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Reliable and efficient closed-loop resource recycling and recovery will be vital to the 

safety of crewmembers and the overall mission sustainability during long-duration space 
exploration. The use of bioelectrochemical systems (BESs) for space application has the 
potential to advance current and future life support systems via processing of wastes and 
subsequent production and recovery of valuable resources. BES technologies exploit the 
unique metabolic capabilities of specialized microorganisms to conduct extracellular 
electron transport to more efficiently treat wastes, and produce electricity and valuable 
products. The efficiency of a BES is highly dependent on the microorganisms utilized within 
the anode and/or cathode compartments, and the materials and configuration utilized for 
overall reactor design. BES operation relies heavily on the selectivity and performance of the 
membrane used to separate the anode and cathode compartments. Proton exchange 
membranes (PEMs) are commonly used in BESs to allow the anode and cathode 
compartments to operate separately and produce the desired byproducts, while also allowing 
the required flow of protons generated in the anode compartment to supply the cathode 
compartment. The incorporation of novel membrane components, such as forward osmosis 
(FO) membranes, may enhance BES reactor performance. BES reactors were assembled 
using three different types of membranes, to analyze changes in system efficiency during 
urine treatment. This paper discusses the differences in performance between PEMs, and 
FO membranes, and the effects of membrane selection on overall BES performance.  

Nomenclature 

ΔV = “delta V”, or change in voltage over time 
BES = bioelectrochemical system 
CEM = cation exchange membrane 
EET = extracellular electron transport 
FO = forward osmosis 
HTI =  Hydration Technology Innovations 
MFC = microbial fuel cell 
PEM = proton exchange membrane 
PFSA = perfluorosulfonic acid 
Vf = final voltage 
Vi = initial voltage 
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I. Introduction 
any life support systems depend on membranes for optimal performance during water filtration, waste 
handling and storage, and air filtration and integration into spacesuits. Given the extended duration and lack 

of reliance on earth-based support and resupply, current available technologies that have a high supply cost and risk 
associated with failure and maintenance will require extensive modifications to increase the overall efficiency and 
reliability of the system. Technological advancements in life support systems must emphasize regenerative 
capabilities and resource recovery to accommodate the minimalistic nature of future long duration missions. 
Minimalistic criteria for technologies selected for long duration missions will include minimal maintenance, 
minimal resupply, and reliability during extended periods of use. Such system requirements will increase the 
sustainability and safety of the mission.  
 Long duration mission technologies which provide resource recovery and product synthesis may involve 
membranes to some degree. The membrane within a bioelectrochemical system (BES) can influence the efficiency 
and livelihood of a system, making it an integral part in dual chamber BES technologies. There are many types of 
membranes available, each with different positive benefits and negative effects. The selection of a membrane for 
space use should be based on the best performance of its intended system. This paper details BES experiments 
performed using three different types of membranes, specifically nafion membranes (DuPont Co., DE), CMI-7000 
membranes (Membranes International Inc., NJ), and forward osmosis (FO) membranes (Hydration Technology 
Innovation, AZ), to analyze changes in system efficiency during urine treatment, and discusses the differences in 
overall BES performance and resistance to fouling between membrane types. 

II. Bioelectrochemical Systems 
A. Overview 

BESs use biological processes to fuel electrochemical reactions and product synthesis1. The theory of BESs 
integrates the concept of a traditional fuel cell and biological processes, such as metabolism and electron transport1-3. 
Microbial fuel cells (MFCs) differ from BESs in that the biological processes utilized within the system are of 
microbial origin specifically. The energy flow within BESs is defined by the directional configuration of the system, 
and can be run either in forward or reverse modes. Forward BESs perform electrogenesis via microbial metabolism 
of organic substrates3. Reverse BESs use the addition of external electrical current to catalyze the microbial 
synthesis of products3. The benefits of a BES system are highlighted with the ability to process concentrated waste 
streams while generating electrical current and harvestable byproducts, such as carbon dioxide (CO2), water, and 
other recoverable small molecules. The use of microorganisms in such dynamic technology creates a regenerable, 
long-term system. 

The successful use of microorganisms in a BES is dependent on a species’ ability to perform extracellular 
electron transport (EET)1-3. Unlike normal electron transport methods that are contained within the interior of the 
cell, organisms that have the ability to perform EET can move and utilize electrons on the exterior of the cell1-3,6. 
There are three accepted methods that microorganisms can use to perform EET: the direct EET method, the 
mediator or indirect method, and the nanowire method1-3. Direct EET involves the microorganism to be in direct 
contact with the electron donor or electron acceptor in order to complete electron transport2,4,5. Direct EET has been 
reported as the most efficient method of EET when compared to other methods, but is limited by the necessity of 
close proximity2,4. The mediator, or indirect, method uses redox mediators or hydrogen molecules to shuttle 
electrons between electron donors and acceptors without influencing or competing with the redox reaction6-8. Redox 
mediators can be naturally occurring in the environment, or produced by the microorganism6-8. The use of redox 
mediators can allow for EET to occur over extended distances, but efficiency is compromised with longer distances. 
Nanowires are conductive appendages that are produced by the microorganism, and used to transport electrons 
across varying distances. The production of nanowires has been linked to biofilm development, wherein the 
nanowires are assumed to create a conductive network1. Nanowires are the most recent discovery within EET, but 
the number of species with confirmed nanowire production is rare,3.  

