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Room temperature ionic liquids (RTILs) are an emerging option for capturing carbon 

dioxide (CO2) at ambient pressures on the surface of Mars due to their negligible vapor 

pressures and affinity for CO2. Some RTILs also promote the efficient and selective 

electrochemical reduction of CO2 to useful products, such as carbon monoxide (CO) or 

methane (CH4). An in-situ resource utilization (ISRU) system may be able to utilize these 

properties to both capture CO2 from the Mars atmosphere and facilitate the subsequent 

reduction process. Several RTIL-based ISRU architectures are introduced and characterized. 

A discussion regarding the operational environment is also included.  

Nomenclature 

Ar = argon 

CH4 = methane 

CO = carbon monoxide 

CO2 = carbon dioxide 

g = gram 

H2O = water 

ISRU = in-situ resource utilization 

K = kelvin 

kg = kilogram 

MOXIE = Mars Oxygen ISRU Experiment 

N2 = nitrogen 

O2 = oxygen 

Pa = pascal 

RTIL = room temperature ionic liquid 

SOE = solid oxide electrolysis 

SILM = supported ionic liquid membrane 

I. Introduction 

crew of four astronauts will require 6,978 kilogram (kg) of methane (CH4), 24,634 kg of oxygen (O2), and 24,179 

kg of water (H2O) for Mars surface operations over a 500 day mission and the subsequent launch of an ascent 

vehicle needed to begin the journey back to Earth.1 Assuming a gear ratio of 11.3 kg in Low Earth Orbit for 

every kg delivered to the surface of Mars,2 a single Block II Space Launch System will be able to deliver ~11,500 kg 

to the planet. As such, nearly five Block II Space Launch Systems will be needed to deliver just these three 

consumables from Earth. In-situ resource utilization (ISRU) technologies, instead, can be employed to generate them 

from local resources on the surface of Mars.2 The atmosphere is comprised of 95.7% carbon dioxide (CO2), 2.03% 
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nitrogen (N2), 2.07% argon (Ar), and additional minor constituents at an average pressure of 610 pascals (Pa).3,4 The 

surface, meanwhile, contains water in various forms, including hydrated minerals and ice.5-7 Depending on the 

technologies that are implemented, these resources can be converted into consumables, such as oxygen, hydrogen, 

and methane, needed for life support and propulsion purposes.2 Nitrogen and argon can also be separated from the 

atmosphere for use as make-up buffer gas in a habitat.  

CO2 capture can be achieved with various room temperature ionic liquids (RTILs) that exhibit a variety of 

advantageous properties, including preferential absorption of CO2 at low partial pressures, relatively high uptake 

capacities and rates, and the ability to be regenerated for additional capture cycles.8,9 RTIL-based systems are already 

being developed for spacecraft cabin and extravehicular activity applications.9-12 Furthermore, with vapor pressures 

on the order of 10-10 Pascal at room temperatures,13 they are also well-suited for CO2 capture at the surface of Mars 

(~610 Pa4) since they will not evaporate or volatilize when exposed to the open atmosphere. Some even possess a co-

catalytic effect with the concurrent conversion of CO2 into reduced products, such as carbon monoxide (CO) and 

CH4,14,15 with various cathodes, and such reactors can also generate oxygen via water oxidation in the same process 

vessel. 

This paper discusses options for RTIL-based Mars ISRU systems, as well as the resulting architectures for CO2 

capture and processing, while also qualitatively identifying advantages and disadvantages of each configuration. 

Implications of operating a liquid-based capture stage at the surface of Mars are also addressed.  

II. Implications of the Operational Environment on CO2 Capture and Processing with RTILs 

The operational environment of Mars introduces numerous design challenges for incorporating an RTIL-based 

ISRU system, including particulate contaminants, relatively low temperatures and pressures, and atmospheric 

contaminants. Particulate contamination brings a potential risk of clogging and unwanted side reactions occurring 

within the process, so dust should be filtered or otherwise prevented from entering the gas stream prior to CO2 capture. 

For context, Phillips III et al. estimated an average of 8.5 dust particles/cm3 in the atmosphere near the surface on a 

clear day.16 The Mars Oxygen ISRU Experiment (MOXIE) to be carried on the Mars 2020 rover has been designed to 

handle approximately 3 dust particles/cm3 for a total of 5 ⨯ 108 particles or ~0.15 g of material over 25 hours of 

operation.17 Since MOXIE is a 1% scale ISRU payload, by extrapolation, a full-scale solid oxide electrolysis (SOE) 

reactor may have to filter out ~4.8 kg of particles over 330 days of operation.18 Using the volumetric density from 

Phillips III et al.,16 this dust mass loading may be as high as 13.5 kg. Rapp et al. also note that these estimates do not 

include contributions from saltation of heavy grains, dust devils, or storm activity, so these values may be 

conservative.17 Although the exact specifications of an RTIL capture system will be different from MOXIE, these 

values can serve as order of magnitude estimates during initial development of a dust filtration subsystem.  

Local surface temperatures depend on position, season, and time of day, but to provide some examples, the Mars 

Science Laboratory (latitude 4.5°S) and Viking 2 Lander (latitude 47.9°N) measured temperatures between 180-280 

Kelvin (K) and 160-220 K over a Martian year, respectively.19,20 Although phase diagrams for RTILs can be relatively 

complex,21 freezing points are typically greater than 200 K, while melting temperatures can be notably higher (e.g., 

50 K higher than the freezing temperature).22 Therefore, given the typical operating temperatures at the surface of 

Mars, an RTIL-based ISRU system will require temperature control in order to prevent freezing. The freezing and 

melting points of RTILs also depend non-linearly on water content,23,21 so these relationships should be characterized 

for any aqueous RTIL that is a candidate for ISRU. 

The relationship between viscosity and temperature will depend on the selection of the cation and anion, but to 

provide examples, performance data show the viscosity of 1-butyl-3-methylimidazolium hexafluorophosphate 

increased from ~50 cP to ~280 cP when its temperature was decreased from 333.15 K to 298.15 K.24 Similarly, Seo 

et al. showed that the viscosity of RTILs with the trihexyl(tetradecyl)phosphonium cation and various anions 
increased from ~100-300 cP to ~1000-4000 cP when their temperatures were decreased from 323.15 K to 
283.15 K.8 As a result, the viscosity of the RTIL must also be accounted for in the design of the supporting thermal 

control system. The viscosity of some RTILs can also change with CO2 uptake;8 this is further complicated by an 

inverse relationship between viscosity and diffusivity since increases in the former can slow CO2 uptake rates.10  

CO2 uptake also decreases as temperature increases.25 As an example, Jacquemin et al. reported that CO2 solubility 

in 1-butyl-3-methylimidazolium hexafluorophosphate decreased by a factor of about 3 when temperature was 

increased from 283.15 K to 343.15 K.26 Meanwhile, Seo et al. showed that small amounts of water (e.g., 4.5 weight 

percent) improved CO2 uptake for trihexyl(tetradecyl)phosphonium 2-cyano-pyrrolide, particularly at low partial 

pressures;8 however, it should be noted that excess water will reduce the uptake capacity of a solution due to dilution 

of the RTIL. Lastly, the viscosity of water/RTIL mixtures decreases as water content increases.27  
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The uptake capacity of an RTIL depends on CO2 partial pressure, particularly at relatively low pressures.28 RTILs 

with high solubility at low partial pressures, however, will be inherently sensitive to small changes in partial pressure. 

As an example, the CO2 uptake of trihexyl(tetradecyl)phosphonium 2-cyano-pyrrolide with a water content of 
4.5 weight percent increases from 1.5 to 6.4 weight percent when CO2 partial pressure is increased from 600 
Pa to 3,300 Pa.8 However, the uptake capacity of this RTIL is only 7.2 weight percent at a CO2 partial pressure 
of 92,000 Pa. In other words, CO2 uptake is readily enhanced with small increases in partial pressures near 
zero, but improvements in uptake slow with higher partial pressures. For context, the average atmospheric 
pressure of Mars is 610 Pa,4 while the lowest topographic location on the planet has a pressure around 1,155 
Pa.29 In light of this, the uptake capacity of an RTIL on Mars will probably be sensitive to ambient CO2 partial 
pressures and enhanced uptake rates may be achieved with small artificial increases in pressure.  

