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Water recovery from wastewater sources is critical for long-duration space missions. Without an efficient 

system for water recovery, launch weights contributed to on-board life support systems are practically 

impossible. Water recovery systems currently used on the international space station (ISS) are complex, 

involving high temperatures and pressures to recycle water from humidity condensate and urine.  The process 

also uses toxic chemicals to stabilize urine and produce brines as by-products that need to be safely stored on-

board. Therefore, NASA is interested in improving the current water recovery process by reducing complexity, 

decreasing the number of consumables to carry on-board, improve safety and reliability, and to achieve a 

higher percentage of water recovery from various water sources including personal bio metabolic products. 

Extensive research work using nanotechnology has resulted in the demonstration of improved catalytic 

oxidation, microbial control, anti-fouling, disinfection, water quality monitoring, and removal of trace organic 

and inorganic contaminants from wastewater. The potential application of g-C3N4-based photocatalyst for the 

decontamination of organics in polluted water is presented in this paper. 

Nomenclature 

g-C3N4 = Graphitic carbon nitride   nm   = nanometer 

BA = Barbituric acid   NSI   = Nanotechnology Signature Initiative 

CA = Cyanuric acid   OCT   = Optical coherence tomography 

CLSM = Confocal laser scanning microscopy    PBS   = phosphate-buffered saline  

EPS = Extracellular polymeric substances (EPS).   PIA   = Polysaccharide intercellular adhesin (PIA) 

ISS   = International Space Station   PPM   = Parts per million 

LED   = Light-emitting diode    SEM   = scanning electron microscopy  

M   = Melamine   STTR   = Small Business Transfer Technology 

NASA   = National Aeronautics and Space Administration   TSB   = tryptic soy broth  

nm   = nanometer   XRD   = X-ray diffraction  

I. Introduction 

Water recovery from wastewater sources is key to long-duration human exploration missions. Without substantial 

water recovery, launch weights due to life support systems are practically impossible (>60 tons for two years Mars 

mission). Water recovery systems currently used on the International Space Station (ISS) are complex, involving high 

temperatures and pressures to recycle water from humidity condensate and urine.  The process also uses toxic 

chemicals such as chromic acid to stabilize urine and produce brines as by-products that need to be safely stored on-

board1. Therefore, it will be beneficial if the complexity of the current water recovery process is reduced by decreasing 

 
1 Mechanical Engineer, 20695 Settlers Point Pl., Sterling, VA 20165 
2 Associate Professor, Department of Civil and Environmental Engineering, 800 22nd St. NW, Suite 3530, Washington, 

DC 20052 
3 Chief Chemist, 2809-K Merrilee Dr., Fairfax, VA 22031 



 
 

 

2 

the number of consumables necessary, improve safety and reliability, and to achieve a higher percentage of water 

recovery from various water sources including human bio metabolic products.  

 

According to the requirements of space, next-generation water recovery systems should be capable of processing 

up to 10 liters/day urine, with >95% water recovery, system energy use <300 Watts, and contaminant levels in distillate 

less than 1.5 mg/l (ppm) for organics, and less than 0.3 mg/l for ammonia. Water recovery should be able to handle 

mixed streams of wastewater containing urine, personal hygiene, clothes wash, and humidity condensate. Water 

recovery systems should be capable of operating for six months at a time with dormancy periods of up to 2 years in 

between operations. Further, for potential future bio-regenerative life support applications involving the growth of 

crop plants for the production of food, process water may include agricultural wastewaters, and there may be interest 

in the separation of nitrogen, potassium, phosphorous and other nutrients from wastewater for reuse in plant growth 

systems. 

 

Extensive research using nanotechnology has resulted in the demonstration of improved catalytic oxidation, 

microbial control, anti-fouling, disinfection, water quality monitoring, and removal of trace organic and inorganic 

contaminants from wastewater2,3. These are critical areas to increase water availability, improve the efficiency of water 

delivery and use and enable next-generation water monitoring systems recommended by the Nanotechnology 

Signature Initiative (NSI) "Water Sustainability through Nanotechnology."4 

 

Graphitic carbon nitride (g-C3N4) photocatalysts have demonstrated highly tailorable structures and properties that 

enable the potential utilization of a large portion of solar energy5. The application of g-C3N4 as a potential 

photocatalytic system for organic removal and prevention of harmful microbial growth in water management in 

crewed space missions is discussed in this paper.  

