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Reducing the allowable concentration of carbon dioxide (CO2) in spacecraft is a 

critical need for NASA.  The system now used on the International Space Station (ISS) is the 

carbon dioxide removal assembly (CDRA).  While it has performed well on the ISS, managers 

have concluded that using the device to reach the new ppCO2 limit of 2.0 mm Hg is not 

practical and a new method is needed.  In this project, Reaction Systems, Inc. and the 

University of Colorado are developing a new, membrane-based system to maintain ppCO2 at 

levels below 2.0 mm Hg.  The system utilizes the recent advances made in supported liquid 

membranes (SLMs) to achieve the high CO2 permeance and selectivity needed to make this 

approach practical.  Performance data obtained with a Reaction Systems’ SLM was used to 

produce a conceptual system design that indicates an SLM system can maintain CO2 at 2.0 

mm Hg and still meet size and power limits.  A membrane system operates under steady-state 

conditions, and therefore pumps and heaters can be sized to operate at peak efficiencies, which 

maximizes lifetimes and minimize power requirements.   Although the conceptual design of 

the SLM-based system proposed here is very promising, some of the data used to generate the 

design were obtained under conditions somewhat different from those that would be 

encountered in an application.  Thus, the objectives of this Phase I STTR project are to acquire 

performance data for these components under representative conditions and then perform 

system sensitivity studies to identify the most efficient operating regimes for all components.  

In this paper, we report CO2 permeance data obtained under representative conditions and 

incorporate that data into a design of the CO2 module. 

Nomenclature 

atm = atmospheres 

CDRA = carbon dioxide removal assembly 

cm2 = square centimeters 

cm Hg = centimeters of mercury 

CO2 = carbon dioxide 

D = diffusion coefficient 

ft3 = cubic feet 

g = gram 

GC = gas chromatograph 

g/h = grams per hour 

H2O = water 

h  = membrane thickness 

IL = ionic liquid 

J = permeate flux 

L = liter 
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m2 = square meters 

m3 = cubic meters 

mm Hg = millimeters of mercury 

mtorr = millitorr 

n = molar flux 

N2 = nitrogen 

OD = outside diameter 

O2 = oxygen 

P = permeability 

PLSS = Portable Life Support System 

ppCO2 = partial pressure of CO2  

psia = pounds per square inch absolute 

Ptot = total pressure 

Qm = permeance  

RH = relative humidity 

rpm = revolutions per minute 

s = second 

scc = standard cubic centimeters 

scfm  = standard cubic feet per minute 

SLM = supported liquid membrane 

slpm = standard liters per minute  

v  =  molar density 

 

I. Introduction 

mproving the method used to control CO2 in the ISS and other spacecraft is now a critical need for NASA.  

The partial pressure of CO2 onboard the ISS is regularly around 3-4 mm Hg and there is evidence that 

these levels have adverse effects on crew health and performance.  Therefore, the current objective is to reduce the 

maximum allowable partial pressure of CO2 to 2.0 mm Hg 1 .   

The device that is now used on the International Space Station to control CO2 is the CDRA, which was 

launched in 2001 and has been used on the ISS for the past 17 years 2.  While the CDRA has met its objectives up to 

now, managers recognize that this technology has reliability and capability gaps that must be solved to enable future 

exploration missions 3,4.  In addition, the beds that absorb CO2 and water in the CDRA need to be heated to desorb 

both components and the transient nature of the CO2 flow coming off the beds during the desorption step reduces 

pump efficiency and requires that CO2 be compressed and stored in an accumulator, so it can be fed at a constant rate 

into the oxygen recovery system.  This requirement adds size and weight and increases power consumption.  Clearly, 

there is a need to develop an advanced CO2 control technology that is small and energy efficient.  Moreover, if the 

new technology operated under steady state conditions and produced a constant flow of high purity CO2 for the O2 

recovery system, it would increase efficiency and reliability and would eliminate the need to store CO2 at high 

pressure.   

The development of new CO2 control technology is a challenging task.  The objectives outlined in the 2018 

SBIR/STTR solicitation specified reducing the CO2 pressure to 2.0 mm Hg with a capacity of 4.16 kg CO2 per day 

for a crew of four.  Volume, weight, and power limits included: 0.3 m3 (10.6 ft3), 100 kg, and 500 watts respectively.  

Finally, the concentrated CO2 was specified to contain less than 100 ppm water, less than 1% O2 and less than 2% N2.  

In this project Reaction Systems and the University of Colorado are developing a new, membrane-based 

system for CO2 control that is made possible by the recent advances in supported liquid membranes (SLMs).  An SLM 

consists of a thin, porous support that contains a liquid reagent, and it is the reactivity of this reagent with the 

compound of interest, in this case CO2, that produces high permeance and selectivity.  (SLMs are discussed in more 

detail below).  The CO2 control system under development will maintain the cabin ppCO2 at 2.0 mm Hg and meet size 

and power limits.  The system will also operate under steady-state conditions and therefore it will produce a highly 

concentrated, continuous flow of CO2 that can be sent directly to the O2 recovery system.  In addition, steady state 

operation allows all components to be sized to operate at their peak efficiencies, which will minimize power and 

increase component lifetimes.   

 

I 
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A conceptual 

design of a system sized for 

a crew of four, based on 

actual performance data 

obtained on a Reaction 

Systems’ SLM, is shown in 

Figure 1.  The system can be 

divided into three functions: 

moisture transfer, 

temperature control, and 

finally CO2 removal.  A 

blower directs cabin air 

containing 2.0 mm Hg CO2 

first into an H2O SLM 

module, which removes 

moisture from the incoming 

flow.  After exiting the H2O 

SLM, the dry air then flows 

through a regenerative heat 

exchanger, where it is heated 

to 75°C, and then through a heater, which heats the flow to 78°C, the temperature that is needed for the CO2 SLM to 

achieve its maximum permeance and selectivity.  It is then directed into a two stage CO2 SLM module that removes 

CO2 from the flow (the two stages are shown here as a single module to simplify the diagram).  The air leaving the 

CO2 module with a reduced CO2 concentration goes back through the heat exchanger where it is cooled, then back 

though the H2O SLM where it is re-humidified, and finally is returned to the cabin with a ppCO2 of 0.99 mm Hg.  The 

CO2 flow that was removed from the air is concentrated and exits the CO2 SLM on the permeate side at a rate of 0.058 

scfm or 4.2 kg/day.  It is then fed directly into the O2 recovery system.   