Temperature can also play a significant role in the solubility selectivity of an RTIL. For various ionic liquids 

between 25°C and 70°C, Finotello et al. observed higher selectivities for CO2 over N2, CH4, and H2 at lower 

temperatures; however, the slopes of these trends varied with each RTIL.30 As an example, the CO2:N2 selectivity of 

1,3-Dimethylimidazolium methyl sulfate decreased from almost 120 to about 10 over 25°C to 70°C, while the CO2:N2 

selectivity of 1-n-hexyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide decreased from about 30 to 10 over 

the same temperature range. So, the design of the thermal control system should also account for this relationship. 

Ultimately, some undesired gases (N2, Ar, CO, and O2) will probably be captured as well, so the impact from the 

cumulative long-term buildup of minor constituents may also need to be assessed for an architecture. 

Time is another important parameter in the capture and desorption stages of any RTIL-based loop, and the CO2 

absorption/desorption curve will probably be non-linear.9,10 In short, the RTIL will probably exhibit higher uptake 

rates at the start of the CO2 capture phase, but absorption will then slow as the RTIL nears its saturation point. 

Conversely, initial desorption rates will probably be high near the saturation point and then slow as the absorbed mass 

of CO2 approaches zero. As a result, CO2 capture, desorption, and processing rates must be well-characterized with 

respect to time so that they can be reliably controlled.  

A single-loop architecture with a room temperature reactor (Figure 4, as discussed later) further confounds the 

selection of operational conditions since an optimal catholyte will probably be different from a desirable capture 

liquid. The solution in the room temperature reactor will also likely require elevated water content in order to achieve 

sufficiently low viscosity and facilitate high ionic conductivity and mass transfer.27,31,32 Typically, ionic conductivity 

also increases with temperature,33 while it is inversely proportional to viscosity.34 Conversely, the addition of water 

introduces a concern regarding the hydrolytic stability of the RTIL; hexafluorophosphate and tetrafluoroborate, which 

are common anions in literature, hydrolyze and generate hydrofluoric acid and other byproducts in the presence of 

water, thereby introducing a risk to downstream systems.35-37 So, the hydrolytic stability of candidate RTILs must also 

be considered if they are to be used in an aqueous solution. Data also suggest that the electrochemical window of the 

RTIL decreases with elevated temperatures and the addition of water.38 As an aside, it should also be noted that the 

presence of water in the cathode compartment can decrease the faradaic efficiency of the reactor due to the competing 

hydrogen evolution reaction, which typically proceeds at a lower overpotential.39 Since the electrochemical window 

and product selectivity are critical parameters for the performance of the electrochemical reactor, they should be well 

characterized and controlled for a desired water concentration. 

 Figure 1 summarizes the relationships between relevant independent variables (temperature, CO2 partial pressure, 

time, and water content) and the primary dependent properties of a given RTIL that are affected by each of them.   

 
Figure 1. Independent Variables (Temperature, CO2 Partial Pressure, Time, and Water Content) and 

Important Dependent RTIL Properties that are affected by them 
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The viability of a given RTIL will largely be dictated by the dependent properties shown above, so the cation and 

anion must be carefully selected in order to create an RTIL that possesses desirable traits for CO2 capture and/or 

reduction (e.g., high CO2 uptake/desorption, high CO2 capture selectivity, low viscosity, high ionic conductivity, wide 

electrochemical window, sufficiently low freezing/melting points). As an example, the choice of anion strongly 

controls the resulting CO2 solubility;40 this is particularly evident when comparing anions that physically capture CO2 

(relatively low uptakes at low partial pressures) against those that form a chemical complex with it (relatively high 

uptakes at low partial pressures).41,8 RTILs can be further tuned by appending functional groups to the cation or anion; 

Bates et al. demonstrated the tunability of RTILs by incorporating an amine group into the structure of an imidazolium 

cation, thereby enhancing the CO2 solubility of the resulting RTIL,42 while Gurkan et al. showed that amine-

functionalized anions can yield even larger CO2 solubilities.43 Since then, Seo et al. reported that aprotic heterocylic 

anions possess high CO2 solubilities but avoid the significant increases in viscosity seen with amine-functionalized 

options after CO2 capture.8,34 For additional information on functionalization for CO2 capture, the reader is directed 

to a comprehensive review by Cui et al.44 Meanwhile, longer alkyl chains of the cation can also be utilized to improve 

CO2 solubility, albeit to a lesser extent than the selection of the anion.40 Conversely, longer alkyl chains have been 

shown to increase the viscosity and decrease the electrical conductivity of an RTIL.45,46 Additional properties that may 

need to be considered beyond those in Figure 1 include density, pH, surface tension, heat capacity, thermal 

conductivity, and thermal stability. 

 Research and development should collect sufficient data to quantify the relevant dependencies shown in Figure 1 

for a candidate RTIL in a given ISRU architecture. However, the systematic evaluation of multiple independent 

variables across numerous RTILs can rapidly become impractical, so pathfinding experiments are critical to down-

selecting to initial RTIL candidates and operational envelopes. Computational modeling of the performance of a given 

cation/anion pair would also aid this selection process.47,48 

III. Options for Handling CO2 with Room Temperature Ionic Liquids on Mars 

A. Capture 

An RTIL system can be utilized to capture CO2 from the Martian atmosphere for use as feedstock in a downstream 

reactor. Since the RTIL will preferentially absorb CO2 and allow N2 and Ar to pass through the system, an RTIL-

based CO2 capture stage may also be utilized as a first step in buffer gas generation in order to offset the 130-1,300 

kg that will be lost from airlock operations and habitat leakage during a crewed mission.18,49 As an aside, an entirely 

different RTIL that preferentially absorbs N2 or Ar may be employed in a separate capture system. However, there are 

relatively little data on Ar and N2 solubility, and existing measurements show that typical solubilities for these gases 

are low.50,51 Novel RTILs need to be identified to improve the viability of this latter concept.  

There are a variety of plausible contactors that may be used as an interface between the RTIL loop and atmosphere, 

including those notionally depicted in Figure 2 and further described below.  

Flat Plate Contactor 

With the Flat Plate Contactor (Fig. 2a), the RTIL flows through a channel that is directly exposed to the Martian 

atmosphere, and gravity keeps the liquid within the channel. After preferentially absorbing CO2 from the atmosphere, 

the CO2-rich RTIL is pumped to a desorption stage or a reactor. The advantage of this configuration is in the simplicity 

of the atmosphere/RTIL interface. However, the exposed surface area of the RTIL is low for a given system volume, 

which is undesirable for a Mars ISRU system where mass and volume must be minimized. Dust contamination also 

presents a particular concern for this open interface. 

Flat Plate Contactor w/ Membrane 

A variation of the Flat Plate Contactor employs a CO2-permeable polymeric membrane to separate the atmosphere 

and RTIL, as denoted by the dashed line in Fig. 2b. The membrane mitigates particulate contamination of the liquid 

and ensures that the RTIL remains in the system (i.e., Martian wind cannot blow the RTIL out of the channel) at the 

expense of slower CO2 uptake rates.9 However, the risk of dust clogging individual pores in the membrane, as well as 

accumulating on top of the membrane, must be considered in the selection of the membrane, particularly if upstream 

filters are not utilized. Similar designs (e.g., flat sheet contactors) have been utilized in the biotech and 

biopharmaceutical industries,52 but unfortunately, this configuration still suffers from a low surface area to volume 

ratio, which in turn, leads to low capture rates for a given volume. As a result, these Flat Plate Contactor configurations 

(Fig. 2a. and 2b.) may be the simplest, most reliable options, but at the expense of elevated mass and volume 

requirements.  
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Hollow Fiber Contactor 

In the Hollow Fiber Contactor (Fig. 2c), gas is pumped through a manifold of hollow fibers with diameters on the 

order of a millimeter or less, while the RTIL is pumped across their exterior surfaces.9 This contactor is the same as 

the configuration in Fig. 2b; however, this design achieves higher surface area to volume ratios.11 The fibers can also 

be oriented in any direction with respect to gravity, as this design relies on the RTIL being actively pumped. In 

addition, this configuration benefits from previous development efforts for terrestrial applications, such as blood 

oxygenation, bioremediation, and wastewater treatment.53 Compared to the flat plate contactor, however, this design 

requires an additional pump or compressor to overcome the pressure differential inherent to the hollow fibers and to 

drive gas through the system. These fibers may also be prone to clogging from particulate contamination, given their 

small diameters. An alternative option is to flow the RTIL through the interior of the hollow fibers and the gas stream 

across their exteriors. 