 

II. Photocatalytic Water Purification 

 
Photocatalysis is a promising advanced oxidation process (AOP) for the degradation (or even mineralization) of 

organic contaminants (e.g., pharmaceuticals and personal care products, pesticides, algal toxins), inactivation of 

pathogens, and eradication of harmful biofilms.6,7,8,9,10,11,12,13 Photocatalysis activates O2 and/or H2O/OH− at ambient 

conditions to generate reactive oxygen species (ROS, e.g., ⋅OH, O2
−⋅/HO2

•, 1O2, H2O2) and holes (also known as 

electron vacancies) in situ, and hence it eliminates hurdles in the transport, handling, and storage of oxidants.6, 14,15,16,17 

Photocatalytic systems have been extensively studied and scaled-up for water treatment.18,19,20,21 Photocatalytic 

systems can also be miniaturized as point-of-use units for degrading contaminants and inactivating pathogens.22,23  
 

 Titanium dioxide (TiO2) is one of the most mature photocatalytic materials and has been extensively studied for 

water treatment. However, TiO2 photocatalysis only operates under the irradiation of high energy UVA light (< 400 

nm).24 Visible-light-responsive photocatalysts can harvest and potentially utilize more light for reactions to promote 

photocatalytic activity for water treatment. Several visible-light-responsive photocatalysts were synthesized and used 

for lab-scale water treatment studies, such as metal or non-metal doped TiO2,24 metal-doped tungsten trioxide,14 silver 

phosphate,25 bismuth vanadate,26 bismuth oxyhalides,27 metal chalcogenides,28,29 and upconversion materials.30 

Nevertheless, these materials may suffer from low photocatalytic activity (due to low surface area or fast charge 

recombination), limited photostability (e.g., photo corrosion of chalcogenides), release of toxic chemicals (e.g., Cd2+ 

leaching from CdS), and potentially high cost for fabrication (e.g., the use of noble metals). These issues largely limit 

practical engineering applications of visible-light-responsive photocatalysts for water purification.24,25,31,32 

 

 Recently, graphitic carbon nitride (g-C3N4) has emerged as an innovative photocatalyst with a tunable bandgap of 

1.5-2.9 eV32,33,34 which allows the harvesting of UV, visible, and even near-infrared light up to 428-827 nm. It suggests 

that g-C3N4 may potentially harvest up to 59% of solar energy (calculated from solar spectral irradiance), though 

photocatalytic performance may be reduced when utilizing photons at longer wavelength.35 g-C3N4 comprises stacked 

2D sheets of tri-s-triazines interconnected via tertiary amines,36 and it exhibits many unique properties desirable for 

photocatalytic water treatment.  
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Figure 1. The stacked 2D layered structure of g-C3N4 (a); structures of tri-s-triazine (c) as the primary 

building blocks of g-C3N4. (From Refs. [55] and [57]) 

 

 This material is made from earth-abundant, inexpensive C and N containing precursors (e.g., melamine, waste 

product urea), is biocompatible, has no reported toxicity, and remains chemically stable in harsh environments (e.g., 

minimal self-corrosion in photocatalysis, tolerates bases and weak acids).37,38,39,40 The polymeric nature of g-C3N4 

allows highly tunable properties via molecular-level modification and surface engineering, and the surface area, 

bandgap, band energy level, and charge carrier separation of g-C3N4 can be tailored to enhance photocatalytic 

activity.37 A unique feature of g-C3N4 is its selective contaminant oxidation and enhancing the removal of target 

contaminants in complex water matrices. ⋅OH is the most powerful oxidant in water,41, and it degrades most organics 

non-selectively at near diffusion-limited rates (second-order rate constants of 106-1010 M-1 s-1).42,43,44 However, its 

reactivity for contaminant degradation is significantly compromised with the presence of natural organic materials 

