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Removing carbon dioxide (CO2) from a spacecraft environment for deep space exploration requires a 

robust system that is low in weight, volume, power, and reliability. Extended missions beyond low Earth orbit 

(LEO) presently do no utilize long term reliable technology. Current CO2 removal systems, such as the carbon 

dioxide removal assembly (CDRA), use solid sorbents that demand high power usage due to high desorption 

temperatures and a large volume to accommodate for their comparatively low capacity for CO2. Additionally, 

solid sorbent systems contain several mechanical components that significantly contribute to a large overall 

mass. Liquid sorbents have been evaluated as an alternative and are estimated to consume 65% less power, 

weight, and volume than solid based CO2 scrubbers, and therefore offer simplicity leading to reliability. This 

paper presents the evaluation, test data, characterization, and selection of a liquid sorbent for CO2 removal in 

deep space exploration.  

Nomenclature  

A0 = amine group molarity 

AEEA = Aminoethylethanolamine 

C0 = physically dissolved CO2 concentration, dependent on Henry’s Law 

k = reaction rate constant of amine 

D = diffusivity (m2/sec) 

DGA = diglycolamine 

CO2 = carbon dioxide 

CDRA = Carbon Dioxide Removal Assembly 

NCO2 = flux of CO2 (kmoles/m2/sec) 

x* = equilibrium loading of CO2 at a given temperature and pressure (moles CO2/mole amine) 

x = loading of CO2 (moles CO2/mole amine) 
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I. Introduction  

NASA’s requirements for future carbon dioxide (CO2) removal systems set stringent requirements on performance 

that may be considered to be challenging (<200 kg, <800 W, <0.4 m3 at 2.6 torr for 4 person crew), necessitating 

examination of alternative systems.  Interest in CO2 capture for greenhouse gas reduction and natural gas sweetening 

has led to many development in utilizing liquid sorbents, which have been reported extensively in literature1,2,3,4,5,6.  

However, unique requirements imposed by the proposed application require additional investigation into the 

favorability of certain classes of liquids which might be suitable for human life support in enclosed environments in 

microgravity. With the below listed criteria in mind, several liquid sorbents were investigated through a literature 

review and diglycolamine (DGA) was selected and further characterized experimentally. Select properties of 

monoethanolamine (MEA) and aminoethylethanolamine (AEEA) were also characterized for comparison. 

II. Liquid Sorbent Selection Criteria  

In order to select a liquid sorbent with a goal of effectively removing carbon dioxide from human occupied cabins, 

regenerating the material with onboard resources, and returning a chemical to the ventilation loop environment in a 

condition close to ambient temperature, a set of chemical selection criteria were established.  The criteria deemed of 

greatest importance are: 

1. Toxicity – The sorbent must be benign enough to be used in a closed environment over long periods of time 

without risk to crew health or experimental conditions (i.e. toxic to plant life).  

2. Vapor pressure – separate from toxicity, a high vapor pressure will increase the need for sorbent replenishment 

and/or necessitate condensers to recover sorbent vapors. 

3. Odor – some sorbents have a known foul odor (monoethanolamine used on submarines reportedly caused the 

vessel to smell like a chicken coop).  Given the psychological demands of long duration spaceflight, it would 

be disagreeable to utilize a sorbent that is disagreeable to human sense of smell. 

4. Capacity at 2.6 torr – As target conditions are set to scrub at a CO2 partial pressure of 2.6 torr (space station 

total pressure is 750 torr), the liquid needs to be able to absorb substantial amounts of CO2 at low partial 

pressures 

5. Regeneration temperature – If the liquid is to be regenerated through a thermal vacuum arrangement, 

increasing temperature will require greater regeneration power and increase in the vapor pressure during 

regeneration, leading to greater mitigation costs (replenishment or condensation).  In addition, liquids may 

become more corrosive or decompose at high temperatures. 

6. Mass transport rate – A high mass transport rate is required in order to minimize device size.  While this 

usually means a high rate of reaction, a physical sorbent with low viscosity and high CO2 solubility may also 

prove to be suitable. 

Based on the above criteria, a preliminary list of liquids was compiled which were deemed attractive for at least several 

categories (see Table 1).  In general, amines were considered attractive for their high reaction rates and capacity, while 

ionic liquids were attractive for low volatility and odor.  Solvents were considered for their higher physical solubility 

of CO2 and possibility of solubilizing amines. 

 

Table 1: Preliminary list of liquids for CO2 capture system 

Test Fluid Classification 

Aminoethylethanolamine (AEEA) Amine 

Methyl Diethanolamine (MDEA) Amine 

Diisopropylamine (DIPA) Amine 

Diglycolamine (DGA) Amine 

Monoethanolamine (MEA) Amine 

1-ethyl-3-methylimidazolium (EMIM-BF4) Ionic Liquid 

Triethylene glycol (TEG) Solvent 

Piperazine (PZ) Amine/Rate Promoter 
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III. Experimental Methods and Results  

Though literature is often available that reports the kinetics for given liquid, the specific conditions of test, 

concentrations, and flow arrangement is different than utilized for determining kinetics (typically a wetted wall 

column).  Additionally, kinetics are typically determined without any CO2 present in the liquid (“unloaded”), which 

will be the fastest overall rate of reaction for the liquid and not representative of operational conditions.  Therefore, 

efforts were primarily focused on measuring the capacity of amines and mass transfer rates.  Additionally, sorbent 

regeneration temperature, viscosity, vapor pressure, and toxicity were also considered.  