Supported Ionic Liquid Membrane 

Another option is to use a supported ionic liquid membrane (SILM) (Fig. 2d), which immobilizes the RTIL in the 

pores of the material. This technology is being developed for zero-g applications,11,12 as well as terrestrial CO2 

sequestration.54 Wickham et al. have developed numerous SILM modules using hollow fiber geometries, given their 

high surface area to volume ratios.11,12 For Mars applications, RTIL-impregnated membranes can be used to 

preferentially separate CO2 from the atmosphere; the gas can then be desorbed on the downstream side of the 

membranes to create a CO2-rich gas stream. Physical transport through the membrane is facilitated by its relative 

thinness, as it is only microns thick, and yet, the structure of the SILM still retains the liquid.55-58 Additionally, 

transport through the membrane can be facilitated if the CO2 chemically reacts with the liquid membrane,59,60,54  

particularly if the RTIL is augmented with redox carriers that are electrochemically pumped with a potential difference 

across the membrane.61-63 A disadvantage with SILMs is that a concentration differential is required to drive CO2 

transport across the membrane, so incoming CO2 must be compressed.11 In addition, the low-pressure side of the 

membrane must be designed such that it mitigates the risk of liquid being driven out of the pores by the pressure 

differential.11  

Figure 2. Schematics of RTIL-based CO2 Capture Designs. (a) Flat Plate Contactor (cross-

sectional view). (b) Flat Plate Contactor with Membrane (cross-sectional view). (c) Hollow 

Fiber Contactor. (d) Supported Ionic Liquid Membrane. (e) Sparge System. (f) Solid Pin 

Contactor. (g) Aerosol Mist System. 



 

6 

International Conference on Environmental Systems 

Sparge System 

Sparging (Fig. 2e) offers another feasible configuration where the Martian atmosphere is bubbled through a 

reservoir of ionic liquid that preferentially absorbs CO2. The entire volume of ionic liquid can be exposed since 

buoyancy drives the bubbles upwards and facilitates mixing. As the diameter of the bubbles decreases, higher contact 

surface areas can be achieved within a given system volume, and to control their behavior, the density, viscosity, and 

surface tension of the ionic liquid must be well characterized.64 However, this configuration requires an additional 

compressor or pump in order to flow gas through the capture vessel. Future research opportunities for this contactor 

include the modeling of bubble dynamics in RTILs at Martian gravity and the optimization of the gas diffuser required 

for bubble formation. Fortunately, this gas/liquid contactor (frequently referred to as a bubble column) has been 

employed for numerous terrestrial uses, including chemical, petrochemical, wastewater treatment, and metallurgical 

applications.65 

Solid Pin Contactor 

With the Solid Pin Contactor, the RTIL is pumped into a reservoir at the top of the system, which distributes the 

liquid over a manifold of circular openings. Beneath each circular opening, there is a cylindrical post with a diameter 

on the order of a few millimeters or less.66 Gravity then drives the RTIL downwards along the exterior surfaces of 

these solid pins, allowing the RTIL free-surface contact with the CO2-rich gas stream (Fig. 2f). Similar to the Hollow 

Fiber Contactor, the density of the solid pins can be increased within a given module volume by decreasing their 

diameters, thereby creating a higher surface area to volume ratio. Alternative, but similar, concepts include the use of 

corrugated wedge walls instead of cylindrical posts, as well as hollow tubes as described by Graf et al.66 This general 

concept (also known as falling films) has been employed for terrestrial industries, such as sulfonation and chlorination 

reactions, as well as CO2 absorption with alkaline solutions.67 However, a pump or compressor may be required to 

evenly distribute fresh gas across all of the solid pins. The annular gap between each circular opening and solid pin 

may also be prone to clogging if particulates are introduced.  

Aerosol Mist System 

Aerosol misting (Fig. 2g) with an RTIL was developed by Yates et al. for zero-gravity applications, but it may be 

adapted for use in a Mars ISRU architecture.10 Yates et al. sprayed various mixtures of water and 1-butyl-3-

methylimidazolium acetate in high concentrations of droplets on the order of 100 to 1000 nm using a TOPAS ATM-

210 aerosol generator, thereby achieving high surface area to volume ratios.10 It should be noted that the viscosity of 

the solution must be controlled with the selection of a suitable cation and anion, water content and operating 

temperature since this property drives the distribution of droplet sizes,10 which in turn, affects the contact surface area 

and capture rate. This technology (also referred to as a spray tower) has been developed for various terrestrial 

industries, such as the removal of sulfur oxides from the flue gas of coal-fired power plants, scrubbing of acid gases 

released by furnaces and incinerators, and terrestrial CO2 sequestration applications.68 Unfortunately, aerosol 

generators typically require elevated pressure to create the aerosol droplets (e.g., 3 bar in the study by Yates et al.10); 

however, the exact specifications will vary across units. In addition, any coalescence of droplets during operation 

rapidly decreases contact surface area, slowing uptake rates as a result.68  

B. Desorption to Concentrate or Transfer 

Reduced partial pressure and elevated temperature can be used to desorb gases and regenerate the RTIL. Yates et 

al. utilized a pure N2 gas stream at a temperature of 30°C to regenerate 1-butyl-3-methylimidazolium acetate, which 

chemically complexes with CO2.10 Meanwhile, Seo et al. demonstrated that trihexyl(tetradecyl)phosphonium 2-cyano-

pyrrolide, which also forms a chemical complex with CO2, can be desorbed with a nitrogen gas stream at 80°C.8 They 

also showed that this RTIL remains stable over three absorption/desorption cycles while using this desorption 

temperature. However, unless a feedstock of nitrogen can be provided for the Mars ISRU architecture, a reduction in 

CO2 partial pressure will probably be achieved by vacuum desorption of CO2 from the non-volatile RTIL.11  

Interestingly, the relatively low atmospheric temperatures on Mars can be leveraged to take advantage of the 

inverse relationship between temperature and gas solubility. An RTIL at typical Mars temperatures will possess a 

notably higher CO2 uptake capacity than when it is at room or elevated temperatures, so if gas uptake is performed at 

Mars temperatures, adequate desorption rates might then be attained exclusively with elevated temperatures, thereby 

avoiding the need for different pressures at the capture and desorption steps. This general concept is highlighted in 

data collected by Gurkan et al., albeit for a higher temperature regime.25 
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C. Processing 

A variety of reactions can be utilized to process the captured CO2, depending on the desired products. For methane 

production, the leading technology is the Sabatier reaction,69,70 but less mature options include high and room 

temperature electrochemical reactors,71,32 as well as photocatalytic processes.72 Options for oxygen generation include 

the Bosch reaction with water electrolysis,73 SOE,17 the reverse water gas shift reaction with water electrolysis,74 room 

temperature electrochemical reactions,75 and photocatalytic reactions.76 On the other hand, captured CO2 can also be 

utilized as feedstock for bioregenerative life support systems.77 With the exception of O2 generation via certain 

electrochemical and photocatalytic processes, it should be noted that these technologies also consume water or 

hydrogen during their respective reactions. For electrochemical systems, continuous-flow reactors have numerous 

advantages over those that operate in batch mode, such as improved mixing and mass transfer;78 continuous flow also 

avoids any warm-up period that may be associated with batch processing for high temperature reactors. 

IV. Potential ISRU Architectures with Room Temperature Ionic Liquids 

A. CO2 Capture for Alternative (non-RTIL) Reactor Processes 

A room temperature ionic liquid can be employed to capture CO2 upstream of a reactor that relies on other reactions 

(e.g., high temperature, photocatalytic, or bioregenerative reactors). A notional depiction of this configuration is 

shown in Figure 3. 

