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 Human habitation of space hinges on the creation of a safe and healthy environment to 

support life. Water, along with oxygen and food, is a critical life-sustaining factor. Shipping 

of water from the earth for extended space missions is not an option because of the unwieldy 

nature of transport, both in terms of costs and logistics involved. Thus water reclamation and 

recycling are critical for long-term space missions. The primary objective of the present study 

is to combine the membrane distillation process and a photocatalytic reactor in a single system 

to improve the water reclamation and purification efficiency. A photocatalytic capillary 

membrane distillation system was designed and built for the reclamation of water from urine 

and other forms of impure water that are produced by human life in space. The incorporation 

of the photocatalytic unit into current purification systems will allow for decomposition of 

organic impurities in water and a reduction of the fouling of distillation membranes, thus 

enabling long-term reclamation during space travel. 

Nomenclature 

PMR = Photocatalytic Membrane Reactor 

ECLSS = Environmental Control and Life Support Systems 

EVA = Extravehicular Activity 

HDA = Hexadecylamine 

MD = Membrane Distillation 

PMR = Photocatalytic Membrane Reactor 

TOC = Total Organic Carbon 

TTIP = Titanium Isopropoxide 

UPA = Urine Processor Assembly 

UV-Vis = Ultraviolet-Visible Light 

XRD = X-Ray Diffraction 

I. Introduction 

An efficient system for recycling wastewater is essential for long-duration manned space flights. Based on the 

average quantities of water, food, and oxygen that people use every day, water constitutes about 95 percent of the total 

mass of "consumables" required for human life support within a spacecraft. Wastewater generated varies by mission, 

with rates as low as 3.77 kg per person per day for regular operations on the ISS, up to 29.35 kg per person per day 

for future planned planetary bases.1 Wastewater recycling/reclamation is therefore crucial for successful long-duration 

space travel. Water available for recycling in space comes from three primary sources: humidity condensate, wash-

water, and urine.2 For long-duration missions, NASA’s design goal is 98% water recovery through a combination of 

subsystems, including a catalytic reactor, mutlifiltration bed, and the urine processor assembly (UPA); upgrades to 

these systems suggest a potential limit of 93% recovery.3 The UPA is a major component in the treatment processes, 

using artificially employed distillation to separate water vapor from urine.4 However, efficient processing of urine 

requires the separation of concentrated brine, which is challenging for this type of technology. Membrane distillation 

is a promising alternative to conventional distillation, specifically for highly saline brine, although it too has drawbacks 

with respect to efficiency.5 Combining MD with another purification technology in a single step process should 

                                                           
1 Chief Chemist, 2809-K Merrilee Dr., Fairfax, VA 22031 
2 Senior Engineer, 2809-K Merrilee Dr., Fairfax, VA 22031 
3 Mechanical Engineer, 2809-K Merrilee Dr., Fairfax, VA 22031 
4 President, 2809-K Merrilee Dr., Fairfax, VA 22031 



 

International Conference on Environmental Systems 
 

 

2 

improve overall recovery with volume and weight savings. Photocatalytic treatment of urine has been shown to remove 

nitrogen-containing compounds and sterilize human excrement; this type of treatment can function in tandem with 

MD because of the vapor phase mechanisms involved.6 In this work, a photocatalytic membrane reactor (PMR) was 

developed utilizing titania catalysts on a porous alumina membrane for water purification. The photocatalytic capillary 

membrane distillation system will be suitable for integration into Life Support and Habitation Systems of NASA that 

support Environmental Control and Life Support Systems (ECLSS), Extravehicular Activity (EVA) Systems, 

Advanced Food Technology, and Biological Life Support. 

II. Synthesis of TiO2 Based Photocatalysts 

The membrane system comprised two components, a substrate layer, and a catalytic particle coating. 

Semiconductor-based photocatalytic degradation is currently one of the most promising technologies for organic 

remediation and has been considered extensively for terrestrial water purification applications.7 Most of the literature 

on photocatalysts has focused on titanium oxide (TiO2) semiconductors. The band gap of the anatase crystalline form 

of TiO2 is equal to 3.23 eV (384 nm). TiO2 shows relatively high photocatalytic reactivity and chemical stability under 

ultraviolet (UV) light.  