Initial size, weight, and power calculations based both on previous data and best estimates suggest that the 

system can meet the requirements outlined for each of these parameters.  Our estimates for total volume and power 

are 0.263 m3 and 493 W respectively and the two stage CO2 module account for 0.102 m3 and 232 W assuming 60% 

pump efficiencies, typical of commercially available components5.  The initial weight estimate for the entire system 

is 88 kg, with the H2O module and first stage CO2 modules accounting for 32 kg and 50 kg respectively.  As mentioned 

earlier, the development of the new system design is made possible by the development of an SLM.  The development 

and use of an SLM for CO2 separation are discussed in the following sections.  

A. SLM for CO2 Separation 

 

A continuous membrane system to remove CO2 has several attractive characteristics over other conventional 

methods.  It is a relatively simple system, operates under steady-state conditions, does not have valves that have to 

cycle regularly, and finally can operate under conditions that are most efficient for all components.  However, for a 

membrane to be effective, it must meet some demanding performance criteria.  A membrane must have both a high 

CO2 permeation rate and a high selectivity for CO2 over O2 and N2.  Unfortunately, conventional membranes do not 

come close to meeting the permeance and selectivity requirements needed in this application.  In the following 

sections, we outline the criteria in more detail and then show how the SLM system proposed here can meet these 

requirements.   

SLMs can have both the permeance and selectivity required for this application because they utilize the 

difference in the chemical properties of CO2 and N2 or O2.  As pointed out above, an SLM consists of a porous 

membrane filled with a liquid sorbent (S).  The sorbent is designed to bind with CO2 and form a semi-stable 

intermediate but not react with O2 or N2.  The intermediate then diffuses through the liquid in the pores to the low-

pressure side of the membrane, where the reduced pressure of CO2 shifts the equilibrium, resulting in the 

decomposition of the intermediate species, the release of the bound CO2, and the regeneration of the sorbent (Figure 

2).  Because the liquid sorbent does not react with N2 or O2, the flows of these gases through the membrane are low, 

resulting in high selectivity for CO2. 

For an SLM to be effective, the liquid reagent must meet several criteria.  First, it must bind CO2 strongly 

enough to absorb it from the cabin air, but the bond must be weak enough to allow CO2 to desorb into an environment 

 
Figure 1.  Conceptual design of a CO2 control SLM system sized for a crew of 

four.  
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that has a low ppCO2.  The reagent also must not 

react with O2 or N2 and it must have low viscosity 

to allow the CO2-sorbent complex to diffuse 

through the pore.  Finally, the liquid must have 

extremely low vapor pressure, so it does not 

evaporate when exposed to low pressure.   

In a recently completed project to develop 

a system for the portable life support system 

(PLSS), Reaction Systems synthesized an ionic 

liquid (IL) reagent that meets these criteria6 7.  An 

amine functional group, which absorbs CO2, was 

incorporated into an ionic liquid, resulting in the 

formation of 1-(3-aminopropyl)-3-methyl 

imidazolium tetrafluoroborate, or AP-Mim BF4 

(Figure 3).  Ionic liquids are a relatively new class 

of compounds that can have low viscosity at 

ambient temperature and have effectively zero 

vapor pressure 8.  The actual supported liquid 

membrane was prepared by impregnating this reagent into a porous membrane material.  With this SLM, a CO2 

permeance of 1.1E-4 scc/(cm2 s cm Hg) and a CO2/O2 selectivity of 1410 were obtained at an operating temperature 

of 78°C 6,9.  These values were used in the design of the system for cabin use described in the following section.   

 

1. Transition to the Cabin  

 

After completing the work to develop the SLM for PLSS use, 

Reaction Systems carried out a feasibility study and determined that the 

SLM has excellent potential to control CO2 in the cabin of a spacecraft10.  

The primary change needed for this application is on the low-pressure side 

of the CO2 membrane.  In the PLSS application, the low-pressure side of 

the membrane is exposed to space vacuum and the CO2 that permeates 

through the membrane is lost.  However, that strategy is not suitable for 

cabin use because the CO2 that permeates the membrane must be retained 

for O2 recovery.  Therefore, in the cabin application the low-pressure side 

of the membrane is connected to a vacuum pump.  The high CO2 selectivity 

that can be achieved with the SLM results in a high concentration of CO2 

in the permeate flow with low concentrations of N2 and O2, which minimizes the power consumption of the pump.   

In the PLSS work we determined that while moisture did not affect the CO2 permeance, it does permeate 

through the membrane rapidly.  Therefore, it must be removed prior to entering a CO2 separation module as shown in 

Figure 1.  In the following sections we provide more detail on the performance of the CO2 and H2O SLM modules.   

 

2. Two Stage SLM for CO2 Removal  

 

Even though the two CO2 SLM stages are the last components in the system, their performance determines 

the optimum air flow through the system.  A diagram of the two-stages needed for CO2 control is shown in Figure 4.  

It includes the rates and compositions of flows entering and exiting the 1st and 2nd stages.  Each module is discussed 

in the following sections.  