The capture stage 

first exposes an ionic 

liquid to the Martian 

atmosphere, allowing 

the RTIL to 

preferentially absorb 

CO2. The CO2-loaded 

RTIL is then pumped 

to a desorption step in 

order to release the 

captured CO2. The 

released gas is then 

stored in tanks for 

eventual use as feedstock in a downstream reactor, while the CO2-poor RTIL is pumped back to the capture stage for 

additional cycles.       

 Since RTILs remain stable at ambient Mars pressures, the capture stage can be operated at or near atmospheric 

pressure, assuming an RTIL with sufficient CO2 solubility is utilized. To provide some examples, Seo et al. reported 

that 1-ethyl-3-methylimidazolium 2-cyano-pyrrolide possesses a CO2 uptake capacity of approximately 6.9 weight 

percent at a CO2 partial pressure of 800 Pascals and 295.15 K, while 1-ethyl-3-methylimidazolium 3-triazolide 

possesses an uptake capacity of 3.7 weight percent at a CO2 partial pressure of 550 pascals and 295.15 K.34 Another 

notable advantage with the configuration in Figure 3 is the lack of cryocoolers, which are required for CO2 freezers 

and are relatively mass and power intensive.69  

B. CO2 Capture for a Room Temperature Electrochemical Reactor 

 As seen in Figure 4, the RTIL-based capture stage can 

also be integrated with a room temperature electrochemical 

reactor, which uses the same ionic liquid as the solvent, 

electrolyte, and co-catalyst for the reduction reaction.15, 79-81 

After capturing CO2, the RTIL is pumped into an adjacent 

reactor, delivering the CO2 to a catalytically active electrode, 

which electrochemically converts it into a desired product 

when a reducing potential is applied. The CO2-poor RTIL is 

then circulated back to the capture stage, allowing the process 

to repeat.  

 Since the ionic liquid delivers CO2 directly to the room 

temperature reactor, the vacuum and thermal systems for the 

desorption and storage steps in Figure 3 are not required, avoiding associated power and thermal requirements. The 

high temperatures and elevated pressures of leading reactors (SOE and Sabatier) can also be avoided.17,82 For a 

Figure 3. Notional Stages of an RTIL-Based CO2 Capture System  

and Downstream Reactor  

Figure 4. Notional Configuration for CO2 Capture 

and Processing with one RTIL 
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methane-production system, water can also be electrolyzed in the same process vessel, thereby avoiding the standalone 

water electrolysis unit required in a Sabatier architecture.83 On the other hand, this configuration introduces an 

additional risk of delivering dust directly to the reactor, so dust accumulation in the capture stage must be well-

characterized and mitigated to maintain nominal reactor operations. Such a system would also probably require a 

downstream purifier (e.g., electrochemical or membrane separator69) to generate pure rocket propellant, unless ~100% 

selectivity can be sustained at the cathode. 

The development of viable cathodes for CO2 reduction is still on-going since current designs provide insufficient 

selectivities, reaction rates, energetic efficiencies, and stabilities.84 Over the years, many cathode/electrolyte pairs have 

been shown to generate CO with and without ionic liquids, such as silver with 1-ethyl-3-methylimidazolium 

tetrafluoroborate,14 a bismuth-based catalyst with 1-ethyl-3-methylimidazolium hexafluorophosphate,85 a 

molybdenum disulphide catalyst with 1-ethyl-3-methylimidazoilum tetrafluoroborate,86 tungsten diselenide with 1-

ethyl-3-methylimdazolium tetrafluoroborate,87 and nanoporous silver with sodium bicarbonate.88 Such processes 

could be utilized for oxygen production on Mars since O2 is generated as a byproduct. Examples of cathode/electrolyte 

pairs that generate methane include nitrogen-doped graphene-like materials with 1-butyl-3-methylimidazolium 

tetrafluoroborate,32 metal-organic frameworks with 1-butyl-3-methylimidazolium tetrafluoroborate,15 as well as 

copper sulfide nanosheets with potassium bicarbonate.89   

Unfortunately, the architecture in Figure 4 requires dynamic control of the electrolyte compositions in the 

electrochemical cell, introducing additional complexity to the system. More specifically, water content in the anolyte 

must be controlled in order to maintain adequate acidity and to replace water consumed during the oxidation process. 

Water will also be generated at the cathode as a byproduct of the CO2 reduction reaction, and if it is not removed, 

excess water will dilute the ionic liquid solution over time, thereby negatively affecting the solution’s CO2 solubility 

and catalytic effects. Water content in the cathode compartment must also be controlled in order to maintain an 

appropriate pH, ionic conductivity, and viscosity for the catholyte.  

An aqueous RTIL also complicates the operation of a CO2 capture stage at low pressures since water may boil or 

rapidly evaporate. For context, the vapor pressure of water at 293.15 K is 2,339 Pascals.90 Loss rates, however, will 

vary with the design of the system—a contactor that directly exposes the solution to the atmosphere (e.g., Solid Pin 

Contactor) will probably lose water at a different rate than a membrane-based unit (e.g., Hollow Fiber Contactor). 

Potential mitigation strategies include elevated pressure in the capture stage or appropriately-sized water extraction 

systems that offset this loss. 

C. Dual-RTIL Loop for CO2 Capture and Conversion 

 A dual-RTIL 

system is another 

potential 

configuration for an 

ISRU architecture, 

as depicted in 

Figure 5. This 

configuration 

utilizes one ionic 

liquid to separate 

CO2 from the 

atmosphere, and after this step, the CO2 can be transferred to a second RTIL, which delivers the gas to a room 

temperature electrochemical reactor and facilitates the reduction reaction.  

The primary advantage of this configuration is that each RTIL can be optimized for their respective functions. 

More specifically, an ionic liquid that possesses high CO2 solubility at Mars pressures can be employed for the first 

step. In addition, the sole function of this RTIL is to capture CO2, so it may not need to be mixed with water, potentially 

avoiding the challenge of using an aqueous solution for CO2 capture at low pressures (Figure 4). But, an optimal RTIL 

for CO2 capture may bind the molecule too strongly and slow its rate of adsorption onto the reactor catalyst. So, the 

reactor may benefit from the use of a different RTIL that is better suited for this process and the subsequent reduction 

reaction, leading to the second RTIL loop as illustrated in Figure 5.  
Another significant advantage of this architecture is in the opportunity to develop the CO2 capture stage 

independently of the room temperature reactor, similar to the option described above for non-RTIL processing (Figure 

3). Since there are still numerous challenges associated with the room temperature electrochemical reduction of CO2 

into desired products, including slow reaction rates, inadequate selectivities, and high overpotentials,84 on-going 

research and development efforts are targeting novel cathodes that will resolve these issues. As a result, though, a 

Figure 5. Notional Configuration for Dual-Liquid Capture and Processing 
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flight-ready cathode has yet to be established. Ultimately, the cathode’s interaction with the RTIL will depend on its 

eventual properties, such as material composition, morphology, and particle size,91 so the reactor RTIL cannot be 

finalized until candidate cathodes are mature. In light of this challenge, the dual-RTIL scheme provides the opportunity 

to develop the capture stage independently of the reactor, which is not necessarily plausible for the integrated, single-

loop configuration shown in Figure 4. 

The primary disadvantage of this architecture compared to the single-loop configuration, however, is the need for 

a desorption step and a second capture stage. In addition to introducing additional mass, power, and volume, these 

steps may also slow the delivery of CO2 to the reactor. And while the use of separate loops introduces the option of 

operating the atmospheric CO2 capture stage and reactor at significantly different pressures, an additional challenge 

may be created if the capture, desorption, or reaction stages induce a pressure differential across one of the loops. In 

such a scenario, the system will need to be designed to retain the liquid (e.g., ensure the liquid does not seep through 

a membrane due to the pressure differential). 