(NOM) or other natural water constituents,44,45,46 and it also contributes to by-product formation (e.g., BrO3
−).47 1O2 

and O2
− •/HO2

• are weaker oxidants and thus result in partial oxidation of contaminants. Their second-order rate 

constants with organics are lower (103-1010 or < 108 M-1 s-1 for 1O2 or O2
− •/HO2

•) 48,49 but their contribution to 

contaminant degradation is also significant in photocatalysis because of their higher steady-state concentrations than 
•OH in water.45,50 The reaction of 1O2 and O2

− •/HO2
• with contaminants are much more selective: 1O2 selectively 

oxidizes electron-rich moieties of contaminants with the presence of organic matter impurities,45,51 and O2
− •/HO2

• 

facilitates the degradation of halogenated compounds because of the synergy of reductive dehalogenation and the 

oxidation of carbon backbones (O2
− •/HO2

• can act as both a reductant and an oxidant).52 Production of holes with 

different oxidizing power (depending on the energy level of the valence band) and tailored interfacial interactions 

between g-C3N4 and contaminants (e.g., adsorption) may also promote selective contaminant oxidation. In a previous 

study, hole-oxidation dominated contaminant transformation was observed in g-C3N4-based photocatalysis, and 

contaminant degradation was not influenced in complex water matrix 53,54,55 

 

 In summary, visible-light-responsive g-C3N4 holds promise for sustainable small-scale water and wastewater 

treatment. Different photoreactors are viable for implementing g-C3N4 for water treatment at different scales. The 

oxidation by ROS and holes in photocatalysis enables self-cleaning of foulants (e.g., organic matter or biofilms) in 

the reactors. Besides, the hydrophilic nature of g-C3N4 reduces the adsorption of organic or biological foulants, and 

the tri-s-triazine unit in g-C3N4 is not expected to bind strongly to the carboxylate group of organic matter, in contrast 

to TiO2.56 Both mechanisms mitigate fouling, reduce reactor maintenance, and improve long-term photocatalytic 

performance.  

III. Synthesis of Nanoporous g-C3N4  

 

Conventional g-C3N4 samples were prepared from the thermal polycondensation of melamine or urea. Recently, 

Danmeng et al.  reported the synthesis of supramolecule-based g-C3N4 samples, MCBx using the thermal 

polycondensation of a precursor mixer of melamine, cyanuric acid, and barbituric acid.  The “x” represents the mass 

of barbituric acid, as schematically provided in Figure 2.57 

 

(a) (b) 
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Figure 2. Schematic illustration of g-C3N4 synthesis (From Ref. [53]) 

 

The introduction of cyanuric acid with or without barbituric acid resulted in highly porous g-C3N4 with a dramatic 

increase in the specific surface area from 9.8 to 83.0 m2 g-1. Mass transfer limitation was eliminated for reactions. g-

C3N4 synthesized from melamine/cyanuric acid/barbituric acid (M/CA/BA), showed an increased reactivity up to 12.6 

fold compared to melamine- or urea-based g-C3N4.
53  

 

In this work, scaling up the synthesis of nanoporous g-C3N4 samples was attempted starting with the method 

reported previously.53  In a typical process, 40 g melamine, 38.6 g cyanuric acid, and 1.4 g barbituric acid were 

dispersed in 800 mL ethanol by mixing with a shear mixer (13,000 rpm) for 3 hours in an ice bath. This was followed 

by probe ultrasonication for 1 hour (Pulse 5 seconds, Temperature 20C and Energy 30%). Then the solvent was roto-

evaporated (50 rpm) at 80C to form a dried solid, termed as the precursor of MCBx (x = 0.07).  The dried solid was 

heated in an alumina crucible with a lid at 550 C for 4 hours.  The final yield 6 g of light tan colored solid as provided 

in Figure 3.  The final product of this synthesis is termed as CN1. This process was a scale-up of 4X amount of g-

C3N4 produced compared to the literature report.53 

  

 

 

 

 

 

 

 

 

 

 

 

 

An alternative approach was used for loading MCB0.07 powder into an alumina boat.  20 g of the previously stated 

precursor was spread out into an alumina boat and “combed” to create spacing in the powder to provide a better 

pathway for the decomposed gases to escape the reaction mixture.  The boat was then covered and loaded into the 

furnace and heated at 550 C for 4 hours.  The final yield of the “combed” sample was 5.22 g. Figure 4 shows the pre-

heated and post-heated sample, which is termed as CN-5.   