We used the previously measured values for CO2 permeance and selectivity (1.1 E-4 scc/(cm2 s cm Hg) and 

1410 respectively) and generated a numerical model to simulate the module performance.  We obtained the required 

CO2 removal rate of 4.2 kg/day using a flow of 41.9 scfm of dry air and a membrane surface area of 175 m2.  The 

difference between the flow coming into the H2O SLM of 42.4 scfm in Figure 1 and 41.9 scfm entering the 1st stage 

CO2 module is the result of removing the moisture from the main air flow in the H2O SLM.  Figure 4 shows that 41.8 

scfm or 99.8% of the incoming flow does not penetrate the membrane and is returned to the cabin.  The CO2 flow rate 

in the return air is 0.054 scfm, resulting in a partial pressure of 0.99 mm Hg.  The difference in CO2 partial pressures 

between the air flows entering and exiting the CO2 module is equivalent to a continuous removal rate of 0.058 scfm 

or 4.2 kg CO2/day, which is equal to the overall CO2 generation rate of a crew of four.   

 
Figure 2.  Schematic for CO2 transport through a 

membrane pore. 

 
Figure 3.  Structure of AP-Mim 

BF4. 
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Figure 4 shows that the permeate flow from the 1st stage, containing 0.0575 scfm CO2 along with 0.0092 

scfm N2 and 0.0046 scfm O2, exits the module at a pressure of 50 mtorr.  It then flows through the 1st stage vacuum 

pump and exits the pump at a pressure of 1 atm.  The total power required for this pump is a function of the pressure 

difference across the pump and the mass flow and is equal to 108 watts (179 watts assuming a pump efficiency of 

60%)5.  The high selectivity of the SLM minimizes the amounts of O2 and N2 in the permeate, which helps keep the 

power demand for this pump low.   

The O2 recovery system 

requires that the CO2 flow contain less 

than 1% O2 and 2% N2.  However, the 

flows in the permeate of the 1st stage 

CO2 module are equal to concentrations 

of 6.5% for O2 and 12.9% for N2.  These 

are too high for the O2 recovery system, 

and it is unlikely that the selectivity of 

the SLM can be increased to the point 

that the concentrations of O2 and N2 in 

the permeate meet requirements in a 

single stage.  However, the permeate 

from the 1st stage module can be 

purified by directing it through a second 

SLM.  In a two-stage configuration, the 

concentration of CO2 going into the 2nd 

stage module is much higher than the 

concentration of CO2 going into the 1st 

stage, while the concentrations of N2 

and O2 are significantly lower.  Therefore, the CO2 permeance and the CO2 selectivities over N2 and O2 do not have 

to be as high in the 2nd stage compared to the 1st stage SLM.  In addition, the total flow going through the 2nd stage is 

much lower and therefore this SLM can be smaller.  

One of the objectives of this work is to acquire data under conditions expected in the second stage of the two 

stage CO2 module.  However for the preliminary design, we estimated the CO2 permeance in the model as 3E-5 

scc/(cm2 s cm Hg), which is about a factor of three lower than the value 1.1E-4 scc/(cm2 s cm Hg) used in the primary 

module.  We also reduced the membrane selectivity for CO2 over N2 and O2 from 1410 to 200.  Using these parameters, 

we found that more than adequate purification could be obtained with surface area of 3.75 m2.  As shown in Figure 4, 

the flow exiting the 2nd stage SLM going to the O2 recovery system consists of a very high concentration of CO2, 

containing only 0.36% N2 and 0.35% O2.  The figure shows that this performance was achieved with a pressure of 

2000 mtorr on the low-pressure side of the SLM.  We calculated that the power required to raise the pressure of this 

flow from 2000 mtorr to 1 atm is 32 watts (53 watts with an efficiency of 60%)5.   

In our previous work, we obtained the high CO2 permeance and selectivity cited in a flat sheet form 6,9.  

However, when packaged for use, membranes typically are bundled into more compact forms, such as a spiral wound 

configuration.  A spiral wound module can have surface area to volume ratios of up to 1765 m2/m3 11.  Therefore, we 

can use membrane materials that we have used previously and expect to obtain a similar performance.   The membrane 

surface areas required to remove CO2 from the process flow in these two stages can be contained in spiral wound 

configurations that will meet the system volume requirements.  As pointed out earlier, the 1st stage CO2 SLM required 

a surface area of 175 m2, which can be packaged in a volume of 0.10 m3, while the surface area of 3.75 m3 needed for 

the 2nd stage could be contained in a volume of 0.0021 m3. 

B. Project Objectives 

 

While the system design outlined above is promising and is based on the best data available, some of the 

performance data were not obtained under actual conditions expected in this system.  For example, while the two-

stage CO2 SLM appears to meet performance requirements, measurements of permeance and selectivity have not been 

carried out under conditions expected in the 2nd stage.  Moreover, the system described above has many potential 

operating points and the preliminary design is just one of those conditions.  Reducing the performance of one 

component can be mitigated by increasing the size or performance of another component.  However, there is likely 

one set or a small group of operating conditions that minimize the size, weight, and power of the system.  Thus, the 

 
Figure 4.  Diagram of a two stage CO2 SLM system.  
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goals of this work are to acquire needed data under representative conditions, incorporate the data into a detailed 

system model using a state-of-the art software package, and use the model to identify most efficient operating 

conditions for all components.  In this paper, we will focus on the performance of the two-stage module for CO2 

removal. 

II. Methods and Procedures 

A. Preparation of Ionic Liquids and SLMs 

 

The SLMs we used previously consisted of a porous membrane material impregnated with 1-(3-

aminopropyl)-3-methylimidazolium tetrafluoroborate (AP-Mim BF4).  This ionic liquid is not available commercially 

and in our previous work, we had developed the procedures to synthesize this compound in house 6.  Moreover, 

subsequent analyses by Fourier transform infra-red (FTIR) and nuclear magnetic resonance (NMR) provide substantial 

evidence that the compound produced was the intended molecules.  Therefore, in this project we followed the same 

procedures to prepare this liquid and impregnate it into a membrane.  Briefly, we reacted 1-methylimidazole with 3-

bromopropylamonium which produced AP-Mim Br.  We then exchanged the bromide anion with tetrafluoroboride to 

produce AP-Mim BF4.  We also carried out tests with two other commercially available ionic liquids.  These 

compounds, designated IL-1 and IL-2, do not contain a primary amine functional group.  

