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Water monitoring is vital for long-duration human spaceflight. In particular, monitoring 

potable water and its Total Organic Carbon (TOC) concentration is important to understand 

water quality. The International Space Station (ISS) currently has this capability with its Total 

Organic Carbon Analyzer (TOCA). There is a current effort to develop a  new instrument, a 

Miniature Total Organic Carbon Analyzer (miniTOCA), which aims to improve efficiency 

and design to more suitable mass and volume specifications for long-duration human 

exploration. The main steps of TOCA are oxidation of organics in the water samples and the 

detection of carbon dioxide produced in the oxidation. There is interest in robust oxidation 

methods, one of them being photocatalytic oxidation using ultraviolet (UV) light emitting 

diodes (LEDs) with a catalytic TiO2 surface. Several reactor prototype configurations using 

this method were fabricated and tested. The considered design parameters included various 

surface geometries, catalytic formation methods, and UV duration and intensity. The 

depositions of catalytic TiO2 surfaces was attempted using a commercial coating, heat-

treating, and atomic layer deposition (ALD) on machined steel and 3D printed titanium. In 

addition, sol-gel deposition on quartz was also used. Numerous tests were performed to work 

towards an optimal reactor configuration. The extent of oxidation was determined by changes 

in direct conductivity and Tunable Laser Spectrometer (TLS) measurements of water samples 

containing trace organic compounds. The ALD and sol-gel method were observed to be the 

most effective for oxidizing the samples. Further work is planned to introduce more types of 

samples and perform lifetime testing on the catalytic surfaces. 

 
Nomenclature 

  
ALD = Atomic Layer Deposition MCT = Mercury Cadmium Telluride 

C  = Carbon miniTOCA = Miniature Total Organic Carbon Analyzer  

COTS = Commercial Off the Shelf  PCO = Photocatalytic Oxidation 

eDAQ = Electronic Data Acquisition  TLS = Tunable Laser Spectrometer  

ICP-MS = Inductively Coupled Plasma Mass 

Spectrometer  

TOC = Total Organic Carbon  
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GLS = Gas Liquid Separator TOCA = Total Organic Carbon Analyzer 

ISS = International Space Station UV = Ultraviolet  

LED  = Light Emitting Diode  WPA = Water Processing Assembly 

LPBF = Laser Powder Bed Fusion XRF = X-ray Fluorescence 

 
I. Introduction 

Photocatalytic oxidation (PCO) using TiO2 has been a method of interest to the water treatment community.  It has 

appeal due to its high chemical stability and efficiency as a photocatalyst when exposed to ultraviolet (UV) LED light. 

Due to its oxidation efficiency, it is a promising technology for monitoring the concentration of total organic carbon 

(TOC) found in the potable water on the International Space Station (ISS). While the ISS currently has a Total Organic 

Carbon Analyzer (TOCA), which is successfully performing TOC measurements, there is a desire to create the next 

generation. It is necessary to optimize the instrument with better autonomy, in addition to reduced mass, volume and 

consumables for future long duration missions to the moon or Mars.1,2 The main steps of TOCA are oxidation of 

organics in the water samples and the detection of carbon dioxide produced in the oxidation. This paper focuses on 

the optimization of a potential oxidation method for the future Miniature Total Organic Carbon Analyzer (miniTOCA), 

while also demonstrating the use of sensor system candidates. Optimization parameters include different approaches 

for creating catalytic surfaces, UV intensity, and exposure time. Performance of the PCO is evaluated based on the 

miniTOCA functional test plan, which involves the analysis of water samples containing organics with concentrations 

of 1-10 mg C L-1.  

 

II. Experimental Methods 

 

A. Photocatalytic Reactor Development 

 
Photocatalytic reactors with TiO2 coatings were developed on both metal and glass substrates. A summary of the 

catalyst development can be seen in Figure 1.  Serpentine or spiral fluidic channels were used to direct flow and 

maximize the surface to volume ratios with total volumes in the ~100 –700 µL range. 

