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Recovery of oxygen from metabolic carbon dioxide on-board a spacecraft is currently 

based on the Sabatier reaction. At present, methane, which is a Sabatier effluent, is vented as 

waste. Processing this effluent, however, has the potential to allow for valuable hydrogen to 

be recycled back into Sabatier. Closed-loop recycling of life support consumables will become 

increasingly important as manned missions explore further from the Earth. Presented here is 

a novel method for processing Sabatier effluent, developed at Dynetics under a seedling task 

in conjunction with a Phase 2 Miniaturized Scrubber System technology development effort. 

A proof-of-concept system for the recovery of hydrogen from methane was demonstrated. The 

process utilizes a laser to thermally decompose methane into solid carbon and gaseous 

hydrogen. These and other gaseous byproducts were identified and quantified using gas 

chromatography. System performance metrics, in terms of reaction rate, carbon selectivity, 

and energy efficiency are presented. Dependence of these performance metrics on various 

operating parameters was explored, and the significance of main effects as well as processing 

parameter interactions was computed. The results of this proof-of-concept effort are 

presented in comparison to other technologies.  

Nomenclature 

ANOVA = analysis of variance 

CM = crew member 

CH4 = methane 

CO2 = carbon dioxide 

H2 = hydrogen 

H2O = water 

LCVD = laser chemical vapor deposition 

LPA = laser pyrolysis assembly 

MSFC = Marshall Space Flight Center 

N2 = nitrogen 

NASA = National Aeronautics and Space Administration 

O2 = oxygen 

PPA = plasma pyrolysis assembly 

SCCM = standard cubic centimeters per minute 

 

I. Introduction 

STRONAUTS generate carbon dioxide (CO2) as a respiratory byproduct. In order to recover the oxygen (O2) 

that is bound in this molecule the CO2 is separated from the cabin air, concentrated, and reacted with hydrogen 

(H2) under elevated temperature to form methane (CH4) and water (H2O).1-3 This process, shown in Eq. (1), is widely 

known as the Sabatier reaction. 

 

CO2 + 4H2 → 2H2O + CH4             (1) 
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The H2O collected from this reaction is split via electrolysis into H2 (recycled back into Sabatier as a reactant) and O2 

(returned to cabin air stream), shown in Eq. (2).4 

 

2H2O → 2H2 + O2                 (2) 

 

The CH4, which is also generated as a byproduct of the Sabatier reaction, is disposed of as a waste stream.3 As a result, 

approximately half of the H2 input stream is lost due to the lack of a process for recovering it from CH4. Currently, 

excess H2 is regularly supplied to the spacecraft in the form of H2O, which is flown into orbit and electrolyzed to 

generate O2 used for respiration and H2 as a byproduct which can then be used in Sabatier. However, regular water 

resupply from Earth is untenable for extended duration missions away from low-Earth orbit (e.g. Mars exploration). 

Thus, it is essential to develop a technology to enable NASA to close the Sabatier H2 loop aboard spacecraft and 

permit 100% theoretical recovery of O2 from CO2.5 This paper reports on an initial proof-of-principle experiment 

conducted at Dynetics using a technique based on laser chemical vapor deposition (LCVD) that decomposes CH4 to 

solid carbon and H2, as shown in Eq. (3).  

 

CH4 → C(s) + 2H2                 (3) 

 

LCVD is a process by which gaseous precursors are thermally decomposed using a laser energy source to form 

solid deposits, as shown in Figure 1. Studies available in the literature have shown that LCVD can be utilized to 

deposit solid carbon from a CH4 precursor.6,7 For a fieldable technology it is desirable for the carbon deposits to be 

robust and dense, which would facilitate handling and storage in a spacecraft setting. LCVD lends itself to this 

requirement since a variety of solid deposit properties can be accessed by tuning the operating parameters. As such, 

the objective of this work is to investigate how LCVD performs as a candidate technology to help close the Sabatier 

H2 loop.  