The procedures we used to prepare SLMs with ionic liquids have been discussed previously7.  Briefly, we 

impregnated a 3-in diameter flat sheet membrane with approximately 0.5 gram of IL, cycled it in a vacuum oven 

between ambient pressure and 50 mtorr four times, while maintaining the membrane at a temperature of approximately 

40°C.  The impregnated membrane was then installed in the cell housing.   

B.  Measurement of CO2 Uptake 

 

An important characteristic of an ionic liquid in this application is the interaction of it with CO2.  As described 

earlier, the ionic liquid must absorb CO2 by forming an IL-CO2 intermediate when the liquid is exposed to high partial 

pressures of CO2 on the crew side of the membrane and then allow it to desorb when the IL-CO2 intermediate diffuses 

to the low pressure side of the membrane where the CO2 has been greatly reduced.  Moreover, both steps must occur 

rapidly at constant temperature.  An effective way to characterize this interaction is to measure the reversible CO2 

uptake.   

To obtain reversible CO2 uptake, we first weigh approximately 10 grams of ionic liquid in the vial.  We then 

flowed N2 through the liquid until we obtained a steady baseline weight.  We then switched the flow to CO2 and 

continue flowing CO2 until the weight stabilized as the liquid becomes saturated with CO2.  We then switched back 

to N2 to determine how much CO2 can be removed at ambient temperature.     

C. Measurement of CO2 Permeance Under Second Stage Conditions 

 

As pointed out above, to complete the system design, the permeance and selectivity of the SLM under second 

stage conditions must be measured.  In our initial system design, we estimated permeance and selectivity values, 

assuming that they both would be lower than those measured under first stage conditions.  However actual values need 

to be measured and therefore in this project we carried out tests under representative conditions.  

The gas permeation tests under conditions expected in the 2nd stage of the SLM were conducted in the mixed 

gas test rig that was constructed and used in our previous work.  A diagram of the test rig is shown in Figure 5.  The 

membrane is housed in the test cell shown in the figure.  Flexible heaters are attached to the top and bottom flanges 

of the test cell to produce the optimum membrane temperature and a foam insulating layer is used to cover the entire 

flange assembly to provide even and consistent temperatures.   

The system uses an in-line pump to circulate the process flow through the manifold and over the top surface 

of the membrane or through the cell by-pass loop; a mechanical direct drive pump is used to evacuate the low-pressure 

side of the membrane.  The pump can also evacuate the gas manifold so that it can be charged with representative 

pressures of CO2, N2, and O2.  The manifold contains several pressure transducers, a 7.6-liter reservoir, and a by-pass 

loop that allows the mixture to be circulated without being exposed to the membrane.  A small in-line pump is used 

to direct a portion of the process flow to an SRI gas chromatograph (GC) for product analysis.  Separation of CO2 

from N2 and O2 is accomplished by a 3-ft x 1/8-in OD column packed with silica gel; a thermal conductivity detector 

is used for the measurement of the CO2 concentration in the process flow.  As shown in the figure, the flow exiting 
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the GC is fed back into the loop so the pump can operate for extended periods without affecting the total pressure of 

the loop.  Finally, the system uses LabVIEW software and National Instruments hardware for control and data 

acquisition.   

To measure CO2 permeation under the conditions predicted in the 2nd stage SLM stage, we first adjusted the 

heater power on the membrane housing to reach the desired test temperature.  We then charged the manifold to 1 atm 

with a mixture that simulates the flow exiting the main module, approximately 80% CO2 and 20% N2 and began 

circulating the mixture through the cell bypass.  We then applied a vacuum to the low-pressure side of the membrane 

and during this period, we obtained several GC measurements to establish baseline concentrations of mixture 

components prior to exposure to the membrane.  After obtaining initial baseline data, we switched the valve position 

so the process flow was directed through the membrane cell, exposing the flow to the SLM, while continually 

maintaining a vacuum on the low-pressure side of the membrane.  At regular intervals, the GC pump was activated, 

and GC analyses of the fluid composition were taken while the total pressure in the manifold was measured continually 

and recorded at 30 second intervals.  At the end of the test, we used the species concentrations and manifold pressure 

to calculate individual mass fluxes of each component through the membrane.  We then converted the mass fluxes to 

permeance in units of standard cubic centimeters of CO2 or N2 per square centimeter of membrane surface area per 

second normalized to the CO2 differential pressure across the membrane.  Thus, the units of permeance are scc/(cm2 

s cm Hg).   

III. Results and Discussion 

A. CO2 Uptake Results 

 

CO2 uptake measurements of the AP-Mim IL have been reported previously7.  Briefly, this IL had to be 

heated to approximately 70°C to generate reversible CO2 uptake.  At ambient temperatures, the compound absorbed 

CO2 but had an extremely low rate of desorption and therefore a very low reversible uptake capacity.  

Figure 6 and Figure 7 show the results obtained with the two commercially obtained ionic liquids, IL-1 and 

IL-2.  Figure 6 shows that the initial weight of IL-1 was 8.763 grams and it decreased only by one mg to 8.762 after 

purging with N2 for 33 minutes.  At that point, the N2 flow was replaced with CO2 and after 15 minutes, the IL weight 

increased to 8.787 grams, whereas after flowing CO2 for an additional 15 minutes the weight only increased to 8.788 

 
Figure 5.  Schematic of the mixed gas test rig. 
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grams.  At that point, the flow was switched back 

to N2 and after 15 minutes, the weight had 

decreased to the original weight, 8.762 grams.  

Hence, the data show that this IL has a reversible 

uptake of 0.30 wt% and that the adsorption and 

desorption steps are rapid and are complete within 

15 minutes.   