 

 

 

Figure 3. Photographs of as-prepared g-C3N4 powder (CN-1) 
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Table 1 shows the yield data collected from each of the CN samples.   

 
Table 1. g-C3N4 powders mass data 

Sample Preparation parameters Initial mass (g) Yield (g) % Yield 

CN-1 Heated in a crucible 20.00 6.00 30% 

CN-2 
Packed and heated in an alumina 

boat 40.00 12.00 30% 

CN-5 
Combed and heated in an alumina 

boat 20.00 5.22 26% 

 

Next, the tuning of the ratio of cyanuric acid and barbituric acid was focused on, for increasing the porosity of 

the g-C3N4 products and to determine which ratio performed best for scaled-up production.  The varying ratios for 

each g-C3N4 sample are listed in Table 2. 

 

Table 2. Ratios of cyanuric and barbituric acids for samples CN-10 to CN-13 

Sample Melamine (g) Cyanuric Acid (g) Barbituric Acid (g) 

CN-10 10.00 10.00 0 

CN-11 10.00 9.95 0.05 

CN-12 10.00 9.85 0.15 

CN-13 10.00 9.75 0.25 

 

Each sample listed in Table 2 was dispersed in 200 mL ethanol by mixing on a ball-mill, followed by solvent 

removal with roto-evaporation.  The dried solid was then heated at 550 C.  The yield data for these samples are shown 

in Table 3.   

 

Table 3. Mass yield data for CN-10 to CN-13 

Sample Initial mass (g) Yield (g) % Yield 

CN10 20.00 5.22 26% 

CN11 20.00 2.60 13% 

CN12 20.00 5.92 30% 

CN13 20.00 5.50 28% 

 

0.5 g of each of the g-C3N4 as-prepared samples stated in Table 3 were placed into separate 20 mL vials and placed 

side by side to compare.  Figure 5 displays this comparison. 

Figure 4. Pre and post-heated CN-5 sample 
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XRD patterns of each of the g-C3N4 as-prepared 

samples CN10 through CN13 were obtained.  These 

patterns are shown in Figure 6.  

A post-annealing process was conducted on samples 

CN-10 to CN-13 to modify the composition and porosity 

of the g-C3N4 phases. 1 g bulk of each of the previously 

stated samples was ground into a powder and placed into 

a crucible.  Each of the crucibles was placed into a furnace 

without a lid and heated to 525 °C for 2 hr.  This process 

was done to increase the porosity of the as-prepared g-

C3N4 samples.58  These post-annealed samples were 

labeled as CN-16, CN-17, CN-18, and CN-19 

respectively.  XRD patterns were obtained for each of the 

CN samples (CN-16 to CN-19).  The post-annealed 

sample patterns are compared to the original XRD 

patterns in Figure 7.  The small peaks seen at 15° 

correspond to in-plane ordering of tri-s-triazine units.  

The larger peaks seen at 32° represent interlayer stacking.  

The broader peaks suggest that the structure is less 

ordered than the narrower peaks. 

IV. Photocatalytic Properties  

 

A. The photocatalytic performance of as-prepared g-

C3N4 for phenol degradation in buffer solution 

 

A standard test system based on phenol degradation 

was used for evaluating the photocatalytic performance 

of g-C3N4. Various types of g-C3N4 synthesized in this 

work were tested under the irradiation of both visible 

light, and the reference spectrum AM 1.5 in a model 

aqueous system.  