II. Methods  

A. Apparatus 

For this effort a prototype system was constructed to evaluate viability of LCVD as a means of generating H2 and 

solid carbon from a CH4 stream. The complete apparatus was referred to as the laser pyrolysis assembly (LPA). One 

of the main design goals of the LPA prototype was to characterize CH4 pyrolysis in a relatively compact, continuous-

flow LCVD reactor. The reactor volume was designed to be as small as possible in order to facilitate the reaction 

reaching steady-state in a relatively short period of time after the laser was powered on and deposition was initiated. 

Furthermore, a small chamber volume reduced the amount of unnecessary dead volume in the system, which resulted 

 
Figure 1.  Schematic representation of laser chemical vapor deposition for the decomposition of CH4. 
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in a relative increase in byproduct concentration. This made it easier to detect and quantify those byproducts. Lastly, 

the compact reaction chamber facilitated higher resolution video monitoring of the deposition in real-time through a 

camera (DFK BUC03, The Imaging Source) equipped with a microscope lens (InfiniStix 144100, Infinity Photo-

Optical Company). 

The deposition process was carried out using a 10 Watt continuous wave Ytterbium fiber laser with a wavelength 

of 1070 nm and variable power control (YLR-10-1070-LP, IPG Photonics). The laser beam was focused with an 

achromat doublet lens (AC254-100-C-ML or AC254-40-C-ML, Thorlabs) through a sapphire window into a reaction 

chamber (MCF133-DblSphCube-A10, Kimball Physics) onto an alumina silicate substrate (8479K11, McMaster 

Carr). The feed gas for the experiments was high purity CH4 (99.97%) sourced from NexAir, and gas flow was 

controlled with an Alicat mass flow controller (MC-500SCCM-D-EIP). Reactor pressure was controlled using another 

Alicat mass flow controller configured as a 

back pressure regulator. A block diagram 

of the process is shown in Figure 2. Inside 

the chamber, a ¼” inlet tube and a ¼” outlet 

tube were separated by a small gap of just 

1.6 mm, representing the effective reaction 

volume. The laser was focused to a point in 

the gap between the two tubes. Prior to 

initiation of deposition, the substrate 

protruded into the gap. Once deposition 

began, the substrate retracted on a linear 

push-pull mechanical feedthrough (PHTL-

133-1, Accu-Glass Products). With the 

substrate fully retracted, a rotary 

feedthrough (BRM-133, MDC Vacuum 

Products) actuated by a stepper motor 

rotated a small bar across the substrate, 

clearing it of any deposited material. 

Afterwards, the substrate was advanced 

forward to rest in the gap between the inlet 

and outlet tubes, ready to begin the 

deposition process anew. The deposition 

process was operated at approximately 

95% duty cycle, meaning that deposition 

was actively occurring during 95% of the 

operation cycle. A CAD model of the chamber portion of the LPA apparatus is shown in Figure 3.   

 Quantification of the byproducts formed during LPA operation was conducted using a gas chromatograph (GC) 

(Agilent 490 microGC) with a thermal conductivity detector. The GC was plumbed to the chamber in such a way that 

 
Figure 2.  Block diagram of the experimental apparatus. This process flow diagram illustrates the flow of material 

through the process as well as the arrangement of the gas chromatograph used for sampling reactor effluent. 
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Figure 3.  Cut-away view of the reaction chamber. Design elements 

of the chamber shown here include the inlet and outlet tubes (1 & 2), the 

retractable substrate (3), and the rotary knock-off bar (4). Also shown 

is a representative laser beam (5) and fiber (6). Grey arrows indicate 

the direction of gas flow. The dotted-line box represents the field of view 

shown in Figure 5. 
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both the input and output streams of the 

experiment could be characterized during 

the experiment using a selection valve. 

Furthermore, a third Alicat mass flow 

controller configured as a pressure 

regulator maintained the GC sample inlet 

at a constant pressure of 24 psia. The GC 

used two channels: a 10 meter Molsieve 5 

Angstrom channel for detecting H2, O2, 

N2, and CH4, and a 10 meter PoraPLOT U 

column for detecting hydrocarbons 

heavier than CH4 and lighter than butane. 

Channel 1 operated at 115°C and 21.8 psia 

with argon as the carrier gas, and channel 

2 operated at 60°C and 26 psia with 

helium as the carrier gas. Calibration gas 

mixtures were generated using Alicat 

mass flow controllers which have a stated 

mass flow uncertainty of no more than 1% 

in the ranges which were used. Standard 

calibration curves were run with H2-CH4 mixtures at concentrations of 1%, 5%, 10%, 20%, and 30% H2, balance CH4. 