The CO2 uptake data for IL-2 are shown 

in Figure 7.  In this case, the CO2 uptake was 

significantly greater, and the absorption step 

occurred over a much longer time period.  The 

figure shows that after purging with N2 to a 

constant weight, the IL weight increased rapidly 

when the flow was switched from N2 to CO2 at an 

elapsed time of 31 minutes.  At a time of 78 

minutes or 47 minutes of CO2 flow, the weight 

increased from a baseline value of 9.685 g up to 

10.179 g.  The weight continued to increase and 

reached a maximum of 10.331 g at 146 min or 

after 115 minutes of CO2 exposure, resulting in a total CO2 uptake of 0.646 g or 6.67 wt%.  At this point, the flow was 

switched from CO2 to N2 and the figure shows that CO2 desorbed rapidly from the liquid over the first 50 minutes as 

the weight dropped to 10.074 g at an elapsed time of 196 minutes.  The N2 purge was continued for a total of 252 

minutes at which time the weight of the liquid decreased to 9.812 g.  This represents a reversible CO2 uptake of 5.36 

wt% at ambient temperature. 

B.  CO2 Permeance Results Under Second Stage Conditions 

 

In this section we report CO2 permeance and CO2 selectivity results obtained under second stage conditions.  

Results include measurements made with the amine functionalized ionic liquid used in stage 1, AP-Mim, along with 

results obtained with two other ionic liquids that do not contain a primary amine, designated IL-1 and IL-2.   

 

1. AP-Mim 

 

We carried out tests with the AP-Mim BF4 ionic liquid at several temperatures up to 80°C.  In all cases, we 

obtained CO2 permeance values of less than 1E-7 scc CO2/(cm2 s cm Hg).  This value is lower than results we had 

obtained in our previous work, which was carried out under lower CO2 partial pressures and is below the values needed 

to fit size requirements of the second stage.    

One of the potential causes of the poor 

performance of the AP-Mim compounds is that they 

absorb CO2 strongly and in our previous work, we 

found that these liquids become more viscous at high 

loading.  When they are exposed to low 

concentrations of CO2 as would be the case in the first 

stage SLM, the loading is relatively low and the 

viscosity does not increase to the point that it causes 

a reduction in CO2 permeance.  On the other hand, 

when exposed to the high concentrations typical of 

the second stage module, the viscosity could become 

high enough that it has a larger impact on permeance.   

Therefore, we conducted tests with the two ionic 

liquids that do not have primary amine functional 

groups and had measurable reversible CO2 uptake at 

room temperature.  Moreover, neither compound 

showed a noticeable change in viscosity during the 

uptake tests.    

 
Figure 6.  Measurement of CO2 reversible absorption 

capacity on IL-1. 

 
Figure 7.  Measurement of CO2 reversible absorption 

capacity on IL-2. 
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2. Results with IL-1 

 

We prepared an SLM impregnated 

with IL-1 following procedures described 

above and carried out permeance 

measurements at temperatures of 25°C, 

45°C, 57°C, and 76°C.  The results of the 

test carried out at 25°C are shown in Figure 

8.  This figure shows partial pressures of 

both CO2 and N2 during the test and it 

shows that there is a measurable decrease in 

CO2 partial pressure during the test.  Since 

this test was carried out at room 

temperature this is a significant 

achievement.  We fit the CO2 pressure 

curve to a first order decay and arrived at a 

permeance of 2.62E-6 scc/(cm2 s cm Hg).  

There is a less than a detectible change in 

the N2 partial pressure over the test period.  

We therefore estimated that the N2 

permeance for this membrane at ambient 

temperature is less than 1E-7 scc/(cm2 s cm 

Hg).  Hence the selectivity for CO2 over N2 

is > 26.   

The results of tests carried out at 

76°C are shown in Figure 9.  The data show 

that the slope of the CO2 partial pressure versus time line, which is proportional to permeance, increased significantly 

compared to the previous figure, and resulted in a permeance of 5.28E-6 scc/(cm2 s cm Hg).  This value is 

approximately a factor of two greater 

than the results obtained at 25°C.  

Perhaps more significant is the 

behavior of the N2 partial pressure.  

While increasing the membrane 

temperature from 25°C to 76°C 

produced a measurable increase in 

the rate at which CO2 permeates the 

membrane, there is no change in the 

slope of the N2 pressures over this 

temperature range.  Figure 9 shows 

that at the start of the test, just after 

the flow was switched to flow 

through the membrane cell, the 

average of the four N2 partial 

pressure measurements was 0.1883 

atm while at the end of the test the 

average of the three N2 partial 

pressure measurements was 0.1887 

atm.  Hence the N2 permeance is still 

less than the detection limit of 1E-7 

scc/(cm2 s cm Hg) and the selectivity 

is > 53.   

Tests were also carried out 

at 45°C and 57°C and we obtained 

 
Figure 8.  CO2 and N2 pressures during a test with supported liquid 

membrane impregnated with IL-1 at 25°C. 

 
Figure 9.  CO2 and N2 pressures during a test with supported liquid membrane 

impregnated with IL-1 at 76°C. 
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permeance values of 3.59E-6 scc/(cm2 s cm Hg) and 4.16E-6 scc/(cm2 s cm Hg) respectively.  The N2 permeance 

values were <1E-7 scc/(cm2 s cm Hg) at both temperatures.   

 

3. Results with IL-2 

 

We also carried out tests 

with IL-2, under second stage 

conditions.  As discussed earlier, this 

IL had a much greater reversible CO2 

uptake at room temperature and 

therefore it has good potential to 

function well in the SLM.  We carried 

out tests at 25°C, 43°C, and 56°C.  

The results obtained at 25 and 56°C 

are presented in Figure 10 and Figure 

11, respectively.   

Figure 10 shows that the 

partial pressure of CO2 decreased 

rapidly with the IL-2 SLM at 25°C.  

We obtained a permeance value of 

3.13E-6 scc/(cm2 s cm Hg) at this 

temperature, which is higher than the 

value we obtained with the IL-1 SLM 

at ambient temperature.  Similar to 

the results with the previous IL, we 

obtained less than a detectable 

change in the N2 partial pressure 

resulting in an N2 permeance of less 

than 1E-7 scc/(cm2 s cm Hg).  Hence 

the selectivity for N2 over CO2 is 31 

at this temperature.    