The ability to perform EET is a critical component of biologically conducting reduction reactions, wherein 
molecules gain extra electrons, and oxidation reactions, wherein molecules lose excess electrons. The loss or gain of 
electrons can alter the charge of a molecule or compound, either respectively positively or negatively, and is dictated 
by the direction of the reaction. The reduction and oxidation mechanism of transporting electrons between electron 
donors, which shed electrons, and electron acceptors, which accept electrons, is often coupled and referred to as 
“redox” reactions. Redox reactions are important processes within BESs that allow for the harvesting of shed 
electrons as electrical current, as the working electrode acts as a solid electron acceptor1-3.  
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While redox reactions can be performed chemically, the use of biological organisms expands the self-sustaining 
capabilities of the system1. Microorganisms can oxidize available molecules contained in the wastestream and 
reduce the electrode surface, while metabolically digesting the available carbon and other minerals from the 
wastestream. There are many species that thrive in waste environments, but only a select few can perform EET. In a 
waste processing BES, it is often more efficient to use a consortium of organisms than a pure culture1,8. Many 
hypothesize that the increase in efficiency with consortium cultures when compared to pure culture systems may be 
due to the symbiotic and collaborative relationships between species that allows a broader spectrum of waste 
processing reactions to occur1,6-8. 

System configuration plays an integral role in system efficiency and the ability to achieve the desired products or 
outcomes. Bacterial processes can be combined with chemical processes, but are often sequestered to separate 
chambers to reduce limiting factors, such as unfavorable byproduct synthesis and competitive inhibition1-3. In a 
single-chamber system, the anode electrode and cathode electrode, and respective reaction components, are 
contained in a homogenous environment. Reactions in single-chamber BESs usually rely on gravity, proximity, or 
net charge in order to interact with the appropriate electrode1,9. Dual-chamber BESs are constructed with the anode 
and cathode chambers separated by a membrane9.  
 
B. Potential Space Application 

BESs are considered a platform technology based on the customizability and broad scale applications for which 
the technology is suited1. BESs could advance wastewater treatment technologies by including the renewable and 
self-regenerating properties of microorganisms. While there are few species that are able to perform EET, further 
customization can rely on the use of a consortium or supporting species, as well as the functionality of other 
chambers. Based on the performance of BESs in industrial and lab-based settings, BESs will most likely be 
integrated into existing and future technologies that include waste collection and processing in multistep systems. 
Potential applications for BES use in space include treatment of wastes, specifically wastewater, resource recovery 
from wastestreams, and material production1. 

Resource recovery from wastes will be an integral component of life support technologies for long duration 
missions. Many liquid wastes are produced during manned missions, including hygienic wastes and food wastes. A 
large number of nutrients and valuable metabolites go unused and are readily expelled from the body in wastes. 
Urine is a particularly benign waste that can be processed using BES technologies10,11. If particular nutrients are in 
high demand, resource recovery from wastes may advance the ability to synthesize supplements during spaceflight. 
Resources recovered could also be utilized for the production of materials.  

Long duration missions will also require the technological ability to synthesize materials and products during the 
duration of the mission. The logistical inability to rely on earth-based support for long duration and deep space 
missions will dictate the transition from resupply to material synthesis. Current goals for mission-based product 
synthesis include food products, therapeutics, fuels, bioplastics, and other tools and building materials1. Many 
advances have been made using bacteria and other biological processes to produce fuels, therapeutics, dietary 
supplements, and bioplastics1. Microorganisms suited for use in BES systems metabolize nutrients from the wastes 
while generating harvestable byproducts, such as CO2 and electrical current. While these byproducts are minimal, 
they could be utilized for further downstream processing and material production, if necessary. Additionally, the 
digestion and metabolism capabilities of organisms within a BES system for waste processing could be amplified 
with the use of synthetic biology and genetic engineering1. Coupling the recent advancements of synthetic biology 
and product synthesis with the capabilities of BES technologies could accelerate the development of technologies 
for the synthesis of materials during spaceflight. The recycling and repurposing of resources recovered from 
wastestreams will be a key concept for the success of long duration missions1. 

III. Membranes 
 The type of membrane used depends on the overall function of the BES, and the desired components that are 
required in one chamber or another. Most BESs rely on microbial metabolism and the movement of electrons on the 
anode electrode, while using either an air or water cathode. Regardless of the solution composition used within the 
cathode chamber, the use of membranes allows the two chambers to function harmoniously without mixing or 
contamination. Effectively separating the anode and cathode chambers can expand the system potential to include 
both forward and reverse configurations. Using both forward and reverse configurations involves pairing a 
biologically driven reaction in one chamber, typically oxidation within the anode, with either a chemically driven 
reduction reaction or a biologically driven reduction reaction2,3.  
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 Membrane selection can affect system efficiency. Membrane performance and viability is mainly dependent on 
the level of saturation of the membrane, and the pH of the solution to which the membrane is exposed3. One 
challenge associated with selecting the ideal membrane for system efficiency is the additional charge-carrying 
chemicals, such as potassium (K+), calcium (Ca2+), and sodium (Na+) that may be present due to the wastestream or 
bacterial medium utilized in the anode3,9,12. The accumulation of protons, which can be induced by flux of 
alternative charge-carrying chemicals, can create an unfavorable environment for microorganisms in the anode, 
which can dramatically affect the efficiency of the system12. The use of buffers can be used to combat proton build-
up, but would require a constant supply of stock buffer solution12. 
 