Figure 4 shows the regression analysis correlating the measured peak area in the GC to H2 concentration in mole 

percent. Each concentration was run twice in order to evaluate the repeatability of the measurement. Furthermore, the 

response of the GC with respect to H2 was validated using NIST-traceable calibration standards of 0.1%, 0.8%, 3%, 

and 10% H2, balance N2, and was found to be in good agreement with the calibration standards mixed with Alicat 

mass flow controllers. A standard calibration curve was also generated for ethylene, a byproduct, using concentrations 

of 0.2%, 0.33%, 1%, and 5% ethylene, balance CH4. Concentrations of the two other byproducts-of-interest (acetylene 

and ethane) were approximated using the ethylene calibration curve under the assumption that acetylene and ethane 

should have similar measurement responses in the GC due to their relatively similar thermal conductivities compared 

to ethylene, which are all within ±1 mW/m*K at 300K. 8,9,10 

B. Procedure 

Before introducing precursor gas, the 

chamber was evacuated with a diaphragm 

vacuum pump (2014 Dryfast, Welch) to 

approximately 30 torr and purged with N2 

(99.998%) three times in an effort to reduce 

atmospheric contamination. Based on 

measurements from the GC and a two-point O2 

calibration (0% and 21%), residual O2 

contamination was reduced to less than 

approximately 200 ppm. Next, CH4 was allowed 

to flow into the chamber at a controlled rate 

while the back-pressure regulator maintained a 

constant pressure inside the chamber. The laser 

was set to the desired power and then powered 

on, which resulted in the focused laser beam 

heating a small area on the substrate. Under 

these conditions the CH4 began to thermally 

decompose, producing primarily H2 as the 

byproduct, and depositing a solid carbon 

product on the substrate. In order to create a 

fiber, the substrate was retracted deeper into the 

chamber, elongating the fiber while the reaction 

zone remained in the gap between the inlet and 

 
Figure 4.  H2-CH4 calibration curve. Various H2-CH4 mixtures were 

used to calibrate the response of the GC. Displayed in red are the upper 

and lower 95% confidence intervals for the linear regression of the 

calibration data. Alicat mass flow controllers were used to prepare the 

calibration standards. 
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Figure 5.  Example of deposition. Pictured here are: 1) the 

substrate in motion towards the left, 2) the fiber stub just beginning 

to be deposited, and 3) the reaction zone. The outlet and inlet tubes 

can be seen above and below the reaction zone, respectively. This 

field of view is represented by the dotted line box in Figure 3. 
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outlet tubes. An example fiber during deposition is shown in Figure 5. After a continuous growth period of 80 seconds 

the GC was activated. This delay was determined through a series of GC tests to be sufficient for the reaction to reach 

steady-state. After a GC sample had been taken and the fiber had reached the desired length, the laser was turned off, 

thus terminating deposition. The knockoff bar was actuated, the fiber was knocked off the substrate into a small 

container in the bottom of the chamber, and the substrate was advanced forward to rest again between the inlet and 

outlet tubes. In this manner four fibers were grown for each individual experimental condition, and one GC sample 

taken for each fiber grown. Experience with the GC revealed that measurements made during the first replicate were 

consistently low; therefore the first sample was not included in the analysis, and the subsequent three samples were 

averaged together to create one representative data point for each experimental condition. Immediately following the 

growth of the four fibers, laser power was measured using a laser power meter (30(150)A-BB-18, Ophir) and recorded. 

Then the flow of CH4 was halted and the chamber evacuated and opened. Solid carbon product was collected and the 

mass generated was quantified. The carbon fibers were weighed on a microbalance (AD 6000, PerkinElmer) while 

the filters installed downstream of the reaction were also removed and weighed on a higher-capacity precision balance 

(ML303T/00, Mettler Toledo). Solid carbon product mass data was used to calculate a mass balance for each 

experimental condition tested. Fiber diameter and morphology were characterized using a Zeiss microscope (Axio 

Imager 2, Zeiss). 