The results obtained at 56°C are presented in Figure 11.  As the figure shows, increasing the temperature to 

this value increased the permeance to 

6.89E-6 scc/(cm2 s cm Hg).  Notice that 

the partial pressure of CO2 is plotted on 

an axis with a larger scale compared to 

the previous results.   

While increasing the 

temperature produced a substantial 

increase in the membrane CO2 

permeance, it also had an effect on the 

partial pressure of N2.  Unlike the 

previous data where no change in N2 

pressure was obtained, we detected a 

decrease in the N2 partial pressure over 

the test period and estimate that the N2 

permeance was 2.6E-7 scc N2/(cm2 s 

cm Hg)  in this test, which reduces the 

CO2 to N2 selectivity to 27.  Thus, 

while increasing the temperature from 

43°C to 56°C could have a beneficial 

effect on the size of the second stage 

SLM, the reduced selectivity could also 

reduce the purity of the CO2 that is fed 

into the Sabatier O2 recovery system.  

 
Figure 10.  CO2 and N2 pressures during a test with supported liquid 

membrane impregnated with IL-2 at 25°C. 

 
Figure 11.  CO2 and N2 pressures during a test with supported liquid 

membrane impregnated with IL-2 at 56°C. 
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The impact of the performance of the second stage on the system size, power, and product purity is discussed in greater 

detail below.  

We also carried out a test at 43°C and obtained a permeance of 5.12E-6 scc/(cm2 s cm Hg).  At this 

temperature the was no noticeable decrease in N2 partial pressure. Moreover, this test was carried out over a longer 

period of time, and therefore we were able to reduce the detection limit to 6E-7 scc/(cm2 s cm Hg) which resulted in 

a CO2 to N2 selectivity of > 85.   

A summary of the permeance values obtained with SLMs containing IL-1 and IL-2 as a function of 

temperature is presented in Figure 12.  The data show that the CO2 permeation rate has a strong dependence on 

temperature in both of these membranes.  For the IL-1 SLM, increasing the temperature from 25°C to 76°C, or by 

51°C, increased the permeance by over a factor of two.  For the IL-2 SLM, the factor of two improvement was obtained 

by increasing the temperature from 25°C to 55°C or by only 30°C.  At all temperatures the permeance values obtained 

for the SLM containing IL-2 are greater than measured for the SLM impregnated with IL-1.  For example at 43°C, we 

obtained a permeance of 5.12E-6 scc/(cm2 s cm Hg) with IL-2, whereas at 45°C, we obtained a permeance at only 

3.59E-6 scc/(cm2 s cm Hg) with the IL-1 SLM.   

The figure also includes the 

selectivities for CO2 over N2 that have 

been discussed previously.  These 

values are designated by SN2.  At all test 

points except for the test with IL-2 at 

56°C we obtained N2 permeances of less 

than 1E-7 scc/(cm2 s cm Hg) and 

therefore the selectivities increase with 

temperature.  However in the test with 

IL-2 at 56°C, we obtained an N2 

permeance of 2.6E-7 scc/(cm2 s cm Hg) 

which reduced the SN2 to 27.   

Figure 12 also includes results 

from two additional tests with IL-2 at 

34°C and 36°C in which N2 was 

replaced by either air or O2.  As shown, 

the permeance values are in line with the 

data at the other temperatures, which 

indicates that the composition of the gas 

does not affect the CO2 permeance.  

However, in the test with O2 at 34°C, we 

obtained a measurable O2 permeance 

which reduced the selectivity (SO2) to 

37.    

Overall these results reflect a lower performance than values used to generate the preliminary system design.  

However, as pointed out above, the entire system has many potential operating points and the preliminary design 

simply represented one of those conditions.  If the performance of one component is less than expected, it is possible 

that the effect may be mitigated by increasing the size or performance of another component.  Moreover, there is likely 

one operating condition that results in a minimization of size, weight, and power.  

Hence there is a need to produce a numerical model of the entire system in order to evaluate the effect of 

measured performances on the system performance and to identify the set of potential operating conditions that results 

in minimum size, weight, and power.  In this project, the University of Colorado is developing such a model.  While 

the model will have the capability to simulate the performance of all the components of the system, the focus in this 

paper is the modeling of the two stage CO2 removal system and estimating the size and power requirements of the 

second stage using the CO2 permeance data measured under second stage condition.  

 

C. Simulation Results 

 

As pointed out above, the system design presented in Figure 1 included a set of operating conditions that 

resulted in a size, weight, and power that met the requirements outlined.  However, the performances of several 

 
Figure 12.  Summary of CO2 permeance values obtained for SLMs 

impregnated with IL-1 and IL-2 as a function of temperature.  
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components represented best estimates instead of actual measurements made under representative conditions.  For 

example, the permeance of the second stage module was estimated to be about a third of the permeance of the first 

stage.  The data presented in the previous section show that lower values were obtained and the effects of this on 

overall system size and power requirements need to be evaluated.   

The University of Colorado is developing a modular cycle analysis model that will incorporate performance 

data into the spacecraft cabin CO2 control system (Figure 1) from first principles.  While the model will eventually 

incorporate all the components, the simulation results reported here will focus on the two stage CO2 module and 

evaluate the effect that the second stage permeance results have on the size and power requirement for the two stage 

CO2 module.  We use MATLAB/Simulink®, “a block diagram environment for multidomain simulation,” to construct 

the analytical models of each component and thereby model Reaction Systems’ CO2 Removal System for Cabin 

Atmosphere Revitalization. With this software we can readily change the system configuration by relocating or 

swapping out component models.   

Permeance-based models have been coded for the supported liquid membranes that selectively remove CO2 

from the ‘dry’ cabin air and permeate flows.  These models conserve the moles of each species within the two-stage 

CO2 removal module and calculate power for each stage.  Centered with CO2 permeance and selectivity data from 

Reaction Systems provided for each stage, CU parametrically varied the permeance and selectivity to determine the 

sensitivity of module volume and power to these parameters while meeting CO2 removal requirements.   