A. Proton and Cation Exchange Membranes 

PEMs and CEMs are charge-selective, monopolar, ion-exchange membranes that selectively transport positively 
charged ions, like protons and larger cation bodies, from one side of the membrane to the other12. The semi-
permeable membranes selectively function by utilizing immobilized charged groups imbedded in the polymer 
network to allow flux of oppositely charged ions while repelling or 
blocking similarly charged ions from moving across the membrane 
(Figure 1). This concept follows the Donnan law, where charged ions 
that are unable to move across a semi-permeable membrane, whether 
due to size restrictions or immobilization, disrupt equilibrium of the 
solutions on either side of the membrane13,14. This principle is illustrated 
in many physiological membranes and tissues, and can affect action 
potential or cause swelling and adema15,16. Selectivity of a membrane 
can be compromised by the unavoidable permeability by neutral species, 
such as gases, organic compounds and electrolyte salts. The flux of 
neutral species is caused by the concentration gradient between the 

anode and cathode compartments14,15. 
Nafion-117 membranes (Dupont Co., DE) are comprised of a 

chemically stabilized perfluorosulfonic acid (PFSA) polymer that allows 
for the selective transport of cations12,17. PEMs, like Nafion-117 
membranes, are well suited for maintaining autonomous anode and 
cathode chambers while allowing the flux of protons (H+) between 
chambers. The selective movement of protons from the anode can be 
used to support product synthesis in the cathode, such as water (H2O) or 
methane (CH4). Nafion-117 membranes are said to be chemically 
resistant, durable16, stable in mildly acidic environments (pH 2-7). 
Pretreated membranes are available, but untreated, dry membranes are the most common form, as they can easily be 
cut to fit the custom dimensions of a system before treatment. Pretreatment of the membranes (as described in the 
Materials and Methods section) initiates membrane expansion, and assists with membrane selectivity.  

Cation exchange membranes (CEMs) function in the same manner as PEMs, but require a less arduous 
pretreatment process (depending on the manufacturer). CEMs analyzed in this paper were the CMI-7000, provided 
by Membranes International, Inc., which have a similar structural content to that of the Nafion-117. The polymer 
structures of the CMI-7000 are gel polystyrene cross-linked with divinylbenzene, with a sulfonic acid functional 
group18. CMI-7000S membranes are chemically stable in strong acidic to weak basic environments, ranging from a 
pH of 1.0 to a pH of 10.018. CMI-7000 membranes include a coated woven fabric18 for stability, creating a rigidity 
that is not seen with the Nafion-117 membranes.   

There are very few manufacturers producing PEMs and CEMs, which may cause differences between membrane 
types. Major differences include actual selectivity versus reported selectivity, stability and durability, and longevity 
of membrane life. Nafion-117 membranes are reportedly used in a majority of previous and ongoing BES research, 
and have been tested extensively3,9. 

 
B. Forward Osmosis Membranes 

FO membranes are not as commonly used in MFC and BES research, but are frequently seen in water treatment 
technology development. FO membranes, exclusively produced by Hydration Technology Innovations (HTI), are 
only selective for water molecules19. The flux of water across the membrane is driven by osmotic gradient between 
chambers, which naturally drives the flux of water in order to achieve equal distribution and concentration between 
the chambers separated by the FO membrane19. Due to the driving force of the osmotic pressure gradient, FO 

Figure 1: Monopolar Membrane 
Configuration. Monopolar ion 
exchange membranes are charge 
selective and utilize ions with a 
particular charge, in this case 
negatively charged sulfonic acid ions, 
fixed within the polymer matrix, to 
selectively allow oppositely charged 
ions to pass through membrane pores. 
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technologies do not require energy input to initiate and maintain filtration20. The main disadvantage of using FO 
membranes in BESs is the requirement for a draw solution in either the anode or the cathode, which limits the 
customizability of the system to one chamber.  
 

   
Figure 2: Micrographs of Forward Osmosis Membranes. FO membranes (HTI Technologies, Inc.) analyzed with 
brightfield microscopy (a) shows a coiled polymer structure. Exposure to UV wavelengths through a standard DAPI 
microscopy filter (peak excitation wavelength: 385nm, peak emission wavelength: 450nm) elicited fluorescence (b) 
without prior treatment or staining. 