C. Experiment Design 

One of the primary goals of the experimentation was to survey the effect of various operating conditions on the 

LCVD reaction. Prior experience with LCVD indicated that pressure, laser power, volumetric flow rate, and focal 

length of the focusing lens were likely to be important operating parameters (Table 1). Based on a review of the 

literature on competing technologies and discussions with collaborators at NASA MSFC, three response variables 

were chosen: reaction rate, carbon selectivity, and energy efficiency. These factors were chosen because a fieldable 

LPA would need to be capable of sustaining a high throughput in a volume-constrained environment while maintaining 

as low of an energy footprint as possible. Additionally, a high selectivity towards carbon would reduce the requirement 

for recycling or post-processing of the LPA effluent and potentially lead to a less complex system design.  

III. Results & Discussion 

After data was gathered for each 

experimental combination of the four factors, 

analysis of variance (ANOVA) and multiple 

response regression was performed. Marginal 

mean plots were created for each response 

variable by taking the mean of the response 

variable at the high and low level for all 

experimental combinations. Plots for reaction 

rate, carbon selectivity, and energy efficiency 

are shown in Figures 6, 7, and 8. A large 

difference in the mean (steep slope) between low and high levels indicates that a factor has a strong impact on the 

response variable.  

Analysis of the data showed that pressure, laser power, flow rate, and several interactions between these factors 

were statistically significant using a standard threshold of p<0.05. However, only two factors had a strong effect on 

the response variables: pressure and laser power. Flow rate was found to have a weak effect on energy efficiency, 

carbon selectivity, and reaction rate. This was unexpected, since a change in velocity of precursor gas across the tip 

of the fiber would be expected to affect the heat and mass transfer properties of the reaction zone. However, the data 

suggests that the relative change in flow rate was insufficient to have substantial impact on the performance of the 

system. Focal length of the focusing lens was not statistically significant for any of the response variables. Initially, it 

was presumed that changing the focal length of the focusing lens would drastically change the beam waist and spot 

size of the laser, which would increase the optical energy density incident on the fiber. One possible explanation for 

this observation is that the spot size of the laser is on the order of tens of microns, while the fiber diameter of the 

carbon deposit was in the range of 100-800 µm. The effects of the four factors on each response variable are examined 

in greater detail below. 

Factor Low Level High Level 

Pressure (psia) 50 70 

Laser power (W) 3.8 8.1 

Volumetric flow rate (cm3/min) 30 118.5 

Focal length (mm) 40 100 

 

Table 1.  Experimental design matrix for LPA experiments. 

Each of these four factors was tested to determine their impact on 

the response variables. Each combination was tested in a full-

factorial design with two replicates. 

 

 

Figure 1.  Hydrogen/Methane Standard Calibration Curve. Various 

hydrogen/methane mixtures was used to calibrate the response of the 

microGC. Alicat mass flow controllers were used to prepare the standards. 
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1. Reaction Rate 

One of the main goals of the experimentation was to better understand the operating conditions that maximized 

the reaction rate. Analysis of the GC data showed that laser power had the strongest effect on reaction rate (p<0.01). 

This is not unexpected, since more energy delivered to the reaction zone should increase the rate of reaction due to it 

being a thermally activated process. Apart from laser power, chamber pressure was also found to have a slight effect 

on reaction rate (p<0.01). An increase in pressure was correlated to a slight increase in reaction rate. This correlation 

may be due to the fact that at higher pressures, gas molecules are packed together more densely. This dense packing 

increases the frequency of molecular collisions at the reaction zone, which in turn increases the opportunity for an 

incident molecule to be decomposed at the fiber tip. Volumetric flow rate was found to have little effect on the rate of 

reaction (p=0.14). Other effects or interactions were not found to have a significant effect on system operation.  

In Table 2, the highest reaction rate observed during this investigation is reported using a basis of standard cubic 

centimeters per minute (SCCMs) of CH4 reacted to form solid carbon. The highest observed reaction rate under the 

best conditions was found to be 11.3 SCCMs of CH4 reacted. For reference, a Sabatier effluent processing system 

scaled to a 4 crew-member (CM) capacity would need to handle 1400 SCCMs of CH4. 11  

 
2. Selectivity 

Three main byproducts other than carbon and H2 were identified using the GC: acetylene, ethylene, and ethane. 