An SLM as illustrated in Figure 13 promotes the selective transport of one gas from the source stream to the 

permeate side of the membrane.  This diagram shows the basic interactions between the source gas, the membrane 

and the permeate flow.  The rate-limiting step for gas transport through the membrane occurs within the liquid, gas-

phase diffusivities are much higher and may be neglected in comparison, and thus we only need model the supported 

liquid membrane.  In addition, we assume that a vacuum pump compresses the permeate flow to one atmosphere 

pressure.  The formulation of these models are described in detail in the following subsections.  

The partial pressure of each species through the SLM as a function of surface area was initially determined. 

One principle used to describe the diffusion of gases is Fick’s First Law of Diffusion as shown below 

𝑱 = −𝑫 ∙
𝝏𝑪

𝝏𝒙
                   (1) 

where J is the permeate flux, D is the diffusion coefficient, and C is the concentration of the diffusing air. Assuming 

steady state, the membrane permeance limits gas transport for the species of interest, and that the coefficients are 

independent of concentration leads to  

(2) 

 
Figure 13.  Illustration of a supported liquid membrane. 
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where Qm = (
𝑃

ℎ
)  is the permeance, P is the permeability coefficient, h is the membrane thickness, and ∆𝑃 is the 

difference in partial pressures of the species of interest across the membrane. In order to get a functional relationship 

between partial pressure and surface area the molar transport equation is introduced  

(3) 

where    is the molar flux, 𝑣𝑚(𝑆𝑇𝑃) is the molar density at standard temperature and pressure (STP), and A is the 

surface area of the membrane. Combining Equations 2 and Equation 3, along with recognition that the permeate 

volumetric flow equals the molar flux divided by the molar density, we find the following relationship  

𝒗 𝒑 = 𝐐𝒎 ∙ 𝑨 ∙ ∆𝑷            (4) 

In Equation 4, 𝑣 𝑝 is the permeate volumetric flow rate.  Given the permeance of each gas we are able to 

model the gas transport through the SLM modules.  

  We used the code to conduct studies on the effects of SLM permeance and selectivity on module size and 

power.  The initial conditions for cabin pressure, cabin air flow and partial pressure of CO2 were kept constant.  

• Study 1:  Calculate first stage module size and pump power required using permeance and 

selectivity data from four separate cases.  Three cases were data Reaction Systems obtained previously on 

SLMs in a flat sheet and hollow fiber forms.  The fourth case was one selected from the literature.  

• Study 2:  Perform a parametric investigation to determine the sensitivity of the size and power 

of the second stage module to 1st stage CO2/O2 selectivity assuming a constant CO2 permeance.  In all 

cases, we assumed that the CO2/N2 selectivity is two times the value measured for CO2/O2 based on 

previous reports.  In this section, we sized the 2nd stage module to reduce the concentration of O2 in the 

permeate flow to below 1%.   

• Study 3:  Determine the sensitivity of second stage size and power to second stage CO2 

permeance.  Again, we sized the second stage module to reduce the concentration of O2 in the permeate 

flow to below 1%. 

 

The systems sensitivity to CO2 permeance and CO2/O2 selectivity were systematically determined. The 

sensitivity was assessed through creating an array of the CO2 permeance or CO2/O2 selectivity values of interest with 

each variable dependent on the specie, i=CO2, O2, N2, and discretization step, j=1:N. For simplicity in the processing 

program individual matrices were made for each species for the variables of interest.  Therefore, the matrices could 

vary for each CO2 permeance or CO2/O2 selectivity value across the rows and each discretization step across the 

columns.  

 

1. Study 1 Results and Discussion 

 
Four cases were constructed based upon Reaction Systems and literature data are shown in Table 1.  Cases 1 

and 3 were taken from Reaction Systems data of SLMs in a hollow fiber configuration obtained in prior in-house 

testing.   Case 1 has a low selectivity and was included to illustrate the effect that selectivity has on the power 

requirement.  Case 2 uses Reaction Systems data obtained in the flat sheet configuration, and this has the highest 

CO2/O2 selectivity of any case evaluated9.  Finally, Case 4 was estimated from Yegani et al.12 and has a high CO2 

permeance with moderate selectivity. 

Table 1.  Cases selected for analysis.  

 
 

Case No. CO2 Permeance

scc/(cm2 s cm Hg) CO2/O2 Selectivity Reference

1 9.50E-05 10 Reaction Systems Hollow Fiber -1 

2 1.10E-04 1400 Reaction Systems Flat Sheet

3 1.60E-04 156 Reaction Systems Hollow Fiber -1 

4 1.80E-04 250 Yegani et al (ref 12)

𝒏 = 𝒗𝒎(𝑺𝑻𝑷) ∙ 𝑨 ∙ 𝑱 



 

 

International Conference on Environmental Systems      

14 

 The CO2 permeance and gas selectivity were coupled, so each case varied both of these parameters at the 

same time.  For all cases the surface area was set to ensure that the CO2 partial pressure was reduced below 0.1 cm 

Hg. The initial cabin pressure and volumetric flow rate were 76 cm and 41.9 scfm, respectively.  