 
Microscopic analysis of the FO membranes showed a coiled mesh structure with autofluorescent properties when 

exposed to ultraviolet (UV) light, indicated in Figure 2. The composition of HTI’s FO membranes has not been 
released, but the selectivity for water has been proven in a number of studies. FO membranes have illustrated the 
ability to reject larger molecules, such as salt, sugar, starch, and protein contaminents20, as well as chemicals, 
bacteria, viruses and parasites while filtering soiled water, with a high resistance to fouling19. The high rejection of a 
wide range of contaminants seen with FO technologies offers an advantage over traditional membrane filtration20.  

Researchers have already begun to use FO technologies for spaceflight applications, specifically in bag systems 
to convert wastewater into a potable liquid20. The osmotic draw solution used in the FO bag system is a concentrated 
sugar solution20 that mimics the base of a sports drink. The FO membranes utilized for the experimental analysis 
discussed in this paper were removed directly from FO bag systems. 

IV. Materials and Methods 
A. Membrane Treatment 

Nafion-117 membranes (Dupont Co., DE) were cut to size and pretreated to initiate membrane expansion. 
Pretreatment of the Nafion-117 membranes includes a series of solution baths with deionized (DI) water rinses in 
between. Membranes were soaked in 5.0% HCl (v/v) for 2-3 hours, then rinsed with DI water several times. 
Membranes were immediately placed in a DI water bath set to 85°C for 30 minutes, followed by a 3.0% H2O2 (v/v) 
bath set to a low boil for 1 hour. After being rinsed with DI water several times, the membranes were soaked in 
0.5M H2SO4 at 85°C for 1 hour. Prepared membranes were autoclaved and stored in DI water until use. 

CEMs (CMI-7000, Membranes International Inc., NJ) were preconditioned by immersion in a 30.0 g/L NaCl 
solution to allow for membrane expansion. FO membranes (Hydration Technology Innovation, AZ) were soaked in 
DI water for a minimum of 1 hour to remove the glycerin sealant coating. 

 
B. Urine Collection and treatment 

Batch urine treatments were added to the anode chambers of each reactor set to supply the microorganisms with 
nourishment, and to elicit current production via metabolic digestion of the carbon sources and biomass/solids 
within the urine. Urine was collected from an anonymous donation system. Collected urine was either used directly 
after donation, or was stored at 4°C until use. Any urine that was not used within three days of donation was 
discarded. Urine used for batch treatments was untreated, or raw, but was mixed thoroughly for equal nutrient 
distribution between treatment aliquots.  

 
C. Reactor Design and Experimental Set Up 

Small-scale glass reactors (custom manufacturing by Adams & Chittenden, CA) were assembled in a two-
chamber configuration, separated by a membrane to distinguish between the anode and the cathode chambers. Glass 
chambers were soaked in a 10% HCl (v/v) bath overnight and allowed to dry before assembly. 

Carbon felt (Cole Parmer, IL) electrodes were prepared in a 1:16 ratio, wherein the cathode electrodes were 16 
times the surface area of the anode electrodes (2.6 in. diameter and 0.65 in. diameter, respectively), with a standard 
thickness of 3.18mm. Each electrode was woven with titanium wire (Cole Parmer, IL) and sealed with conductive 

a         b     
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epoxy (Masterbond, NJ). Electrodes were treated in an acetone bath for one hour, and dried completely before 
autoclaving in DI water. 

     
 (a)            (b)          (c) 
 
Figure 3: Experimental Reactor Configurations. Triplicate reactors were assembled for each membrane 

subset following the configuration illustrated above. Reactors using a PEM (a) were assembled with Nafion-117 
membranes, reactors using a CEM (b) were assembled with CMI-7000, and reactors using FO membranes (c) were 
assembled using HTI’s FO membrane. A 1:16 electrode ratio was used to reduce potential current overloading of 
the system. The 1x electrode was utilized in the anode chamber as a solid electron acceptor for the oxidation and 
microbial digestion of urine, and the 16x electrode was used in the cathode chamber in a DI water solution. 
Reactors that contained a forward osmosis membrane were supplemented with a 35g/L sodium chloride (NaCl) 
solution to direct the osmotic flux of water into the cathode chamber. The NaCl draw solution was replenished on 
schedule with each urine treatment to maintain a directional flux of water to the cathode. 

 
Triplicate reactors were assembled for each membrane subset (Figure 3). DI water was placed in the cathode 

compartment of reactors containing Nafion-117 or CEM membranes. A draw solution (35g/L NaCl) was used in the 
cathode compartment of the reactors containing FO membranes in order to control the direction of osmotic flux 
across the membrane.  

Secondary activated bacterial sludge collected from the San Francisco Public Utilities Commission (SFPUC) 
was used as an inoculum for the anode compartments of each reactor. Sludge samples were stored at -20°C until use. 
Initial inoculation of the anode chambers included fresh, untreated urine to act as an anolyte solution, to act as a 
feedstock for the microorganisms after thawing, and to initiate species selection. After initial inoculation, urine 
treatments were not added for four days to allow for microorganism acclimation and initiation of biofilm formation 
on the surface of the electrodes. 