15 mg of as-prepared g-C3N4 was mixed with 

ultrapure water and dispersed via sonication (Elamsonic 

P, 37 kHz, 100 W) for 15 minutes. The dispersed g-C3N4 

suspension and a probe pollutant (i.e., phenol) were 

added to a phosphate buffer solution in a jacketed 

reactor, giving a total reaction volume of 15 mL, the g-

C3N4 loading of 1 g L-1, the phosphate buffer 

concentration of 1 mM (pH 7.3), and the pollutant 

concentration of 100 µM. The reactor had a diameter of 

4 cm and a starting depth of suspension of 1.5 cm. The 

surface of the suspension was centered 20 cm below the 

Xenon lamp, which had a beam width of 6 cm. The 

reaction temperature was maintained at 25 oC. The 

suspension was stirred for 20 minutes in the dark in order 

to ensure suspension homogeneity, and a sample of 300 

μL was next taken to quantify the initial pollutant 

concentration. The reactor was then irradiated under the 

Xenon lamp (λ > 400 nm, typically for 60 minutes), 

during which aqueous aliquots were withdrawn 

periodically. The aliquots were next centrifuged at 

13,000 rpm (16,060 g) for 1 hour in the dark to allow the 

particles to settle down. The supernatant was transferred 

to a 1.5 mL amber autosampler vial for subsequent 

CN-10 CN-11 CN-12 CN-13 

Figure 5. g-C3N4 as-prepared samples CN-10-13 

Figure 6. XRD patterns for as-prepared g-C3N4 

CN10-13. 

Figure 7. XRD pattern comparison between post-

annealed samples (CN16-19) and as-prepared samples 

(CN10-13). 
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analysis via HPLC with photodiode array detection 

(Shimadzu LC-20AT Prominence HPLC-DAD). 

The HPLC analysis method for phenol was based on 

the previous work and employed a mobile phase of 

65:35 one mM sodium acetate: ACN at pH 3, a flow 

rate of 0.75 mL min-1, an injection volume of 20 μL, 

and a 254 nm detection wavelength. 

 
Figure 8 shows the data of phenol degradation on 

as-prepared g-C3N4 (termed CN-1 or “Large scale”`) 

and previous g-C3N4 synthesized on a small scale. 

Pollutant adsorption onto g-C3N4 was negligible, 

based on the comparison of the initial measured 

concentration with the concentration in control 

reactors in the absence of g-C3N4. The reaction rate 

of phenol degradation using g-C3N4, CN-1, 

produced in the 4X batch scale synthesis, is only 

about one-third of that on small-scale synthesized g-

C3N4, SS-Standard, (Degradation rate 0.006 min-1 

vs. 0.020 min-1).  

 

The decrease of reaction rate may be due to the decrease in the surface area of g-C3N4 synthesized on a large 

scale. The precursors were compact in large-scale synthesis, which may have an impact on the generation of the 

porous structure.  Therefore, an alternative approach for the release of condensation reaction gaseous by-products 

was tested. However, there was no significant improvement observed in the reaction rate. 

 

Next, the previously mentioned large-scale as-prepared g-C3N4 with varying ratios of cyanuric acid and barbituric 

acid (CN10-13) were tested for photocatalytic phenol degradation performance.  Figure 9 displays the phenol 

concentration data from this testing.   

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

B. Pre and post-annealing phenol degradation data comparison plot 

Figure 8. Phenol degradation under visible light 

irradiation (xenon lamp, λ > 400 nm) with s g-C3N4 (small 

scale) and 4X scale produced  g-C3N4 (large scale). 

Figure 9. Phenol degradation under visible light irradiation (xenon lamp, λ > 400 nm) with g-C3N4 

increasing addition of barbituric acid (CN-10 to CN-13). 
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After powders CN10-13 were post annealed they were submitted to the same phenol degradation testing as 

previously stated.  The reactivity of the MCB-based g-C3N4 powders increased several folds after annealing the 

samples.  The degradation rates of the post annealed samples (CN-16 to CN-19) are shown in Figure 10.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The post annealed samples photo-reactivity 

performance was likely improved due to the 

increase in surface area and/or crystallinity. The 

large-scale synthesized samples may be thermally 

etched to thinner layered carbon nitride, thus 

increasing the specific surface area. In Figure 11, 

reaction rates of pre and post annealed samples are 

compared.  