 

Recent research has shown that mesoporous doped anatase thin films are excellent candidates for remediation of 

water because they not only degrade organic matter in the presence of light 8 but can also serve as capillary membranes 

to allow distillation in the zero-gravity environment of space. The particles should be highly porous to facilitate 

photolytic removal of organics through a high active surface area. Block copolymers such as poly(ethylene oxide), 

such as Pluronic® P123 and hexadecylamine, are typically used as surfactant templates. Methods for synthesizing 

nano/mesoporous TiO2, as well as Ta and N doped titania were explored. 

 

A. Titania Sol-Gel Process 

 

Precursor solutions were prepared using different proportions of the reagents and/or different addition procedures. 

In a standard method, amounts of titanium isopropoxide (TTIP) and tantalum butoxide were mixed in a vial (96.6:3.4, 

98.8:1.2, and 99.4:0.6 Ti:Ta molar ratios), then added dropwise to pure ethanol or a 10 : 1 wt mixture of ethanol and 

P123 surfactant. Precipitation occurred within a few milliliters of the solution added. After stirring for several minutes, 

a volume of ammonium hydroxide was added that was twice the initial volume of TTIP. This mixture was then stirred 

for 2 hours to allow the precursors to completely hydrolyze. To produce undoped titania, tantalum butoxide was 

omitted from the reaction.  

 

The solid product was collected from the sol-gel by either drying in an oven at 150 °C or further treated in a high-

pressure reaction vessel at 150 °C for 12 hours (hydrothermal), followed by centrifuging, washing with water/EtOH 

and subsequent drying. Dried powders were heated in air at 550 °C for 12 hours to produce the final crystalline product 

and also remove any carbon still present in the resulting material, which could be due to a remaining surfactant or 

other unburned compounds. XRD patterns of synthesized powders are shown in Figure 1. 

 

 
Figure 1. XRD spectra of Ta-doped TiO2 powders with Ti:Ta atomic ratios: 96.6:3.4, 98.8:1.2, 99.4:0.6, (A: 

Anatase, R: Rutile) 
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Pure anatase phase formed at lower Ta-doping levels; increasing the atomic ratio to 96.6 : 3.4 Ti : Ta induced the 

crystallization of rutile phase, even though temperature treatment conditions were identical for all compositions. 

 

B. Tantalum/Nitrogen-Doped Titania Synthesis 

 

Dried precursors from the Ta-doped TiO2 synthesis were reacted with urea for nitrogen doping. The urea : TiO2 

molar ratio was 3 : 1 under a nitrogen atmosphere at 550 °C for 9 hours. XRD patterns for these N-doped products are 

given in Figure 2, showing the formation of the rutile phase by this treatment. 

 

 
Figure 2. XRD spectra of Ta/N doped TiO2 powders with Ti:Ta atomic ratios: 96.6:3.4 and 98.8:1.2, with an 

image of Ta/N doped TiO2 with green color 

 

C. Synthesis of N-doped TiO2 using Nano Titania 

 

TiO2 nanopowder (21 average nm particle size) was used to prepare N-Doped TiO2 nanoparticles. An amount of 

titania was mixed with urea in a 1 : 2.25 molar ratio and ground together with a mortar and pestle. The mixture was 

put in an alumina boat and heated in a SentroTech tube furnace to 550 °C at a rate of 3 °C/min under nitrogen flow 

(195 cc/min). The temperature was maintained at this level for 9 hours. After cooling, the powder had a slightly yellow 

color but also exhibited some gray color on its surface, indicative of reaction byproducts. In order to ensure the purity 

of the product, the powder was subsequently heated in air at 550 °C for 12 hours, which yielded a slightly yellow, 

homogenous material. XRD spectra of the products are largely similar (Figure 3), although there was a significant 

difference in performance in later photocatalytic reactivity tests.  