Control reactors were assembled to mimic the experimental reactor configuration, but removed the biological 
component of the system. Control reactors were assembled with raw urine in the anode chamber and water in the 
cathode chamber, separated by one of each membrane types per control reactor. Additional microorganisms and 
bacterial sludge were not included in the control reactors. Additional control reactors were assembled using water in 
both the anode and cathode chambers. A potential of 0.1 volts was applied in all reactors in the same fashion as the 
experimental reactors.  

 
D. Permselectivity Analysis 
Membranes were subjected to a permselectivity analysis test, which identifies changes in membrane selectivity and 
resistance to deterioration after extended use and fouling. After 90 days in the reactors, membranes were removed 
and given to the NASA Advanced Water Recycling Technology Development Laboratory at NASA Ames Research 
Center for permselectivity analysis. Permselectivity analysis was performed following protocols designed by 
researchers of the Bioengineering Branch at NASA Ames Research Center21. Permselectivity reflects the ability of 
the membrane to discriminate between ions of opposite charge. The permselectivity value (P value) was calculated 
based upon the Nernst equation, which is the ratio of the measured voltage versus the theoretical value, and is 
reported in percentage21. 
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V. Results 

A. System Efficiency 
The system efficiency was determined based on the current production measured from each BES system. Current 

production was measured using a potentiostatic experimental run, with a 0.1 volts poised potential, on a Gamry 
Interface 1000 potentiostat (Gamry, Warminster, PA). Data was collected continuously, in 60-second increments, 
for the entire duration of the 90-day experiment. Histograms are automatically produced during continuous data 
collection, and are comparatively not to scale. All histograms representing reactors containing sludge and urine are 
from one of the three experimental trials per membrane type, and are the best representatives to illustrate system 
performance for each membrane system.  

All urine-only control reactors produced some amount of current during the duration of the experimental run, but 
were less than the sludge and urine reactors for each membrane type. While current production in the control 
reactors wasn’t an ideal outcome, it was expected. There are many charged ions and chemical species within urine, 
some of which are ubiquitous, such as urea and salts, while others are based on the dietary intake and overall health 
of the individual. Additionally, there are microbial species that live on the surface of the body, and commonly 
contaminate urine samples. The composition of urine changes rapidly after it is expelled from the body, due to 
chemical degradation. The current production from the urine-only controls was most likely due to electrochemical 
reactions as the contents of the urine degraded. 

Current production in reactors containing Nafion membranes (Figure 4) was dependent on the frequency of urine 
treatments. Each peak, both large and small, was produced as a result of urine treatment. Nafion reactors containing 
sludge and urine in the anode chamber showed an overall decline in current production from the last 45 days of the 
experiment (minimum range between 10 µA and 50 µA). The first half of the sludge and urine experimental trials 
showed more current production (maximum value 400 µA, or 0.4 mA), but the production was unstable. 
Comparatively, the urine-only control reactor showed less current production (maximum 32.5 µA, or 0.0325 mA), 
but with a stronger stability in current production in response to the addition of urine treatments. The reason for the 
decline in current production from the reactors containing sludge and urine is unknown, but similar trends were seen 
in all triplicate experiments using Nafion membranes.  

 

 

 
 
Figure 4: Current Production in Reactors Containing Nafion Membranes for 90 Days. Histograms 
illustrating the current production (in µA) (y-axis) from reactors using Nafion membranes between the anode 
and cathode chambers over 90 days (x-axis). The top graph (blue) represents the current production from the 
reactors containing sludge and urine. The bottom graph (grey) represents the current production from the urine-
only controls. Histograms are produced using raw data from the Gamry potentiostat, and are comparatively not 
to scale.  
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Current production in reactors containing CMI-7000 membranes (Figure 5) was also dependent on the frequency 
of urine treatments. CMI-7000 reactors containing sludge and urine in the anode chamber showed consistent current 
production for the duration of the experiment, with peaks ranging between 100 µA and 250 µA during the majority 
of the experimental trial. The first few days of the sludge and urine experimental trial showed a slow increase in 
current production (maximum value 60 µA, or 0.06 mA), but the production stabilized as the experiment continued. 
The urine-only control reactor demonstrated an initially high current production (maximum 98 µA, or 0.09 mA), and 
a gradual decline as the experiment continued. Small peaks were produced during the decline of the current 
production in the urine-only control reactor, but were not substantial enough to establish consistent production.  

 

 

 
 
Figure 5: Current Production in Reactors Containing CMI-7000 Membranes for 90 Days. Histograms 
illustrating the current production (in µA) (y-axis) from reactors using CMI-7000 membranes between the anode 
and cathode chambers over 90 days (x-axis). The top graph (blue) represents the current production from the 
reactors containing sludge and urine. The bottom graph (grey) represents the current production from the urine-
only controls. Histograms are produced using raw data from the Gamry potentiostat, and are comparatively not 
to scale. 
 