 

Catalyst Development 

Substrate Methods 

Titanium Heat treatment 

Atomic Layer Deposition 

Stainless Steel PURETiTM Coating  

Atomic Layer Deposition 

Quartz Sol-gel 

 

 

Figure 1 – Table of various catalyst surface development paths.  

 

i.  Metal substrate work 
 

Stainless-steel and titanium were both explored as substrates for TiO2 layer application. Stainless steel 316 

substrates were conventionally milled to produce channels to contain the liquid samples for a total volume of 700 µL. 

Titanium, Ti-6Al-4V, Grade 5 substrates were developed using laser powder bed fusion (LPBF) and were printed at 

I3D MFGTM in Bend, Oregon. Examples of these substrate designs are seen in Figure 2. Sample volumes for these 

designs ranged from 100-600 µL due to various geometries that were manufactured with 3D printing. 

TiO2 was applied to the initial stainless-steel prototype using a commercial off the shelf (COTS) coating 

(PURETi®) which utilized a nanogel of TiO2 to form a 40nm layer of catalyst. Alternatively, TiO2 prepared by atomic 

layer deposition (ALD) with TiCl4 and H2O precursors was applied to both substrates, creating an 80nm layer of 

catalyst. As an additional option, some of the titanium alloy substrates were thermally treated in an air furnace at 

700°C for approximately 45 minutes in efforts to facilitate oxide layer formation and growth.  

 

ii. Glass substrate work 
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The glass substrate was made of quartz windows and supplied by Esco Optics (p/n P312040). These windows were 

coated with a sol-gel deposition method, also seen in Figure 2. To summarize, the titanium was dipped in a gel made 

from acid-catalyzed hydrolysis of a titanium precursor. It is then subject to crystallization which meant heating the 

coated window at 450C to form a TiO2 xerogel. One method utilized titanium isopropoxide while another used 

Titanium (IV) butoxide3,4.  

 

  
 
Figure 2 - Catalyst prototypes. (Left to right) Machined stainless steel, 3D printed titanium with ALD 

catalyst layer and sol-gel quartz catalyst. 

 

B. UV Lamp 
 

The lamp design parameters consisted of ultraviolet (UV) light-emitting diodes (LEDs) at 365nm with a heat sink. 

The LED array options provided various power outputs. The first UV lamp was obtained from Resonance and had a 

UV output of 1W. Later development involved a lamp made by Aquisense which has an increased variable output of 

2-6W. Images of the UV lamp are seen in Figure 3.  

 
Figure 3 - UV LED Arrays. Left image shows 2-6W variable output UV lamp, right image shows 1W 

output UV lamp 

 

C. Coupling the UV Lamp and Catalyst 

 
 The reactor assembly involved the integration of the catalytic surface to a quartz window, UV lamp, and gaskets 

to ensure containment of the liquid samples. A diagram of the assembly is seen in Figure 4. For the metal substrates, 

a gasket was necessary to create an adequate seal between the lamp and reactor to ensure containment of the liquid 

sample which prevented damage to the UV source. Each catalyst method had slightly different assemblies for a fair 

comparison of oxidation performance. If the catalyst being tested was on the glass substrate, the coated quartz acted 

as both the UV window and reaction surface, which was coupled to an untreated metal cap. Otherwise, a non-treated 

quartz window was used when the ALD-coated metal substrate performance was being observed. In some test cases, 

the catalyst cap was actively cooled to mitigate temperature effects on conductivity measurements for CO2 detection.  

1.75 in 
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Figure 4 - Reactor assembly. (Left to right) Cap and window assembly with laser cut EPDM rubber gaskets, 

assembly to the UV lamp, Cap with heat exchanger 

 

D. CO2 detection 

 
Initial carbon analysis method utilized in-line COTS electrodes from eDAQ. These are conductivity sensors that 

measurements over a 1 cm cell. Conductivity served as a proxy measurement of CO2 by indicating the production of 

bicarbonate and the oxidation of conductive species. Results were compared to known conductivity values to that of 

sample analyzed in a laboratory TOCA.  