Meanwhile, the relative immaturity of current room temperature electrochemical reactors is the primary 

disadvantage of this architecture compared to the scheme in Figure 3, which can be designed around a mature CO2 

reduction technology. Unless future cathodes approach ~100% selectivity for a desired product, a separator will also 

probably be needed downstream of the configuration in Figure 5. In addition, compared to the capture RTIL, a larger 

volume of reactor RTIL will probably be required to transfer and react CO2 at the same rate that it is separated from 

the atmosphere, assuming the reactor RTIL has lower solubility.   

V. Summary 

Various gas/liquid contactors have been developed for terrestrial and spaceflight applications, and when coupled 

with room temperature ionic liquids, which have negligible vapor pressures, such devices may be suitable for CO2 

capture at the low pressures found on the surface of Mars. RTILs can also serve as the solvent, electrolyte, and co-

catalyst in a room temperature reactor, introducing several plausible configurations for establishing RTIL-based ISRU 

architectures. These include: 

• RTIL-based capture and desorption stages that generate CO2 feedstock for a high temperature, photocatalytic, 

or bioregenerative reactor 

• A single RTIL that captures CO2 and delivers it to a room temperature electrochemical reactor for processing 

• A dual-RTIL loop, where one half is optimized for CO2 capture and the other is designed for CO2 processing 

in a room temperature electrochemical reactor 

There are numerous relationships between important operational parameters (temperature, CO2 partial pressure, 

time, and water content) and dependent properties (CO2 uptake, viscosity, electrochemical window, ionic conductivity, 

gas selectivity, and freezing/melting point) that vary significantly with each RTIL. These relationships must be well 

characterized before a given RTIL can be utilized for Mars ISRU.  

 Beyond the fundamental research needed to thoroughly characterize the various RTIL properties, the performance 

of integrated systems at representative scales with relevant inputs and operational conditions has not yet been 

demonstrated at steady state for long durations. Although existing cathode/RTIL combinations are probably still 

inadequate for Mars ISRU, system-level experiments with existing options can be employed to identify unknown 

challenges and advance the technology in parallel with reactor maturation. Theoretical system-level analyses of full-

scale RTIL-based ISRU applications can also be used to quantify potential advantages and disadvantages of the 

proposed architectures. Equivalent system mass analyses, in particular, would provide valuable trade space insight 

and could help guide down-selections from the configurations presented above. 

 In short, RTIL-based ISRU technologies are well-positioned to serve as dissimilar, redundant systems for oxygen, 

methane, and buffer gas generation on Mars, but in addition to fundamental research on RTIL properties and cathodes, 

systems-level analyses are required to advance the technology readiness level of this novel approach. 

Acknowledgments 

This work is funded through NASA Space Technology Research Fellowships, grant numbers NNX16AM49H and 

NNX14AL72H. 

  References 
1Kleinhenz, J. E., and Paz, A., “An ISRU Propellant Production System to Fully Fuel a Mars Ascent Vehicle,” 10th Symp. Space 

Resour. Utilization, 2017, 1-11. 



 

10 

International Conference on Environmental Systems 

2Sanders, G. B., Paz, A., Oryshchyn, L., Araghi, K., Muscatello, A. C., Linne, D. L., Kleinhenz, J. E., and Peters, T., “Mars 

ISRU for Production of Mission Critical Consumables – Options, Recent Studies, and Current State of the Art,” AIAA SPACE 

2015, 2015, 1-32. 
3Franz, H. B., Trainer, M. G., Wong, M. H., Mahaffy, P. R., Atreya, S. K., Manning H. L. K., and Stern, J. C., “Reevaluated 

martian atmospheric mixing ratios from the mass spectrometer on the Curiosity rover,” Planet. Space Sci., Vol. 109, 2015, 154-

158. doi: 10.1016/j.pss.2015.02.014. 
4Smith, D. E., Zuber, M. T., Frey, H. V., Garvin, J. B., Head, J. W., Muhleman, D. O., Pettengill, G. H., Phillips, R. J., Solomon, 

S. C., Zwally, H. J., Banerdt, W. B., Duxbury, T. C., Golombek, M. P., Lemoine, F. G., Neumann, G. A., Rowlands, D. D., 

Aharonson, O., Ford, P. G., Ivanov, A. B., Johnson, C. L., McGovern, P. J., Abshire, J. B., Afzal, R. S., and Sun, X., “Mars Orbiter 

Laser Altimeter: Experiment summary after the first year of global mapping of Mars,” J. Geophys. Res., Vol. 106, 2001, 23689-

23722. doi: 10.1029/2000JE001364. 
5Feldman, W. C., Pathare, A., Maurice, S., Prettyman T. H., Lawrence, D. J., Milliken, R. E., and Travis, B. J., “Mars Odyssey 

neutron data: 2. Search for buried excess water ice deposits at nonpolar latitudes on Mars,” J. Geophys. Res., Vol. 116, 2011, 1-17. 

doi: 10.1029/2011JE003806. 
6Abbud-Madrid, A., Beaty, D., Boucher, D., Bussey, B., Davis, R., Gertsch, L., Hays, L., Kleinhenz, J., Meyer, M., Moats, M., 

Mueller, R., Paz, A., Suzuki, N., van Susante, P., Whetsel, C. & Zbinden, E., “Mars Water In-Situ Resource Utilization (ISRU) 

Planning (M-WIP) Study,” NASA, 2016. 
7Hoffman, S., Andrews, A., and Watts, K., “Mining Water Ice on Mars: An Assessment of ISRU Options in Support of Future 

Human Missions,” NASA, 2016. 
8Seo, S., Quiroz-Guzman, M., DeSilva, M. A., Lee, T. B., Huang, Y., Goodrich, B. F., Schneider, W. F., and Brennecke, J. F., 

“Chemically Tunable Ionic Liquids with Aprotic Heterocyclic Anion (AHA) for CO2 Capture,” J. Phys. Chem., Vol. 118, 2014, 

5740–5751. doi: 10.1021/jp502279w. 
9Arquilla, K. S., Rundle, T., Shaffer, B., Phillips, D. D., Lampe, A., Denton, J., Fritz, T., Lima, A., Dixon, J., Lotto, M., 

Holquist, J. B., and Nabity, J., “Characterization of Carbon Dioxide Removal using Ionic Liquids in Novel Geometries,” 47th Int. 

Conf. Environ. Syst., 2017, 1-14. 
10Yates, S. F., Bershitsky, A., Bonk, T., Henson, P., and MacKnight, A., “Direct Liquid Contact – Next Generation Approach 

to Combined CO2 Recovery and Humidity Control for Extended Missions,” AIAA SPACE 2016, 2016, 1-15. 
11Wickham, D. T., Gleason, K.  J., Engel, J.R., Cowley, S. W., and Chullen, C., “Continued Advancement of Supported Liquid 

Membranes for Carbon Dioxide Control in Extravehicular Activity Applications,” 45th Int. Conf. Environ. Syst., 2015, 1-15. 
12Wickham, D. T., Gleason, K. J., Cowley, S. W., “Advanced Supported Liquid Membranes for Ammonia and Formaldehyde 

Control in Space Suits,”47th Int. Conf. Environ. Syst., 2017, 1-16. 
13Bier, M., and Dietrich, S., “Vapour pressure of ionic liquids,” Mol. Phys., Vol. 108, 2010, 211-214. doi: 

10.1080/00268971003604609. 
14Rosen, B. A., Salehi-Khojin, A., Thorson, M. R., Zhu, W., Whipple, D. T., Kenis, P. J. A., and Masel, R. I., “Ionic Liquid-

Mediated Selective Conversion of CO2 to CO at Low Overpotentials,” Sci., Vol. 334, 2011, 634-644. doi: 10.1126/science.1209786. 
15Kang, X., Zhu, Q., Sun, X., Hu, J., Zhang, J., Liu, Z., and Han, B., “Highly efficient electrochemical reduction of CO2 to CH4 

in an ionic liquid using a metal-organic framework cathode,” Chem. Sci., Vol. 7, 2016, 266-273. doi: 10.1039/c5sc03291a.  
16Phillips III, J. R., Pollard, J. R. S., Johansen, M. R., Mackey, P. J., Clements, J. S., and Calle, C. I., “Martian Atmospheric 

