 0, 3, 6, and 

9 h of culture P. vulgaris bioreactor time. b) Measurements correspond to samples extracted at the 6th hour of 

culture and stored under three different conditions. 
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of 37oC, the maximum signal in current is reached at 24h and after that time no significant additional amount of 

ammonia is produced (Figure 7). 

 

 
 

IV. Conclusion and Future Work 

The reported results of on this work helps to visualize a basic guide to evaluate operational parameters for a 

continuous bioreactor process.  The shake-flask design was able to simulate a continuous bioreactor prototype, with 

controlled pH, aeration rate, and flow rate. The bacteria, P. vulgaris, showed that it can provide a sustained urea 

consumption and the urea-to-ammonia conversion process can potentially work for long periods.  However, the urea-

to-ammonia conversion obtained from P. vulgaris is expected to be reduced when exposed to a microgravity 

environment. Considering that in a microgravity environment, the migration of metabolites and nutrients would 

reduce, thus, changing the chemical environment to which the bacteria is exposed. However, we foresee that similar 

mechanical agitation in the system will help to homogenize the system. 

The P. vulgaris culture system is still on development but could certainly be improved, through further studies to 

understand the impact of the flow rate in the bacteria growth response to optimize the urea removal process. The 

design has proven to be a possible add-on improvement for different wastewater treatment that require the removal of 

urea. Since this project is oriented for water recovery system in space missions, future work for this project will 

include: (a) microgravity flight test using the effluents of the P. vulgaris synthetic urine bioreactor culture; (b) replace 

the HCl solution pH neutralization source with a gentle buffer solution, and (c) explore the continuous bioreactor 

system with real human urine.  
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