 

 
Figure 3. XRD patterns of P25 derived nanopowders: P25 TiO2, N-Doped P25, N-Doped P25 after reheating in 

air 
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UV–vis reflectance spectroscopy was performed on synthesized powders using a Lambda 950 UV–vis 

spectrophotometer and LAMBDA-SPX software at the room temperature. Figure 4 shows the change in absorption 

edge varies with different doping compounds (N vs. Ta). Both N and Ta-doping have shifted the absorption to longer-

wavelengths, but only N-doped TiO2 increased the photocatalytic activity of the TiO2 nanoparticles.  

 

 
Figure 4. UV-Vis reflectance spectra of TiO2 powders 

 

D. Synthesis of N-Doped/Undoped Mesoporous Anatase TiO2 Nanospheres 

 

Titania nanospheres were synthesized using hexadecylamine (HDA) as a mesostructure directing template. HDA 

was dissolved in EtOH/water mixture. TTIP was added dropwise while stirring and then left to settle over 16 hours. 

The mixture was centrifuged and washed with ethanol twice, then dispersed in a 1 : 2 mixture of water and ethanol. 

This was heated in a high-pressure reaction vessel (Parr® Bomb) at 160 °C for 16 hours, then cooled and centrifuged 

again. The collected solids were heated to 550 °C in air for 12 hours to form the final product. This process has been 

shown to produce uniform, mesoporous spherical beads,9 (Figure 5). These mesoporous nanospheres were also reacted 

with urea in a tube furnace under nitrogen flow to produce N-Doped mesoporous TiO2 nanospheres. 

 

 
Figure 5. SEM images of mesoporous TiO2 nanospheres 

 

E. Photocatalytic Testing 

 

The photocatalytic activity of TiO2 powders was tested using a timed interval degradation test with a photocatalyst 

suspended methyl orange solution. 0.1g of a powder sample was added to 100 mL of a 2*10-5 M solution of methyl 

orange. The solution was stirred in front of a UV-Vis source (Solar Light Co. 150W Solar Simulator) at a distance of 

3 cm (Figure 6). Small quantities of the solution were removed at 10-minute intervals, and their absorption of 453 nm 

light was measured using a UV-vis spectrophotometer (Beckman DU 530). This was continued for a total period of 
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70 minutes, and the concentration of methyl orange in the solution with respect to the original amount was plotted as 

a function of time (Figure 7). 

 

 
Figure 6. Image of stirred beaker photocatalytic degradation test 

 

 
Figure 7. Methyl Orange degradation curves of TiO2 powders 

 
Based on the data provided in Figure 7, the following conclusions were drawn from the methyl orange 

photodegradation testing conducted using UV-Vis light: 

 

1. Tantalum doping of TiO2, even at very low concentrations (0.6 mol% Ta) decreased the photocatalytic 

efficiency of TiO2. It is clear from Figure 7 data that increasing the Ta content systematically decreases the 

photocatalytic efficiency.   

2. Coupled doping of Tantalum and Nitrogen also decreases the photodegradation ability of TiO2, even with the 

absorption edge moving to the visible region (powder color changed from white to yellow to green). 

3. Nitrogen-doped nano-TiO2 prepared by urea treatment demonstrated the best methyl orange 

photodegradation efficiency. 

4. Mesoporous Titania (TiO2 Nanospheres) prepared using hexadecyl amine as the templating agent, 

demonstrated excellent photocatalytic efficiency, 20% better than the gold standard P25 Titania powder. 

5. Doping mesoporous TiO2 nanospheres with nitrogen decreased its photocatalytic performance, contrary to 

the effects produced with P25 TiO2. This may be due to a loss of the porous structure during the doping 

treatment. We anticipate that N-doping of TiO2 nanospheres without the loss of the porous structure will 

result in a superior photocatalyst.  
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III. Photocatalytic Membrane Preparation 

Substrates for the photocatalytic membranes should be porous to allow for a highly reactive surface area, but also 

durable to prevent mechanical failure of the membrane during operation. Reactive Alumina CT 3000 spray-dried 

powder (Almatis Premium Alumina) was used in the preparation of the porous Al2O3 plate samples following the 

method procedure outlined by M. Pan et al.10 

 

A.  Al2O3 Sintering Process 

 

Flat 2” by 3” alumina ceramic tiles were prepared by a dry compaction process.  1 mL of distilled water was added 

to 20 g of alumina powder and mixed thoroughly to form a uniform paste.  The mixture was then transferred to a 

custom 2” by 3” carbon die unit (Figure 8). The die was placed on the stand of a hydraulic press machine for 

compaction under 2500 psi pressure.  Following the compaction, the 2" by 3” tiles were carefully removed from the 

die, and the raw disks were left to dry at room temperature overnight as shown in Figure 8. 