Later experiments added a Tunable Laser Spectrometer (TLS) to the test configuration, as  Figure 5 shows5. After 

phase separation of the oxidized sample (PermSelect, hollow silicone fiber) the TLS selectively probes CO2 molecules 

in the gas phase using a mid-infrared laser diode light source (~4.3 μm) and a room temperature Mercury Cadmium 

Telluride (MCT) detector. Light from the laser was transferred to and from the measurement axis (~7 cm absorption 

path length) using commercially available indium 

fluoride (InF3) fiber optic cables (Thorlabs P3-

32F) and collimating optics (Thorlabs, F028APC-

4950). The system was enclosed in a nitrogen 

atmosphere using a customized plexiglass 

enclosure to avoid any detection of trace 

atmospheric CO2 in free-space gaps along the 

light path. The phase separation membrane and 

TLS package were maintained at room 

temperature and ~10 mbar total pressure using a 

miniature scroll pump (AirSquared, V05H012A-

BLDC-C). Measurements were also made at 

100oC sample cell wall temperature to immunize 

the sensor to liquid water injections and to test the 

robustness of the optical configuration to high 

temperatures.  These measurements demonstrated 

that there was negligible difference between room 

temperature and 100oC operation in regards to 

CO2 peak integration. The pressure differential 

across the transfer membrane was sufficient to 

extract CO2 and H2O at a total flow rate of ~ 1 ml 

min-1 and measurements of gas phase CO2 in are 

reported in ppm(v).  

 

 

 

 

E. Full Breadboard System 

 

 
 
Figure 5. - Tunable laser spectrometer test bed. 

Photograph of the fiber coupled TLS measurement axis 

wrapped in heating tape, insulation and Kapton. Gas 

phase H2O and CO2 were drawn from the PermSelect 

phase separator towards the measurement cell by a 

miniature scroll pump (~10 mbar total pressure).  
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 Reactor performance was evaluated using conductivity and TLS measurements. These were used to indicate 

whether the reactor was effectively oxidizing and producing detectable amounts of CO2. Various test configurations 

were performed: single pass, stopped flow and recirculated oxidation (schematics in Figure 6). The motivation for 

eventually switching to a recirculated flow and TLS system was to provide accurate confirmation that oxidation was 

occurring and limit the influence of diffusion on measurement ability. To mitigate measurement disturbances based 

on concerns of CO2 gas permeation through Teflon® tubing, most lines were replaced with stainless steel where 

possible. The system was also purged in nitrogen to completely eliminate the possibility of atmospheric CO2 entering 

the sample lines or the gas product escaping. No total inorganic carbon was assumed to be present for these tests.  

 

 
 

 

 
 

 
 

 
 

Figure 6 - Experimental configurations (Top, left to right) stopped flow single pass with conductivity, 

recirculated with conductivity, and (bottom) recirculated flow with conductivity/TLS measurements and gas-

liquid membrane separator (GLS). C1 and C2 refer to in-line electrode conductivity sensors in the 

recirculation and outlet line, respectively. The flow of pump downstream of the TLS had to be adjusted using 

a needle valve to ~1 mL/min to prevent liquid from being pulled through the GLS membrane.  

 

F. Test samples 

 
Several analytes were chosen to evaluate the reactors capability. Formic acid was chosen as the initial sample due 

to its relatively quick oxidation sequence which requires minimal oxygen. Larger and more complex compounds, such 

as sucrose and ethanol, were then tested. Sucrose was chosen due to its use in industry as a standard calibration of 

total organic carbon detection. Ethanol was also tested since it is a common compound that is a breakdown product of 

larger molecules. It has also been detected in ISS product water.  