Dust Mitigatoin for ISRU Intakes via Electrostatic Precipitation,” Lunar Planet. Sci. Exploration, 2016, 1-11. 
17Rapp, D., Hoffman, J., Meyen, F., and Hecht, M., “The Mars Oxygen ISRU Experiment (MOXIE) on the Mars 2020 Rover,” 

AIAA SPACE 2015 Conf. Expo., 2015, 1-12. 
18Drake, B., “Human Exploration of Mars: Design Reference Architecture 5.0 Addendum,” NASA, NASA-SP-2009-566-ADD, 

2009. 
19Gómez-Elvira, J., Carrasco, I., Lepinette, A., Marín, M., Mora, L., Navarro, S., Peinado, V., Pla-Garcia, J., Torres, J., Viúdez-

Moreiras, D., Urqui, R., de la Torre, M., Newman, C., Martínez, G. M., Harri, A-M., Genzer, M., and the REMS Team., “Gale 

atmospheric evolution along the first two years on mars of using REMS-MSL data,” Sixth Int. Workshop Mars Atmosphere: Model. 

and Obs., 2017, 1-4. 
20Martínez, G. M., Newman, C. N., De Vicente-Retortillo, A., Fisher, E., Renno, N. O., Richardson, M. I., Fairén, A. G., Genzer, 

M., Guzewich, S. D., Haberle, R. M., Harri, A.-M., Kemppinen, O., Lemmon, M. T., Smith, M. D., de la Torre-Juárez, M., and 

Vasavada, A. R., “The Modern Near-Surface Martian Climate: A Review of In-Situ Meteorological Data from Viking to Curiosity,” 

Space Sci. Rev., Vol. 212, 2017, 295-338. doi: 10.1007/s11214-017-0360-x. 
21Abe, H., Yoshimura, Y., Imai, Y., Goto, T., and Matsumoto, H., “Phase behavior of room temperature ionic liquid – H2O 

mixtures: N, N-diethyl-N-methyl-N-2-methoxyethyl ammonium tetrafluoroborate,” J. Mol. Liq.. 2009, 16-21. doi: 

10.1016/j.molliq.2009.09.004. 
22Zhang, S., Sun, N., He, X., Lu, X., and Zhang, X., “Physical Properties of Ionic Liquids: Database and Evaluation,” J. Phys. 

Chem. Ref. Data, Vol. 35, 2006, 1475-1517. doi: 10.1063/1.2204959. 
23Liu, Y., Meyer, A. S., Nie, Y., Zhang, S., Zhao, Y., Fosbøl, P. L., and Thomsen, K., “Freezing Point Determination of Water—

Ionic Liquid Mixtures,” J. Chem. Eng. Data, Vol. 62, 2017, 2374-2383. doi: 10.1021/acs.jced.7b00274. 
24AlTuwaim, M. S., Alkhaldi, K. H. A. E., Al-Jimaz, A. S., and Mohammad, A. A., “Temperature Dependence of 

Physicochemical Properties of Imidazolium-, Pyroldinium-, and Phosphonium-Based Ionic Liquids,” J. Chem. Eng. Data, Vol. 59, 

2014, 1955-1963. doi: 10.1021/je500093z. 

 

https://doi.org/10.1016/j.molliq.2009.09.004


 

11 

International Conference on Environmental Systems 

25Gurkan, B., Goodrich, B. F., Mindrup, E. M., Ficke, L. E., Massel, M., Seo, S., Senftle, T. P., Wu, H., Glaser, M. F., Shah, J. 

K., Maginn, E. J., Brennecke, J. F., and Schneider, W. F., “Molecular Design of High Capacity, Low Viscosity, Chemically Tunable 

Ionic Liquids for CO2 Capture,” J. Phys. Chem. Lett., Vol. 1, 2010, 3494-3499. doi: 10.1021/jz101533k. 
26Jacquemin, J., Husson, P., Majer, V., and Gomes, M. F. C., “Low-pressure solubilities and thermodynamics of solvation of 

eight gases in 1-butyl-3-methylimidazolium hexafluorophosphate,” Fluid Ph. Equilibria., Vol. 240, 2006, 87-95. doi: 

10.1016/j.fluid.2005.12.003. 
27Rodríguez, H., and Brennecke, J. F., “Temperature and Composition Dependence of the Density and Viscosity of Binary 

Mixtures of Water + Ionic Liquid,” J. Chem. Eng. Data., Vol. 51, 2006, 2145-2155. doi: 10.1021/je0602824. 
28Goodrich, B. F., de la Fuente, J. C., Gurkan, B. E., Lopez, Z. K., Price, E. A., Huang, Y., and Brennecke, J., “Effect of Water 

and Temperature on Absorption of CO2 by Amine-Functionalized Anion-Tethered Ionic Liquids,” J. Phys. Chem. B., Vol. 115, 

2011, 9140-9150. doi: 10.1021/jp2015534. 
29Zalewska, N., “Hellas Planitia as a potential site of sedimentary minerals,” Planet. Space Sci., Vol. 78, 2013, 25-32. doi: 

10.1016/j.pss.2012.12.006. 
30Finotello, A., Bara, J. E., Camper, D., and Noble, R. D., “Room-Temperature Ionic Liquids: Temperature Dependence of Gas 

Solubility Selectivity,” Ind. Eng. Chem. Res., Vol. 47, 2008, 3453-3459. doi: 10.1021/ie0704142.  
31Vila, J., Ginés, P., Rilo, E., Cabeza, O., and Varela, L. M., “Great increase of the electrical conductivity of ionic liquids in 

aqueous solutions,” Fluid Ph. Equilibria., Vol. 247, 2006, 32-39. doi: 10.1016/j.fluid.2006.05.028. 
32Sun, X., Kang, X., Zhu, Q., Ma, J., Yang, G., Liu, Z., and Han, B., “Very highly efficient reduction of CO2 to CH4 using 

metal-free N-doped carbon electrodes,” Chem. Sci., Vol. 7, 2016, 2883-2887. doi: 10.1039/c5sc04158a. 
33Cao, Q., Lu, X., Wu, X., Guo, Y., Xu, L., and Fang, W., “Density, Viscosity, and Conductivity of Binary Mixtures of the 

Ionic Liquid N-(2-Hydroxyethyl)piperazinium Propionate with Water, Methanol, or Ethanol,” J. Chem. Eng. Data, Vol. 60, 2015, 

455-463. doi: 10.1021/je500380x. 
34Seo, S., DeSilva, A., and Brennecke, J. F., “Physical Properties of CO2 Reaction pathway of 1-Ethyl-3-Methylimidazolium 

Ionic Liquids with Aprotic Heterocyclic Anions,” J. Phys. Chem., Vol. 118, 2014b, 14870-14879. doi: 10.1021/jp509583c. 
35Swatloski, R. P., Holbrey, J. D., and Rogers, R. D., “Ionic liquids are not always green: hydrolysis of 1-butyl-3-

methylimidazolium hexafluorophosphate,” Green Chem., Vol. 5, 2003, 361-363. doi: 10.1039/b304400a. 
36Freire, M. G., Neves, C. M. S. S., Marrucho, I. M., Coutinho, J. A. P., and Fernandes, A. M., “Hydrolysis of Tetrafluoroborate 

and Hexafluorophosphate Counter Ions in Imidazolium-Based Ionic Liquids,” J. Phys. Chem. A., Vol. 114, 2010, 3744-3749. doi: 

10.1021/jp903292n. 
37Schubert, T. J. S., “Air- and Water-Stable Ionic Liquids,” in: Fundamentals of Ionic Liquids, edited by F. Endres, A. Abbott, 

and D. MacFarlane, Wiley, Weinheim, 2017, 26-37. 
38O’Mahony, A. M., Silvester, D. S., Aldous, L., Hardacre, C., and Compton, R. G., “Effect of Water on the Electrochemical 

Window and Potential Limits of Room-Temperature Ionic Liquids,” J. Chem. Eng. Data, Vol. 53, 2008, 2884-2891. doi: 

10.1021/je800678e. 
39Kumar, B., Brian, J. P., Atla, V., Kumari, S., Bertram, K. A., White, R. T., and Spurgeon, J. M., “New trends in the 

development of heterogeneous catalysts for electrochemical CO2 reduction,” Catal. Today, Vol. 270, 19-30, doi: 