 

 
Figure 8. Carbon Die and Alumina 2" by 3" Tiles 

 

After the Al2O3 samples were completely dried, all samples were sintered in a programmed furnace to a maximum 

temperature of 1000 °C at a rate of 10 °C / min. Once the maximum temperature was reached, it was maintained for 

12 hours then cooled to room temperature. 

 

After the alumina tiles were cooled, they were cut into smaller square tiles using a diamond blade tile cutter.  

Following the cutting process, the sintered tiles were hand polished in three stages: first with 100 grit abrasive paper, 

second with 220 grit abrasive paper, and finally with 400 grit abrasive paper to ensure a smooth uniform finish.  The 

tiles were then placed in distilled water and ultrasonicated for 10 mins to remove any loose particles. Physical 

properties of the alumina tiles were measured (Table 1) to ensure the consistency and quality of samples. 

 

Table 1. Physical properties of alumina membrane substrates 

Property Data 

Density (g/cm3) 2.2 ±0.14 

Porosity (%) 28.2 ±1.92 

 Water Absorption (%) 73.2 ±2.73 

 

B. TiO2 (Doped/Undoped) Coated Membrane Preparation 

 

Photocatalyst powders were coated onto prepared alumina tiles to produce doped and un-doped titania-alumina 

membranes by two methods: 

 

1. Sol-gel coating of Titania precursor: alumina tiles were added into sol-gel precursor solutions during the 

synthesis of TiO2 powders, and underwent the same processing steps (drying or hydrothermal treatment 

followed by calcination). 
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2. Titania particle coating onto substrates: synthesized titania nanoparticles were applied to alumina tiles by 

preparing dispersions at 1-5% TiO2 in water. The solutions were spin-coated onto tiles by immersing the 

sample in the mixture and then spinning at 1200 rpm for 8 seconds and counterclockwise at 500 rpm for 4 

seconds. Samples were then dried in an oven at 150 °C to cure. 

 

The second method was down selected for testing purposes due to the higher degree of control maintained when 

coating the already synthesized particles. Dispersion concentration, as well as spinning parameters, could be adjusted 

depending on the powder consistency, yielding uniform coated samples. The three highest performing photocatalytic 

materials (TiO2 nanoparticles, mesoporous TiO2 nanospheres, and N-Doped TiO2 nanoparticles) were used to prepare 

membrane samples for reactor testing. 

IV. Photocatalytic Membrane Reactor 

A. Reactor Design 

 

A photocatalytic membrane reactor (PMR) was designed and built in-house for testing Titania/Alumina composite 

membranes. A system was constructed to allow for water flow beneath the membrane with a vacuum pulling water 

vapor through the membrane with simultaneous irradiation of UV light. A schematic of the overall setup is shown in 

Figure 9. 

 
Figure 9. Schematic of PMR system design 

 

Reactor components were machined from aluminum, with specific threaded holes for the water inlet/outlet and 

vapor collection port. Interstitial O-rings were used to seal the sample and components together in an air-tight 

configuration. The final experimental setup for testing the combined photocatalytic and capillary distillation properties 

is shown in Figure 10. Wastewater was fed into the PMR via a peristaltic pump, drawing from a reservoir that was 

heated to approximately 80 °C on a hot plate. Water vapor was pulled through the membrane by an external vacuum 

pump and passed through a condenser in an ice bath to collect purified condensate, while the wastewater was 

recirculated back to the reservoir in a continuous process. In later tests, a sealed glass container with inlet and outlet 

ports was used to hold the heated water to avoid evaporation to the atmosphere.  
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Figure 10. Images of complete PMR setup and individual reactor components 

 