Analysis showed that both an increase in laser power and an increase in pressure favored the production of carbon 

 
Figure 6.  Marginal Means Plot of Reaction Rate.  
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Figure 7.  Marginal Means Plot of Selectivity to Carbon. 
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(p<0.01). Other main effects and 

interactions had an order of 

magnitude less impact on the 

selectivity of the reaction. Since a 

scale-up of the prototype reactor 

would be required for this 

technology to be fieldable on a 

spacecraft, a positive correlation of 

increased carbon production with 

increased laser power is 

encouraging. 

The selectivities of the reaction at 

the system conditions of highest 

reaction rate are presented in Table 2. 

Under these conditions, the 

selectivity towards forming solid 

carbon is 61%. Fortunately, due to the nature of the underlying process of the LPA, the byproducts acetylene, ethylene, 

and ethane can be recycled into the input stream and decomposed to solid carbon in subsequent passes. In fact, 

Wallenberger confirms that carbon can be deposited using acetylene or ethylene rather than methane as a precursor.6 

 
3. Energy Efficiency 

A goal for any system intended to fly on long-duration space missions would be to minimize size, weight, and 

power requirements. As such, energy efficiency represents one of the most important performance metrics of a 

technology proposed for spaceflight applications. Experimentation demonstrated that an increase in pressure led to an 

increase in energy efficiency (p<0.01). 

This effect may be explained by a more 

evenly heated reaction zone at higher 

pressures. Overly-concentrated laser 

energy in the reaction zone may lead to 

energy inefficiencies; however, when 

pressure is increased, the thermal 

diffusivity of the gaseous reaction zone 

increases, which spreads out the thermal 

energy from the laser. Furthermore, an 

increase in laser power was actually 

correlated with an increase in energy 

efficiency (p<0.01). It may be that the reaction is kinetically limited, and increasing power input allows the reaction 

 
Figure 8.  Marginal Means Plot of Energy Efficiency. 

 

1.05

1.1

1.15

1.2

1.25

1.3

1.35

Low High Low High Low High Low High

E
n

er
g

y
 E

ff
ic

ie
n

cy
 (

S
C

C
M

/W
)

Effect Levels

Chamber pressure

Laser power

Vol. flow rate

Optic focal length

 Product Selectivity 
Rxn Rate 

(SCCM of CH4) 

CH4 → C(s) +2H2 Solid carbon 61% 11.2 

CH4 → 
𝟏

𝟐
C2H2 +

𝟑

𝟐
H2 Acetylene 32% 5.9 

CH4 → 
𝟏

𝟐
C2H4 + H2 Ethylene 6% 1.2 

CH4 → 
𝟏

𝟐
C2H6 +

𝟏

𝟐
H2 Ethane 1% 0.3 

 

Table 2.  Selectivity and reaction rate for each overall chemical reaction.  

This representative data is from the average of 4 runs at the operating 

conditions which led to the best overall performance from the LPA: 70 psia, 

8.1 W laser power, and 118.5 cm3/s volumetric flow of CH4. The relative 

standard deviation (%RSD) for each of these metrics is 1-3% (except for ethane 

selectivity & rxn rate, which are both 9%). 

 

 

System 

Energy 

Efficiency 

(SCCM/W) 

CH4 Processing 

(SCCM) 
Input Power 

(W) 

LPA 1.38 11.3 8.1 

3rd Gen PPA 1.36 1134 832 

Table 3.  Energy efficiency for the LPA compared the 3rd Gen PPA. 

This representative data is from the average of 4 runs at the operating 

conditions which led to the best overall performance from the LPA: 70 

psia, 8.1 W laser power, and 118.5 cm3/s volumetric flow of CH4. The 

relative standard deviation (%RSD) for each of the LPA metrics is 1-3%. 
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to proceed in a more energy-efficient kinetic 

regime. Regardless of the reason, this result 

bodes well for future scaled-up versions of the 

technology. In its current configuration the 

energy efficiency of the LPA compares 

favorably with the energy efficiency of 

competing CH4 pyrolysis technologies.11 Table 3 

compares the energy efficiencies of the LPA 

system and the PPA system. 