 

C. Photocatalytic degradation of urea in water 

 

In order to analyze the MCBx’s photocatalytic 

performance for urea degradation, a 

spectrophotometric method was developed to test 

the concentration of urea. 0.5 g zinc sulfate (ZnSO4) 

was dissolved in 5 mL 0.25 N sulfuric acids 

(H2SO4), and 35 mL ultrapure water was added subsequently to obtain reagent Ⅰ. Reagent Ⅱ is 0.75 N sodium 

hydroxide (NaOH). Reagent Ⅲ was prepared by dissolving 0.2 g 4-(Dimethylamino)benzaldehyde into 10 mL 96% 

alcohol with 1 mL HCl. Step 1 was taking out 0.8 mL reagent Ⅰ, adding 0.1 mL reagent Ⅱ and 0.1 mL standard 

solution. The liquid was mixed thoroughly. Then a syringe filter was used to separate the supernate naming reagent 

Ⅳ. 0.5 mL reagent Ⅳ was taken out, 0.5 mL reagent Ⅲ was added, and 0.25 mL water, then was remixed. After 10 

minutes, the mixture was ready for testing at 534 nm. 

 

Unfortunately, g-C3N4 photocatalyst was unable to decompose urea, even after prolonged exposure to light. This 

indicates that g-C3N4 was not able to produce hydroxyl radicals in sufficient concentrations. Further work will be 

conducted by testing with additives such as hydrogen peroxide to improve the reactivity rate. 

. 

Figure 11. Reaction rate comparison of as-prepared and 

post annealed samples (CN-10 to CN-19) 

Figure 10. Phenol degradation with post-annealed g-C3N4 (CN-16 to CN-19) 
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V. Antimicrobial Properties 

 

 In order to interrogate the antimicrobial potential of g-C3N4, the biofilm control and eradication performance of 

the photocatalyst under the visible light irradiation were studied. Biofilms are a complex community of bacteria in 

which microorganisms are embedded in self-secreted extracellular polymeric substances (EPS). EPS mainly consists 

of biopolymers such as protein, polysaccharides, lipids, and DNA. Furthermore, due to the protection provided by 

EPS and the unique lifestyle, bacteria within biofilms are much more resistant to adverse external stress, e.g., 

antibiotics, compared with planktonic microorganisms.  

 

 To evaluate antimicrobial performance of g-C3N4, we conducted biofilm inhibition and eradication experiments 

under white LED light irradiation. Briefly, g-C3N4 powder was fabricated into a coupon through a hydraulic press. 

Staphylococcus epidermidis (S. epidermidis, ATCC 35984), an opportunistic pathogen, was selected to grow biofilms 

on the surface of as-prepared coupons in the dark and under white LED light irradiation. The results have demonstrated 

the presence of light significantly inhibited biofilm development, though nutrients are present. Next, the pre-formed 

biofilms in the dark were exposed to the white LED light, and the biofilms were observed to be eradicated in one day 

light exposure. Both results have demonstrated excellent antimicrobial performance of g-C3N4 under visible light 

irradiation. We have also explored the mechanism for biofilm removal, and bacteria inactivation and EPS 

decomposition were both observed in photocatalysis. These results have been reported in our previous study.59  

VI.Conclusions 

In this work, scaled-up preparation of g-C3N4 has been demonstrated.  Precursor concentrations (MCB ratio) and 

process parameters need to be modified in the scaled-up process to achieve the superior photocatalytic activity. The 

amount of barbituric acid in the precursor plays a crucial role in achieving photolytically efficient g-C3N4 products. 

The nanoporous C3N4 photocatalyst technology has broad applicability because it includes not only drinking water 

treatment but also entire advanced wastewater treatment systems, such as municipal wastewater and industrial 

wastewater. One of the greatest advantages of this particular technology is that, instead of being responsive only to 

UV-light, the photocatalytic system also responds to visible light, which means that, in comparison with the currently 

available technologies, the system will be able to capture and use a greater amount of the solar energy available. 

Consequently, this will also reduce operating costs and fossil fuel consumption and the resulting carbon footprint. 

Future work will involve testing of degradation of organics from wastewater typically generated in space missions, 

including urine and personal hygiene, and microbial decontamination by g-C3N4 photocatalysts followed by the 

demonstration of the large scale water purification (~25 L photocatalytic reactor) applicable for long-duration space 

missions. 
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