10.1016/j.cattod.2016.02.006. 
40Aki, S. N. V. K., Mellein, B. R., Saurer, E. M., and Brennecke, J. F., “High-Pressure Phase Behavior of Carbon Dioxide with 

Imidazolium-Based Ionic Liquids,” J. Phys. Chem. B, Vol. 108, 2004, 20355-20365. doi: 10.1021/jp046895+. 
41Carvalho, P. J., Álvarez, V. H., Marrucho, I. M., Aznar, M., and Coutinho, J. A. P., “High carbon dioxide solubilities in 

trihexyltetradecylphosphonium-based ionic liquids,” J. of Supercritical Fluids, Vol. 52, 2010, 258-265. doi: 

10.1016/j.supflu.2010.02.002. 
42Bates, E. D., Mayton, R. D., Ntai, I., and Davis, J. H., “CO2 Capture by a Task-Specific Ionic Liquid,” J. Am. Chem. Soc., 

Vol. 124, 2002, 926-927. doi: 10.1021/ja017593d. 
43Gurkan, B.E., de la Fuente, J. C., Mindrup, E. M., Ficke, L. E., Goodrich, B. F., Price, E. A., Schneider, W. F., and Brennecke, 

J. F., “Equimolar CO2 Absorption by Anion-Functionalized Ionic Liquids,” J. Am. Chem. Soc., Vol. 132, 2010, 2116-2117. doi: 

10.1021/ja909305t. 
44Cui, G., Wang, J., and Zhang, S., “Active chemisorption sites in functionalized ionic liquids for carbon capture,” Chem. Soc. 

Rev., Vol. 45, 2016, 4307-4339. doi: 10.1039/C5CS00462D 
45Seddon, K. R., Stark, A., Torres, M-J., “Viscosity and Density of 1-Alkyl-3-methylimidazolium Ionic liquids,” Clean 

Solvents, edited by M.A. Abraham and L. Moens, American Chemical Society, Washington, DC, 2002, 34-49. 
46Vila, J., Varela, L. M., and Cabeza, O., “Cation and anion sizes influence in the temperature dependence of the electrical 

conductivity in nine imidazolium based ionic liquids,” Electrochim. Acta, Vol. 51, 2007, 7413-7417. doi: 

10.1016/j.electacta.2007.06.044. 
47Sharma, A., Zhang, Y., Gohndrone, T., Oh, S., Brennecke, J. F., McCready, M. J., and Maginn, E. J., “How mixing tetraglyme 

with the ionic liquid 1-n-hexyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide changes volumetric and transport 

properties: An experiment and computational study,” Chem. Eng. Sci., Vol. 159, 2017, 43-57. doi: 10.1016/j.ces.2016.05.006. 
48Mercy, M., de Leeuw, N. H., and Bell, R. G., “Mechanisms of CO2 capture in ionic liquids: a computational perspective,” 

Faraday Discuss., Vol. 192, 2016, 479-492. doi: 10.1039/C6FD00081A. 
49Sridhar, K. R., Finn, J. E., and Kliss, M. H., “In-situ resource utilization technologies for Mars life support systems,” Adv. 

Space Res., Vol. 25, 2000, 249-255. doi: 10.1016/S0273-1177(99)00955-2. 

 

https://doi.org/10.1016/j.cattod.2016.02.006
https://doi.org/10.1039/C5CS00462D


 

12 

International Conference on Environmental Systems 

50Lei, Z., Dai, C., and Chen, B., “Gas Solubility in Ionic Liquids,” Chem. Rev., Vol. 114, 2014, 1289-1326. doi: 

10.1021/cr300497a. 
51Jacquemin, J., Gomes, M. F. C., Husson, P., and Majer, V., “Solubility of carbon dioxide, ethane, methane, oxygen, nitrogen, 

hydrogen, argon, and carbon monoxide in 1-butyl-3-methylimidazolium tetrafluoroborate between temperatures 283 K and 343 K 

and at pressures close to atmospheric,” J. Chem. Thermodynamics, Vol. 38, 2006, 490-502. doi: 10.1016/j.jct.2005.07.002. 
52Kuriyel, R., Fushijima, M., Jung, G. W., “Advancements in Membrane Processes for Pharmaceutical Applications,” in: 

Handbook of Membrane Separations: Chemical, Pharmaceutical, Food, and Biotechnological Applications, edited by A. K. Pabby, 

S. S. H. Rizvi, and A. M. Sastre, CRC Press, Boca Raton, 2015, 409-425. 
53Gabelman, A., and Hwang, S., “Hollow fiber membrane contactors,” J. Membr. Sci., Vol. 159, 1999, 61-106. doi: 

10.1016/S0376-7388(99)00040-X. 
54Hasib-ur-Rahman, M., Siaj, M., and Larachi, F., “Ionic liquids for CO2 capture – Development and progress,” Chem. Eng. 

Proc., Vol. 49, 2010, 313-322. doi: 10.1016/j.cep.2010.03.008. 
55Bartsch, R. A., and Way, J. D., “Chemical Separations with Liquid Membranes:  An Overview,” Chemical Separations with 

Liquid Membranes, American Chemical Society, Washington DC, 1996, Chap. 1. 
56Baltus, R. E., Counce, R. M., Culbertson, B. H., Luo, H., DePaoli, D. W., Dai, S., and Duckworth, D. C., “Examination of 

the Potential of Ionic Liquids for Gas Separations,” Sep. Sci. Technol., Vol. 40, 2005, 525-541. doi: 10.1081/SS-200042513.  
57Scovazzo, P., Havard, D., McShea, M., Mixon, S., Morgan, D., “Long-term, continuous mixed-gas dry fed CO2/CH4 and 

CO2/N2 separation performance and selectivities for room temperature ionic liquid membranes,” J. Memb. Sci., Vol. 327, 2009, 

41-48. doi: 10.1016/j.memsci.2008.10.056. 
58Karadas, F., Atilhan, M., and Aparicio, S., “Review on the Use of Ionic Liquids (ILs) as Alternative Fluids for CO2 Capture 

and Natural Gas Sweetening,” Energy Fuels, Vol. 24, 2010, 5817-5828. doi: 10.1021/ef1011337. 
59Scovazzo, P., “Determination of the upper limits, benchmarks, and critical properties for gas separations using stabilized room 

temperature ionic liquid membranes (SILMs) for the purpose of guiding future research,” J. Memb. Sci., Vol. 343, 2009, 199-211. 

doi: 10.1016/j.memsci.2009.07.028. 
60Bara, J. E., Camper, D. E., Gin, D. L., and Noble, R. D., “Room-temperature Ionic Liquids and Composite Materials:  Platform 

Technologies for CO2 Capture,” Acc. Chem. Res., Vol. 43, 2010, 152-159. doi: 10.1021/ar9001747. 
61Jayne, K. D., Carr, D. R., and Kimble, M. C., “Carbon Dioxide Collection and Pressurization Technology,” 46th Int. Conf. 

Environ. Syst., 2016, 1-12. 
62Jayne, K. D., Carr, D. R., and Kimble, M. C., “Carbon Dioxide Collection and Pressurization Technology,” 47th Int. Conf. 

Environ. Syst., 2017, 1-13. 
63Scovazzo, P., Poshusta, J., DuBois, D., Koval, C., and Noble, R., “Electrochemical Separation and Concentration of <1% 

Carbon Dioxide from Nitrogen,” J. Electrochem. Soc., Vol. 150, 2003, D91-D98. doi: 10.1149/1.1566962. 
64Bao, D., Zhang, X., Dong, H., Ouyang, Z., Zhang, X., and Zhang, S., “Numerical simulations of bubble behavior and mass 

transfer in CO2 capture systems with ionic liquids,” Chem. Eng. Sci., Vol. 135, 2015, 76-88. doi: 10.1016/j.ces.2015.06.035. 
65Degaleesan, S., Dudukovic, M., and Pan, Y., “Experimental Study of Gas-Induced Liquid-Flow Structures in Bubble 

Columns,” AlchE J., Vol. 47, 2001, 1913-1931. doi: 10.1002/aic.690470904. 
66Graf, J., Weislogel, M., and Brennecke, J., “Thirsty Walls: A New Paradigm for Air Revitalization in Life Support,” Final 

Technical Report of NIAC Phase 1 Study, 2016, 1-24. 
67Zanfir, M., Gavriilidis, A., Wille, C., and Hessel, V., “Carbon Dioxide Absorption in a Falling Film Microstructured Reactor: 

Experiments and Modeling,” Ind. Eng. Chem. Res., Vol. 44, 2005, 1742-1751. doi: 10.1021/ie049726k. 
68Javed, K. H., Mahmud, T., and Purba, E., “The CO2 capture performance of a high-intensity vortex spray scrubber,” Chem. 