Current production in reactors containing FO membranes (Figure 6) was the most stable and consistent of the 

three types of membranes. As noted previously, each histogram is comparatively not to scale, as they are produced 
from raw data. FO reactors containing sludge and urine in the anode chamber showed consistent current production 
for the duration of the experiment, with an average of 100 µA during the majority of the experimental trial. The first 
few days of the sludge and urine experimental trial showed a fast increase in current production (maximum value 
220 µA, or 0.22 mA), but the production stabilized as the experiment continued. The urine-only control reactor 
demonstrated an increasing current production (maximum 18 µA, or 0.018 mA), and an inability to maintain 
consistent current production throughout the duration of the experiment, illustrated by extreme rising and falling of 
peaks.  
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Figure 6: Current Production in Reactors Containing Forward Osmosis Membranes for 90 Days. 
Histograms illustrating the current production (in µA) (y-axis) from reactors using FO membranes between the 
anode and cathode chambers over 90 days (x-axis). The top graph (blue) represents the current production from 
the reactors containing sludge and urine. The bottom graph (grey) represents the current production from the 
urine-only controls. Histograms are produced using raw data from the Gamry potentiostat, and are 
comparatively not to scale. 

B. Membrane Fouling 
Microscopic analysis was used to identify physical damage and microbial growth on the surface of the 

membranes. After 90 days, the reactors were disassembled, and membranes were analyzed for fouling using 
brightfield microscopy. Membranes were stored in a sterile plastic petri dish sealed with parafilm at 4°C in between 
microscopic analysis.  

 

 
 

Figure 7: Images of Nafion, CMI-7000, and FO Membranes. Nafion (a) and CMI-7000 (c) membranes after 90 
days in reactors with urine and bacterial sludge in the anode chamber and water in the cathode chamber, and FO 
membranes after 90 days in reactors with urine and bacterial sludge in the anode chamber and a 35g/L NaCl draw 
solution in the cathode chamber (e). Control reactors were assembled using only urine in the anode chamber (b – 
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nafion, CMI-7000 – d, and FO – f). Bacterial growth and fouling is visible on the surface of the membranes at 
without the use of magnification (a, c, e). Discoloration is seen in areas that were concentrated with urine and 
bacterial sludge (a, c, e), such as the bottom of the reactor. The membranes from the urine-only control reactors (b, 
d, f) show slight discoloration, although not as severe as the urine and sludge reactor membranes (a, c, e). Stir bars 
were used in the anode of each reactor, but had minimal effect on the distribution of fluids and microorganisms 
within the anode.  
 
 Nafion and CMI-7000 membranes took on warped, bowl configurations after the 90-day use (Figure 7), most 
likely due to pressure buildup in the system. FO membranes did not illustrate the same change in shape. Initially, all 
membranes were flat and without any bowing to their shape after pretreatment and autoclaving. Membranes were 
imaged shortly after reactor disassembly. Discoloration and biological growth on the membrane surface was visible 
without the use of microscopy. Brightfield microscopy was performed using a dissecting microscope (Figure 8). No 
staining or treatments were used to perform brightfield microscopy. 
 Observation of the membranes using the dissecting microscope with 16x magnification showed microbial growth 
on the surface of each membrane, regardless of the type. Yet, no physical damage was identified. Membranes from 
control reactors (Figure 7, b, d, and f), which were only exposed to urine showed significantly less discoloration to 
the membrane surface. Staining was identifiable in control reactors, but was not as severe as that on the membranes, 
which were exposed to sludge and urine (Figure 7, a, c, and e). Stains on the surface of the membranes are easily 
distinguishable from microbial growth, as illustrated in Figure 8. 
 Microbial growth on the membrane surface was identified on all membranes, including the control membranes. 
A dissecting microscope with 16x magnification was used to distinguish between staining and microbial growth and 
debris on the membrane surface (Figure 8). Membranes from control reactors (Figure 8, a, b, and c) showed minimal 
staining and microbial growth. Nafion membranes (Figure 8, d and g), CMI-7000 membranes (Figure 8, e and f), 
and FO membranes (Figure 8, f and i) all showed significant staining and visible microbial biofilms. Microbial 
growth was most apparent on the Nafion membranes and FO membranes, while the CMI-7000 membranes showed 
the highest degree of staining to the membrane surface. All of the images from the dissecting microscope (Figure 8) 
show the edge of the membrane without growth or staining for contrast.  
 

 
 

Figure 8: Dissecting Microscope Images of Nafion, CMI-7000, and FO Membranes. Nafion (a), CMI-7000 (b), 
and FO (c) membranes from control reactors with only urine in the anode chamber, and water in the cathode 
chamber are displayed for comparison (a-c). Nafion (d, g), CMI-7000 (e, h), and FO membranes (f, i) after 90 days 
in reactors with urine and bacterial sludge in the anode chamber and water in the cathode chamber. Bacterial 
growth and fouling is visible on the surface of the membrane at 16x magnification (a-i). Discoloration is seen in 

a        b            c 
 
 
 
 
 
 
 

d        e           f 
 
 
 
 
 
 
 

g            h           i 
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areas that were concentrated with urine and bacterial sludge (d-i), such as the bottom of the reactor. Stir bars were 
used in the anode of each reactor, but had minimal effect on the distribution of fluids and microorganisms within the 
anode.  
 