D. Solid Product Characterization 

Two forms of solid carbon were produced 

during the course of this study: fibers and dust. 

The properties of the two solid products are 

discussed in detail below. 

 

1. Fibers 

Solid fibers varied in diameter from 100 – 

800 µm depending on the operating conditions 

of the LPA. Large fiber diameters were 

correlated to low pressure and high laser power. 

See Figure 10 for a representative micrograph of 

a fiber deposited during experimentation. Initial 

observations indicate that the fibers can be 

readily handled without breaking. The fibers are somewhat hard, and have a tendency to break cleanly rather than 

crumble. Figure 9 shows a batch of fibers created during a 4 hour endurance test.  

 

 
 

2. Dust 

In addition to the deposition of fibers, some solid carbon was generated in the form of dust particles that become 

entrained in the gas stream that passes through the reaction zone. To capture the particulate carbon in the reactor 

effluent, a filter was placed on the outlet tube exiting the chamber. The filter consisted of ceramic fiber stuffed into a 

 
Figure 10.  Micrograph of fiber deposit. This fiber was deposited at 70 psia, 8.2 W, and 118.5 cm3/min, which 

are the best operating conditions for the LPA within the tested operational space. 

 

1 mm 

 
Figure 9.  Fibers after extraction in a 1” X 1” plastic boat. These 

fibers were grown during one run lasting 4 hours without operator 

input. Approximately 440 mg of carbon was deposited – 38% fiber, 

62% dust. 
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conflat tube with an inner diameter of 

approximately 13 mm. The filter was 

approximately 30 mm long so that all dust would 

be captured in the filter. A representative picture 

of  dust captured during an experiment is shown 

in Figure 11. To determine the mass of carbon 

dust formed during an experiment, the mass of 

the filter was measured before and after the 

experiment. To increase the accuracy of this 

measurement the filters were stored under 

vacuum prior to being installed so that any water 

vapor trapped in the filter during storage would 

desorb. The filters were then weighed 

immediately before installation and immediately 

following an experiment to reduce the influence 

of spurious adsorbtion of water from the 

environment. 

Dust entrainment was found to be 

significantly impacted by volumetric flow rate 

of precursor gas. To enable continuous 

operation of the LPA, the flow rate had to be 

high enough to entrain all of the dust produced 

at the fiber tip. If the dust was not fully 

entrained, the laser window quickly became 

cloudy to the point where transmission of laser light was significantly reduced and deposition was not longer possible. 

An additional observation with regards to the dust is that it tended to stick to itself quite readily. The dust produced 

during the reaction tended to clump together and self-compact on the filter rather than remain loose in the system. 

This warrants further investigation to better optimize the reactor in future LPA designs.  

IV. Future Work 

Future work will consist of the design, construction, and testing of a improved LPA with a focus on increased CH4 

processing capacity and byproduct recycling. A nominal goal might be to scale the LPA system up to meet a 1-CM 

benchmark of 350 SCCMs of methane processed, which will likely require a more powerful laser and potentially an 

expansion of the chamber inlet and outlet tubes. In addition, implementation of a recycle loop on the LPA apparatus 

will facilitate an increased understanding of how system performance varies as byproducts are recycled back into the 

reactor, as well as how the concentration of various reactants and products affects the efficiency of the process.  

V. Conclusion 

A technology for pyrolyzing CH4 for the purpose of processing Sabatier effluent was investigated. A lab-scale 

prototype apparatus was built and tested. Experiments were carried out to determine the impact of operating conditions 

on system performance measured in terms of reaction rate, carbon selectivity, and energy efficiency. Pressure and 

laser power were found to have the strongest impact on system performance. Initial results on the feasibility and 

scalability of the LPA technology for processing Sabatier effluent support further investigation of this technology. 
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Figure 11.  Dust protruding from the filter body. The dust tends 

to clump together and stick to itself. Also, while dust tended to 

accumulate over time, the volume of the dust did not grow 

proportionally with time. It seems to quickly fill the available open 

space in the filter body, and then begin to self-compact and densify. 
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