The results of calculations for each of these cases are included in Figure 14.  For all cases, the 2nd stage CO2 

permeance was assumed to be 3.5E-5 scc/(cm2 s cm Hg) and the CO2/O2 selectivity was set at 200.  One can observe 

from Figure 14 that the 1st stage CO2 permeance determines the membrane surface area needed to reduce the partial 

pressure of CO2 to 0.1 cm Hg.  The greater the permeance the smaller this membrane module.  Secondly, the 1st stage 

selectivity greatly affects the vacuum pump power.  Case 1 with a CO2/O2 selectivity of only 11:1 requires an 

unacceptably high pump power and is much greater than all other cases with selectivities greater than 157.  If the 

membrane has low selectivity, then higher concentrations of N2 and O2 are included in the permeate flow.  Since the 

power consumption of the vacuum pump on the first stage scales with mass flow, lower selectivity results in high 

pump power requirements.  Since Case 2 has the highest combination of permeance and selectivity, we used that 

permeance on the first stage for all subsequent evaluations of second stage performance.  This supported liquid 

membrane has a CO2 permeance of 1.1x10-4 scc/(cm2 s cmHg) and CO2/O2 selectivity of 1410:1 based upon Reaction 

Systems experimental data.  At the CO2/O2 selectivity of 1410:1, we estimate the 1st stage pump power to be only 

116W. 

 

2. Study 2 Sensitivity of Performance to 1st Stage 

Selectivity 

 
The effect of the first stage membrane selectivity on 

first stage pump power is shown in Figure 15.  In this analysis 

we held the 1st stage CO2 permeance constant at 1.1x10-4 

(scc/cm2 s cm Hg), and varied the first stage CO2/O2 

selectivity from 100 to 1500.  The figure shows that 

increasing the selectivity decreases the 1st stage vacuum pump 

power (on the order of approximately 1 √𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦⁄  ).  The 

figure also includes a red dashed line that shows the 

selectivity that we have achieved with an SLM using AP-Mim 

under first stage conditions showing the estimated net power 

requirement of 116 watts.   

The strong dependence of power on selectivity 

illustrates clearly why up to this point, membranes have not 

been considered for this application.  Although there is 

generally a tradeoff between permeance and selectivity, 

 
Figure 14.  Influence of 1st stage SLM CO2 permeance, selectivity, and surface on performance. 

 
Figure 15.  Effect of 1st stage CO2/O2 selectivity on pump 

power. 
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typical polymer membranes have selectivities on the order of 10 or less and therefore the power requirement would 

be well above the allowable limits.  Even in the PLSS application, where no pump is required, the low selectivity 

would result in unacceptably high O2 losses from the suit.  However, the development of SLMs using chemically 

reactive compounds to improve selectivity have the potential to change this paradigm. 

 

3. Study 3 Sensitivity of SLM Size and Power to 2nd Stage CO2 Performance 

 

With the 1st stage SLM parameters constant, CO2 permeance of 1.1x10-4 scc/(cm2 s cmHg) and CO2/O2 

selectivity of 1410, we investigated the influence of 2nd stage membrane permeance and selectivity on its size and 

power.  As shown in the chart on the left side of Figure 16, increasing the permeance reduces the size of the 2nd stage 

module.  The dashed vertical line in the figure also shows the size of the second stage module using data obtained 

with IL-2 at 43°C.  The module would be less than 0.02 m3 in volume, which represents a small fraction of the overall 

system size.  The chart on the right side of Figure 16 shows that unlike the first stage, the selectivity of the second 

stage has a relatively small effect on second stage 

pump power because the flow into the second stage 

already consists primarily of CO2.  The estimate for 

the second stage pump power is 33 W.    
Figure 17 shows that greatest effect of the 

2nd stage selectivity is on the purity of the product 

flow.  As pointed out earlier, the concentration limit 

of O2 into the O2 recovery system is 1% and to 

achieve that, the figure shows that a CO2/O2 

selectivity of about 75 is needed.  The dashed vertical 

line in the figure marks the CO2/N2 selectivity that 

was achieved with IL-2 at 43°C, which was greater 

than 85.  While the CO2/O2 will likely be lower, the 

results of the modeling task show that the 

performance of the second stage membrane 

measured under second stage conditions is 

approaching values needed to meet size and power 

limits.   

 

 
Figure 16.  Second stage performance.  left: second stage size as a function of second stage 

permeance; right:  second stage power dependence on CO2/O2 selectivity.  

 
Figure 17.  Effect of 2nd stage SLM selectivity on the 
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4. Performance Estimates for a Two-Stage CO2 SLM Removal System 
 

A summary of module size, assuming a spiral wound configuration for both stages (1765 m2 surface area/m3), 

and pump power requirements is presented in Table 2.  We assumed the Case 2 performance for the first stage module, 

which has been demonstrated.  For the second stage, we used a permeance of   5.12E-6 scc/(cm2 s cm Hg) and a 

CO2/O2 selectivity of 200.  With these performance metrics, we estimate that the total volume for the two stage CO2 

module will be 0.11 m3 and that the system will need 149W to power the vacuum pumps.  Assuming an efficiency of 

60% the actual power requirement would be on the order of 248 W.  These results, which are based on actual CO2 

permeance values measured under second stage conditions, agree well with the original estimates of 0.105 m3 and a 

total power requirement of 232 W (including pump efficiency of 60%).  We have achieved this permeance under 

second stage conditions with the IL-2 SLM and have approached the selectivity values so this represents a realistic 

estimate.  Moreover, these values are well below the total size and power limitations of the entire system listed earlier, 

which leaves room and power for the rest of the system components. 

IV. Summary and Conclusions 

 

In this project we have conducted tests to measure CO2 permeance and selectivity under conditions expected 

in the second stage of the two stage CO2 module and then incorporated the data into a semi-empirical permeance 

model to inform the design of a two-stage CO2 SLM removal system.  The permeance model was used to investigate 

the sensitivity of the CO2 SLM module size and power to membrane permeance and selectivity for each stage.  

Parameters have been identified for a system that can meet the requirement for < 1% O2 in the permeate flow delivered 

to an oxygen recovery system.  This system is estimated to have a total volume of about 0.11 m3 and need 149W of 

power.   

Overall the results presented here suggest that an SLM-based system, such as the one illustrated in Figure 1, 

has the potential to control CO2 levels to 2 mm Hg and stay within size, weight, and power limits.  The objectives of 

the Phase II portion of this project will be to use the system model to identify the ideal operating points for each 

component, and then construct a pilot scale system that can be used to obtain high fidelity performance data on all 

components in the system. 
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