Eng. J., Vol. 162, 2010, 448-456. doi: 10.1016/j.cej.2010.03.038.  
69Muscatello, A. C., Hintze, P. E., Meier, A. J., Bayliss, J. A., Karr, L. J., Paley, M. S., Marone, M. J., Gibson, T. L., Surma, J. 

M., Mansell, J. M., Lunn, G. M., Devor, R. W., Captain, J. G., and Berggren, M., “Mars Atmospheric In Situ Resource Utilization 

Projects at the Kennedy Space Center,” Earth Space Conf., 1-12. 
70Samplatsky, D. J., Grohs, K., Edeen, M., Crusan, J., and Burkey, R., “Development and Integration of the Flight Sabatier 

Assembly on the ISS,” 41st Int. Conf. Environ. Syst., 2011, 1-9. 
71Lei, L., Liu, T., Fang, S., Lemmon, J. P., and Chen, F., “The co-electrolysis of CO2-H2O to methane via a novel micro-tubular 

electrochemical reactor,” J. Mater. Chem. A, Vol. 5, 2017, 2904-2910. doi: 10.1039/c6ta10252b. 
72Varghese, O. K., Paulose, M., LaTempa, T. J., and Grimes, C. A., “High-Rate Solar Photocatalytic Conversion of CO2 and 

Water Vapor to Hydrocarbon Fuels,” Nano Lett., Vol. 9, 2009, 731-737. doi: 10.1021/nl803258p. 
73Abney, M. B., Mansell, J. M., Barnett, B., Stanley, C. M., Junaedi, C., Vilekar, S. A., and Kent, R., “Demonstration of 

Robustness and Integrated Operation of a Series-Bosch System,” 46th Int. Conf. Environ. Syst., 2016, 1-11. 
74Holladay, J. D., Brooks, K. P., Humble, P., Hu, J., Simon, T. M., “Compact Reverse Water-Gas-Shift Reactor for 

Extraterrestrial In Situ Resource Utilization,” J. Prop. Power, Vol. 24, 2008, 578-582. doi: 10.2514/1.28589. 
75Holquist, J. B., Klaus, D. M., Nabity, J. A., and Abney, M. B., “Electrochemical Carbon Dioxide Reduction with Room 

Temperature Ionic Liquids for Space Exploration Missions,” 46th Int. Conf. Environ. Syst., 2016, 1-19. 
76Hepp, A. F., Landis, G. A., Kubiak, C. P., “Chemical Approaches to Carbon Dioxide Utilization for Manned Mars Missions,” 

NASA Tech. Memo. 103728, 1-24. 
77Niederwieser, T., Kociolek, P., and Klaus, D., “Spacecraft cabin environment effects on the growth and behavior of Chlorella 

vulgaris for life support applications,” Life Sci. Space Res., Vol. 16, 2017, 8-17. doi: 10.1016/j.lssr.2017.10.002. 

 



 

13 

International Conference on Environmental Systems 

78Endrődi, B., Bencsik, G., Darvas, F., Jones, R., Rajeshwar, K., and Janáky, C., “Continuous-flow electroreduction of carbon 

dioxide,” Prog. Energy Combust. Sci., Vol. 62, 2017, 133-154. doi: 10.1016/j.pecs.2017.05.005.  

79Neubauer, S. S., Krause, R. K., Schmid, B., Guldi, D. M., and Schmid, G., “Overpotentials and Faraday Efficiencies in CO2 

Electrocatalysis—the Impact of 1-ethyl-3-methylimidazolium Trifluoromethanesulfonate,” Adv. Energy Mat., Vol. 6, 2016, 1-6. 

doi: 10.1002/aenm.201502231. 
80Sun, L., Ramesha, G. K., Kamat, P. V., and Brennecke, J. F., “Switching the Reaction Course of Electrochemical CO2 

Reduction with Ionic liquids,” Langmuir, Vol. 30, 2014, 6302-6308. doi: 10.1021/la5009076. 
81Rosen, B. A., Zhu, W., Kaul, G., Salehi-Khojin, A., and Masel, R. I., “Water Enhancement of CO2 Conversion on Silver in 

1-Ethyl-3-Methylimidazolium Tetrafluoroborate,” J. Electrochem. Soc., Vol. 160, 2013, H138-H141. doi: 10.1149/2.004303jes. 
82Meier, A. J., Shah, M. G., Hintze, P. E., Muscatello, A. C., “Mars Atmospheric Conversion to Methane and Water: An 

Engineering Model of the Sabatier Reactor with Characterization of Ru/Al2O3 for Long Duration Use on Mars,” 47th Int. Conf. 

Environ. Syst., 2017, 1-20. 
83Muscatello, A. C., and Santiago-Maldonado, E., “Mars In Situ Resource Utilization Technology Evaluation,” 50th AIAA 

Aerosp. Sci. Meet., 2012, 1-32. 
84Ma, T., Fan, Q., Tao, H., Han, Z., Jia, M., Gao, Y., Ma, W., and Sun, Z., “Heterogeneous electrochemical CO2 reduction 

using nonmetallic carbon-based catalysts: current status and future challenges,” Nanotechnology. Vol. 28, 2017, 1-18. doi: 

10.1088/1361-6528/aa8f6f. 
85Medina-Ramos, J., DiMeglio, J. L., and Rosenthal, J., “Efficient Reduction of CO2 to CO with High Current Density Using 

in Situ or ex Situ Prepared Bi-Based Materials,” J. Am. Chem. Soc., Vol. 136, 2014, 8361-8367. doi: 10.1021/ja501923g. 
86Asadi, M., Kumar, B., Behranginia, A., Rosen, B. A., Baskin, A., Repnin, N., Pisasale, D., Phillips, P., Zhu, W., Haasch, R., 

Klie, R. F., Král, P., Abiade, J., and Salehi-Khojin, A., “Robust carbon dioxide reduction on molybdenum disulphide edges,” Nat. 

Commun., Vol. 5, 2014, 1-8. doi: 10.1038/ncomms5470. 
87Asadi, M., Kim, K., Liu, C., Addepalli, A. V., Abbasi, P., Yasaei, P., Phillips, P., Behranginia, A., Cerrato, J. M., Haasch, 

Zapol, P., Kumar, B., Klie, R. F., Abiade, J., Curtiss, L. A., and Salehi-Khojin, A., “Nanostructured transition metal dichalcogenide 

electrocatalysts for CO2 reduction in ionic liquid,” Sci., Vol. 353, 1-5. doi: 10.1126/science.aaf8533. 
88Rosen, J. S., “Design of Electrolyzer for Carbon Dioxide Conversion to Fuels and Chemicals,” University of Delaware P.h.D. 

Dissertation, 2016.  
89Zhao, Z., Peng, X., Liu, X., Sun, X., Shi, J., Han, L., Li, G., Luo, J., “Efficient and stable electroreduction of CO2 to CH4 on 

CuS nanosheet arrays,” J. Mater. Chem. A, Vol. 5, 2017, 20239-20243. doi: 10.1039/c7ta05507b. 
90Haar, L., Gallagher, J. S., and Knell, G. S., “NBS/NRC Steam Tables,” Hemisphere Publishing Corp., New York, 1984. 
91Sun, D. and Chen, Y., “Electrode Kinetics of CO2 Electroreduction,” in: Electrochemical Reduction of Carbon Dioxide, edited 

by J. Qiao, Y. Liu, and J. Zhang,  CRC Press, Boca Raton, 2016, 103-154. 