 Each type of membrane reacted to exposure to wastes in different ways. Nafion membranes showed significant 
warpage, due to changes in pressure between the anode and cathode chambers, and prominent staining and growth 
on the surface. CMI-7000 membranes warped, but were less flexible than the Nafion membranes when removed 
from the reactors. CMI-7000 also demonstrated significant surface staining after 90 days. FO membranes resisted 
warping, changes to shape, and staining, but had significant microbial growth on the membrane surface.  
 
 
 
C. Permselectivity Analysis 
 Permselectivity tests were performed using fresh, unused membranes, membranes from the urine-only control 
reactors, and the membranes from each urine and sludge reactors. FO membranes are not suitable for 
permselectivity analysis, as it requires a charged membrane, much like that of the proton and cation exchange 
membranes described above (section III.A), and were therefore not included in these results. The permselectivity 
tests were performed using two sodium chloride (NaCl) solutions: 3M and 0.6M, each mixed with stir bars. The 
difference in NaCl between the two chambers creates an osmotic gradient across the membrane, which replicates 
standard performance for FO membranes and, therefore, cannot be a reliable representation of deterioration or 
change in FO membrane selectivity. Results of the permselectivity tests are reported as the percentage difference 
between voltages divided by a standard value, which is based on the Nernst equation. Error bars reported were 
determined by calculating the standard deviation between trials. 
   

 
 

Figure 9: Permselectivity value for each membrane. P values for Nafion (grey) and CMI-7000 (red) membranes. 
Unused (plain, triangle) membranes were used to extract baseline permselectivity values for both types of 
membranes. Membranes from the urine-only control reactors (control, circle) were used to distinguish between the 
ability of each type of membrane to resist deterioration when exposed to raw, untreated urine. Membranes from the 
reactors containing urine and sludge in the anode chamber, run in triplicate, were averaged (average, diamond).  
 
 The results of the permselectivity tests (Figure 9) illustrate a minimal difference the selectivity and resistance to 
deterioration of the Nafion membranes (grey icons), regardless of the duration of use and exposure to wastes prior to 
permselectivity testing. P values for CMI-7000 membranes had the most difference between the fresh, unused 
membranes, indicated with a red triangle (Figure 9), and the used membranes, indicated by a red circle for the urine-
only control, and a red diamond for the membranes which were exposed to urine and sludge. P values reported for 

Nafion (plain) 

Nafion (control) 

Nafion (average) 

CMI-7000 (plain) 

CMI-7000 (control) 

CMI-7000 (average) 
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Nafion membranes, regardless of the duration of use (unused, urine-only, or urine and sludge exposure) were much 
lower (29.56%, 32.86%, and 30.87% respectively) than that of the CMI-7000 unused membrane (59.75%). CMI-
7000 membrane P values decreased with use (34.59% and 37.40%). In this case, a large difference between P values 
indicates deterioration in the selectivity of the membrane. Yet, while the Nafion values showed less difference 
between unused membranes and used membranes, the overall P values were lower than that of the unused CMI-
7000 membranes. 

VI. Discussion 
 Comparative experiments were performed to determine the effects of the type of membrane used in a two-
chambered BES on the overall system efficiency. Membranes were used in glass BES reactors, wherein each type of 
membrane was exposed to raw human urine and microbial sludge. Exposing the membranes to concentrated wastes 
allowed for examination of membrane durability and selectivity over time. 
 
1. System Performance 

System efficiency was dependent on the frequency of urine treatments, the constituents of the solution in the 
anode chamber, and the capabilities of the membrane. Each reactor showed significantly more current production 
from systems containing sludge and urine in the anode compared to the urine-only controls. The most substantial 
difference between each membrane performance in the system was illustrated by consistency in current production 
over the 90 days of the experimental trials. While Nafion and CMI-7000 membranes both showed increases and 
decreases in current production at various points during the 90 days, the FO membranes demonstrated significant 
consistency in current production over a majority of the 90 days. This difference may be due to the NaCl-based draw 
solution in the cathode that was used to create an osmotic gradient across the membrane. This may have led to a 
more consistent flux across the membrane than that of the Nafion and CMI-7000 membranes. The targeted 
selectivity of each membrane type, such as protons for Nafion membranes and water for FO membranes, may have 
also influenced the overall system efficiency.  

The difference in current production between the urine-only controls and the reactors containing sludge and 
urine indicates that EET is occurring as a result of the microorganisms in the sludge. All reactors containing sludge 
were inoculated from the same sludge stock, were treated under the same conditions within each reactor. The only 
variable between the reactors containing sludge was the type of membrane. Comparing the current production and 
system efficiency within the systems to the fouling and P values does not indicate any of the membranes as having a 
functional advantage over the others.  
 
2. Membrane Fouling 

Membrane fouling was prevalent after membranes were used in functioning reactors with frequent urine 
treatments. Considering the configuration of the reactors, membrane fouling could have been due to bacterial growth 
and degradation, or chemical buildup from urine sources. Each potential cause of membrane fouling may influence a 
reduction in system efficiency. Microbial proliferation is dependent on a stable environment, in regards to pH, 
pressure, and nutrient availability.  