B. Phenolic Solution Testing 

 
Phenol was used as a test candidate for the PMR because it is volatile and can demonstrate the photocatalytic 

capability of the membrane. Phenol solution (40 µM) was fed through the PMR system at 80 °C for a period of two 

hours. The permeate flux was 6.34 L m-2 h-1 at 340 mbar, which is on par with commercially available polymeric 

membranes.11 No appreciable decrease in phenolic content was observed without UV light irradiation in a single pass, 

whereas there was a 20.9% decrease in concentration with the light (Figure 11). This shows the improvement in 

performance achieved with PMR as opposed to conventional membrane distillation (MD). While MD can remove a 

significant amount of non-volatile impurities, the breakdown of contaminants with a PMR makes it a more effective 

process with the only additional requirement of a UV light source. 

 

 
Figure 11. Phenol concentration after PMR processing 

 

C. Demonstration of Water Recovery from Human Urine  

 

The PMR was also used to demonstrate the recovery of water from urine. Initial experiments were conducted using 

urine simulant prepared according to Hintze et al.,12 which consists of urea, salts, and amino acids dissolved in water. 

The urine simulant was run with the PMR, and both collected water and as prepared urine-simulant were sent to Pace 

Analytical for TOC analysis (Figure 12). 
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Figure 12. TOC analysis of urine simulant before and after PMR processing 

 

There was a significant drop in organic content from 1800 ppm to ~54 ppm (97% contaminant removal), in a 

single pass demonstrating the purification potential of the reactor. However, non-coated alumina membranes also 

yielded similar TOC levels (50-100 ppm), which are probably due to the presence of non-volatile organic compounds 

in the urine simulant solution. Thus, in order to conclusively demonstrate the superiority of the combination of 

photocatalytic activity and membrane distillation for urine processing, human urine samples received from volunteers 

were used in the second set of PMR testing. 

 

The urine collected from volunteers was immediately treated using a combination of sulfuric acid and chromium 

trioxide (10 g/L H2SO4 and 2.6g/l CrO3).13 The pretreated-urine was purified with the PMR run for 8 hours with and 

without UV-light exposure using a nano TiO2 coated alumina membrane. Water was collected in a single pass for each 

run and analyzed for pH and total organic carbon (TOC). The pH of the pretreated urine was ~3.0, and it increased to 

~6.5-6.8 for PMR purified water. In Figure 13a, photographs of the pre-treated urine and clear, purified water collected 

after the PMR run are provided.  

 

 
Figure 13. (a) Photographs of pretreated human urine (Dark colored) and water recovered using PMR (Clear) 

and (b) TOC data of pretreated urine and purified water after PMR processing. 

 

The TOC value of pretreated-urine was 4518 ppm, which was reduced to 400 ppm using the PMR process without 

photocatalytic decomposition. The TOC value was further decreased to 25 ppm when the PMR was used with UV 

light exposure of the TiO2 membrane.  The relative TOC ratio of water before and after PMR run was different for 

phenol and urine. The data obtained are preliminary in nature and will require further investigation. However, both 

these results clearly demonstrate the potential of a photocatalytic capillary membrane distillation system for the 

reclamation of water from wastewater sources on the space station, including crew urine, humidity condensate, and 

water used in hygiene.  
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V. Conclusion 

The synthesis routes explored resulted in promising TiO2 materials with high photocatalytic activity better than 

the industrial gold standard P25 titania. When coated onto fabricated porous alumina membranes, purification of water 

was demonstrated using urine simulant and phenol solutions as models for wastewater on the space stations. It was 

also found that water purification using suspended photocatalyst methods were more efficient than TiO2 coated 

membrane distillation processes for the same type of TiO2 materials. Therefore, there is room for further improvement 

in the PMR process by optimizing the titania coating on the membranes, which will be addressed in future work. 

Moreover, the specific accomplishments of this effort include: 

 

• Synthesis of highly porous photocatalytic doped/undoped TiO2 materials 

• Preparation of TiO2-Al2O3 composite photocatalytic membranes with sufficient porosity to be used in water 

purification technologies 

• Fabrication of a breadboard PMR incorporating the composite membranes, which demonstrated removal of 

contaminants from model wastewater feedstocks to the level required for potable water in space 
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