 

G. TiO2 coating analysis 

 
Various titanium substrate and TiO2 catalyst combinations were developed. Oxidation testing via stopped flow 

with conductivity was used to evaluate the catalytic activity of the native oxide layer on the LPBF titanium alloy 

substrates. The a titanium alloy was thermally treated in air at 700C for approximately 45 minutes in an attempt to 

facilitate the growth/formation of the native oxide film. Infrared (IR) reflectance spectroscopy was used to characterize 

the substrate after thermal treatment. The presence of TiO2 film was detected, though the phase has yet to be analyzed. 

It was able to achieve a delta conductivity of only 25µS in one hour for oxidation of formic acid, in comparison to 

ALD on stainless steel that had a delta of 81µS in the same time frame. Oxidation testing with thermally treated 

substrates demonstrated relatively poor performance and as such, this approach was also not pursued further. Finally, 
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ALD was used to apply a TiO2 coating to a titanium substrate, as well as a stainless-steel substrate. Both resulted in a 

photocatalytic surface. However, when exposed to multiple hours of UV, the titanium substrate configuration 

demonstrated a short life time due to the coating sloughing from the cap and transferring to the gasket. This resulted 

in the combination of 3D printed titanium and ALD being disregarded from the main test assembly. 

For stainless steel substrates, X-ray diffraction was used to identified the presence of TiO2 on the surface after 

both the PURETi® and ALD coatings were applied. X-ray fluorescence (XRF) testing demonstrated little to no TiO2 

remained on the stainless-steel cap with the PURETi® coating and the technology was removed as an assembly 

contender. In contrast, the presence of TiO2 was detected on the ALD coated stainless-steel cap. ALD on a stainless-

steel substrate maintained performance over numerous cycles compared to the other metal and catalyst combinations. 

Therefore, the preferred metal substrate design that endured most testing was the stainless-steel with ALD. As for the 

glass substrate option with xerogel, it is in the early stages of testing and has yet to be closely analyzed as the metal 

substrates have.  

 

III. Results 

 

A. Atomic Layer Deposition Reactor 
 

 The first results presented are from the reactor prepared with ALD-TiO2 catalyst. Initial tests were done using 

single pass stopped flow oxidation, direct conductivity measurement, and a 2W UV output. Eventually, the lamp was 

replaced with a 6W output. All results shown will be from the 6W testing, as the majority of the testing was performed 

with this setup. Single pass stopped flow testing suggested complete oxidation of formic acid as seen in Figure 7. 

Conductivity decreases due to formic acid and formate having a higher conductivity than bicarbonate.  Diffusion and 

small sample size appeared to affect the conductivity readings by preventing steady state values from being measured. 

Only extrema were seen in the readings.  

 

 
Figure 7 - Single pass stopped flow oxidation of formic acid at 1mgC L-1. Two repetitions of 40 minute 

oxidation are shown. Oxidized sample is indicated by the minimum values. Initial baseline conductivity values 

are the maximums. The average change in conductivity was 32.6 µS and %RSD was 0.23%.The decrease in 

conductivity during UV exposure is due to the flow dependence of the electrodes. Flow was kept constant at 50 

µL/min during critical measurements for consistency. 

 

Recirculation became the configuration of choice in order to monitor reaction progress in real time. Promising 

oxidation of formic acid was demonstrated as seen in Figure 8 by the asymptotic behavior. Tests were run up to 

concentrations of 10 mgC L-1 formic acid.  
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Figure 8 - Recirculated oxidation of formic acid at 1 mgC L-1. Recirculation loop conductivity approached 

a lower limit, indicating reaction completion. Flow was kept constant at 500uL/min during critical 

measurements for consistency. The sensors have an offset since data is raw and un-calibrated. The 

recirculation loop conductivity is higher at the end of the oxidation due to temperature increase sensitivity.  