While microbial growth may not be detrimental to the membrane, it may alter the charge or osmotic gradients 
along the surface of the membrane, which may influence a change in selectivity. There are many charged ionic 
species in urine. If fouling affects the selectivity of the membrane, unwanted ionic species may not be blocked from 
moving across the membrane. Additionally, microbial growth on the surface of the membrane may be an indicator 
that one microbial species from the consortia is benefiting from an accumulation of charged ions on the membrane 
surface.  
 
3. Permselectivity 
 While permselectivity analysis was not conclusive for FO membranes, the P values reported for both Nafion and 
CMI-7000 membranes led to varying conclusions regarding membrane selectivity. The P values for unused and used 
Nafion membranes were similarly low. Nafion membranes require extensive activation, or pretreatment, prior to use, 
which may reduce the ability of the membrane to resist deterioration. Further testing could include permselectivity 
analysis performed on pretreated and untreated, dry membranes to compare the effects of the pretreatment process 
on membrane durability and deterioration. CMI-7000 and Nafion membranes should have demonstrated similar P 
values, as the functional premise for both models is the same. Both types of membranes are said to select only for 
cations. Other than the unknown, proprietary CMI-7000 composition, the known differences between Nafion and 
CMI-7000 include thickness, structural stability, and pretreatment processes. CMI-7000 membranes are pretreated in 
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a NaCl bath, which may make the membranes more conducive to performance in the permselectivity test 
environment, as it uses two NaCl solutions to create a voltage gradient. CMI-7000 P values decreased by 50% after 
the 90-day experimental runs. Despite the low initial P value and minimal differences between used and unused 
Nafion membrane P values, and the significant decrease in CMI-7000 P values after use, each membrane 
performance illustrates a need for further comparative investigations. Neither the Nafion membranes nor the CMI-
7000 membranes showed strong resistance to deterioration and degradation in the permselectivity tests. 
 
4. Membrane Usage in Microgravity 

Phenomena associated with membrane usage in standard gravity environments include buoyancy-driven 
convection and concentration polarization, which may affect membrane performance20. Buoyancy-driven mixing is 
important for even distribution of nutrients in a solution, primarily if microorganisms which are adhering to an 
electrode are required to access chemicals, nutrients and particulates in order to perform key reactions20. 
Concentration polarization describes the accumulation of a concentration gradient of an ionic species or solutes on 
the surface of the membrane20. The force of buoyancy-driven convection in 1g gravity environments can minimize 
the accumulation of concentration gradients on the surface of membranes, allowing for even distribution and 
normalized membrane performance20. Phenomena like buoyancy-driven convection don’t occur in microgravity 
environments, which may result in reduced performance during spaceflight. Based on the physics of fluid dynamics 
and solute dispersion in microgravity environments, membrane performance is predicted to become dependent on 
diffusion, which may slow down filtration. Extensive analysis of membrane and system performance can be 
executed on earth and used to model performance in microgravity environments, but is difficult to accurately 
predict20.  

 The convection of fluids and distribution of solutes in solution is a challenge that can typically be resolved 
with use of pumps and vacuums to control the pressure and directional flow within a system. The accumulation of 
gas and fluid pressure from the production of metabolic byproducts is a common challenge with usage of BESs for 
waste treatment, degradation, and processing. The production of gases, such as CO2, and liquids, such as water, will 
need to be accounted for with the use of BESs for waste treatment during spaceflight. The ideal BES for space 
application would not rely on membranes for filtration and separation of the anode and cathode chambers, but would 
require a calculated configuration to mitigate fluctuations in pH and biological and chemical competition for 
resources, as well as extensive secondary treatment to reduce the potential for contamination. While the use of 
membranes in microgravity may be inconvenient, due to fouling, cost, and performance dynamics based on the 
phenomena discussed above, there may be a simple solution to reducing overall costs and crewmember time for the 
continual monitoring and maintenance associated with membrane-less system challenges. The use of membranes in 
BES systems provides security, not only for the separation of anode and cathode chambers that influences proper 
system efficiency, but can also control the potentially dangerous accumulation of byproducts, specifically gases. As 
stated before, BESs may perform a wide range of functions, and will be most useful for space application as a 
customizable platform technology.  

VII. Conclusion 
The use of BESs in waste processing on earth has illustrated a potential for use during spaceflight. Extensive 

technological modification will be required for successful and efficient BES performance. BES technologies utilized 
to serve life support functions during spaceflight may depend on membranes to support safe resource recovery and 
selective filtration of waste streams. The main disadvantage to membrane utilization for filtration is membrane 
fouling and membrane longevity. The challenge of membrane fouling may be mitigated by continuous pH 
monitoring and buffering, pre-treatment and dilution of wastes, or the rate of exposure to wastes. There are many 
benefits to using membranes for the treatment of wastes, specifically in BESs. Selection of membranes for use 
within BESs for spaceflight will require extensive research in 1g environments to determine issues that may reduce 
performance and selectivity, and the longevity of use when exposed to concentrated wastes. The use of BESs for 
space application has the potential to advance current and future life support systems, but will require ongoing 
analysis of current membrane options and development of new types of membranes to support the expansion of BES 
capabilities.  
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