 

 As testing extended to sucrose and ethanol, oxidation was observed to take longer and conductivity did not clearly 

demonstrate complete oxidation as it did with the formic acid tests. Ethanol and sucrose were expected to start at a 

lower conductivity than formic acid, and increase to a higher final value when oxidation was complete.  It initially 

appeared that there was possibly insufficient dissolved oxygen to meet the demand of these compounds. However, 

more uncertainty arose after a water blank test was performed and it was discovered that extended UV exposure 

resulted in significant conductivity increases as Figure 9 shows.  

 
Figure 9 - Water blank recirculation test. Conductivity climbed while UV reactor was on and temperature 

controlled to approximately room temperature. Without temperature control, the catalyst cap would reach ~50C. 

There was initial suspicion that heating of the sample during long exposure to UV was causing the conductivity 

to rise, but similar effects were still observed after cooling the reactor.  

 

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) was used to analyze the water sample. Results showed no 

contamination of metal ions. These water blank conductivity measurements suggest the possibility of charge build up 

coming from the semi-conductive nature of the catalyst itself.  
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 To troubleshoot the system and form a better understanding of whether or not there was production of CO2 from 

oxidation of the analyte, the system was connected to a TLS. Testing with formic acid confirmed oxidation was 

occurring, as shown by the considerable difference in signal before and after the reaction process in Figure 10.  

 

 
Figure 10 - TLS CO2 signal for ALD Reactor. Membrane phase separation leads to gas phase enhancement in the 

TLS measurements. Linearity and reproducibility of the samples is critical. Peak integration replicates for formic acid 

at 1 & 5 mgC L-1 had averages of 8.3x105and 1.6x106 ppm*s. The %RSDs of  2.5%. and 5%, respectively.  The time 

interval for integration was from t → t+1000s, where at time t is when oxidized sample is mobilized to the TLS. 

 

B. Xerogel Reactor 

 
An alternate TiO2 catalyst was tested using the same UV lamp and TLS set-up mentioned in the previous section. 

The window in the reactor assembly had a xerogel TiO2 coating in direct contact with the sample and UV light. Early 

testing shows promise in regards to decreasing oxidation times. Figure 11 shows the oxidation of 1 mgC L-1 formic 

acid, which was faster than the ALD-TiO2 results by about a factor of four. There is potential to increase the sample 

surface area exposure to the xerogel by adding a drilled and coated quartz piece in the assembly, against the sample 

entry side of the reactor cap. This may be explored in future testing.  

 
Figure 11 - TLS and conductivity results for Xerogel reactor. A formic acid 1mgC L-1 sample is oxidized for 

15 minutes, starting at the 5 minute mark. The sample is then pushed to the TLS and the oxidized sample signal 

peaks at the 25 minute mark and settles back to a baseline value. The integration of this TLS signal is 8.3x105 

ppm*s, which matches the average value of the corresponding tests with the ALD reactor.  
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IV. Plan Forward 

 
More testing is necessary to understand the PCO reactor’s abilities, particularly with compounds that are more 

likely to be encountered in a future exploration TOCA. The focus of near future work is development of the catalyst 

application procedures and testing these with sucrose. Testing will maintain use of a TLS and potentially the addition 

of an in-line water electrolysis unit to meet oxygen demand. There is value in experimenting with different passivation, 

etching and cleaning techniques of Ti materials which could allow for ALD-TiO2 to adhere better. Surface area to 

volume ratios in regards to the reactor channel geometries and substrate surface roughness should also be explored. 

Alternatively, sol-gel glass methods are well documented in literature and should be tested further. Initial testing with 

xerogel shows faster oxidation times than ALD, but the lifetime is unknown. Considering that Mercury-UV lamps are 

commonly used in water monitoring systems, PCO could be a viable competitor when it comes to space applications. 

Concerns for containment of toxicity from crew members and warm-up times could potentially be eliminated if this 

technology reaches maturity. 
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