 CO2 Capacity by Acid Desorption 

A key metric of the liquid solutions being investigated is the amount of CO2 which may be absorbed by the liquid 

at 2.6 torr CO2 partial pressure.  Two different methods were used to investigate the capacity of the liquid to absorb 

CO2, hereforeward referred to as “CO2 loading” or simply “loading”. 

One method was utilized that desorbed carbon dioxide by a pH shift and collected the evolved gas in an inverted 

cylinder7.  As noted by the original authors, for ethylenediamine recovery of 99.8% was achievable with concentrated 

acid and by heating the acid to 80°C, while 96-98% recovery was possible without heating.  The latter option was 

chosen for these experiments as the lower recovery is within the accuracy bounds achievable by the method in practice.  

If lower loadings were to be measured, a method relying on the precipitation of barium chloride would be preferred8.  

The volumetric evolution method still involves somewhat hazardous chemicals (concentrated acid vs. barium 

chloride), but is simpler and faster.  Knowledge of the initial properties of the liquid are required, namely density and 

molarity, in order to calculate loading.  The equipment schematic is shown in Figure 1 and consists of an open beaker 

with inverted graduated cylinder, a sealed flask with stir bar inside, and two syringes screwed into valves. With a 

known mass of loaded amine in the sealed flask, the excess air is removed from the graduated cylinder and the gas 

valve is closed.  A known volume of concentrated sulfuric acid (~10 mL) and purge air (~3 mL) is introduced through 

the acid line in sufficient quantity to lower the pH of the amine solution to approximately 1.  The solution is then 

vigorously stirred with a magnetic stir bar, releasing the supersaturated, physically dissolved CO2, which is then 

collected in the graduated cylinder.  Knowing the initial molarity and density of the liquid, one may readily compute 

the initial mass of CO2 in the liquid and the CO2 loading (moles of CO2 per mole of amine) in the loaded solution. 

 
Figure 1: An improved CO2 loading measurement system schematic 

 

 An analysis on potential sources of error (+/- 0.2 mL on acid, +/- 1 mL on gas volume, +/- 0.0001 g on mass), 

results in a typical measurement accuracy of +/- 2% on loading measurements (1 mL on 50 mL gas volume evolved).  

Greater accuracy is achievable with larger collected CO2 gas volumes and accuracy may be improved if a graduated 

cylinder with finer graduations was used.  It is important to adjust the mass of liquid sampled if the evolved volume 

is low in order to improve accuracy of the measurement.  

 

 

 



 

International Conference on Environmental Systems 
 

 

4 

 

 
Figure 2: Example reactions involving primary, secondary and tertiary amines monoethanolamine, 

diethanolamine, and methyldiethanolamine, respectively9 

 

  

For primary and secondary 

amine groups, the capacity of 

amines is approximately 1 mole of 

CO2 per 2 amine groups, while for 

aqueous tertiary amines, 1 mole of 

CO2 per 1 amine group is possible 

(see Figure 2).  Because of the high 

reactivity of primary and secondary 

amines, the loading still remains 

high even at lower partial pressures 

of CO2.  Figure 3 illustrates that for 

pure MEA, the loading changes by 

only 20% over two orders of 

magnitude of pressure10,11.  The 

loading of aqueous solutions 

continue to increase with greater 

CO2 partial pressure due to the 

formation of bicarbonate, though 

this generally occurs only in 

appreciable quantities above 7.5 

torr. Figure 4 illustrates the effects 

of CO2 loading versus partial 

pressure for diglycolamine. 

 For physical sorbents such as 

EMIM-BF4 (ionic liquid) or TEG, 

the CO2 capacity of the liquid is 

directly proportional to the partial 

pressure of CO2 and related by the 

Henry’s Coefficient.  For instance, 

TEG has a Henry’s coefficient of 

1.6*106 Pascal/ (kmol/m3) at 25°C, 

thus for partial pressures of 1.5 torr, 

the equilibrium concentration of 

CO2 will be 0.000125 kilomoles/m3 

(or moles/liter).  Note that physical 

sorbents have much lower capacity, 

as this is much lower than typical 

amine solutions, which may be as 

high as 2 to 4 kilomoles/m3.  For a 

Figure 3: Loading of monoethanolamine (MEA) for aqueous solutions and  

for pure MEA 
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given removal rate specification, we can see that physical sorbents will need much greater flow rates (~10,000x) to 

remove the same amount of CO2. 

 Fourier Transform Infrared Spectroscopy  

Due to various kinetic effects of liquid sorbents during the loading and unloading process, including thermal 

conductivity and mass diffusivity, the sorbent may display gradients of CO2 and H2O loading concentration both in 

the depth and across the length of fluid exposure area.  Identifying the presence of these gradients can lead to a more 

in depth knowledge of capacity and efficient system design. In order to determine loading and unloading at any 

location in the liquid, small samples (<0.5 mL) can be taken real-time from various positions and fluid depths and 

examined via Fourier-Transform Infrared Spectroscopy (FTIR).  The focus of this experimental analysis was on the 

selected favorable liquid sorbent, diglycolamine. As CO2 is absorbed by the DGA, it reacts to form a carboxylate 

product.  The resonating C=O bonds yield increased peak sizes in the 1200-1700 cm-1 range proportional to the 

concentration, as shown in figure 5.  H2O loading will display a broad peak size increase in the 2900-3400 range due 

to the increase in O-H bonds.  The temperature of the sample taken should not affect the spectrum, as long as it is not 

exposed to atmosphere to allow change in loading concentration. 

To date, a calibration curve of lean DGA versus saturated DGA has been generated (Figure 6) to use as a baseline 

for future testing. A large range of DGA samples with known incremental CO2 and H2O loadings were prepared and 

then injected into a sealed liquid cell with a fixed spacer and obtained the spectrum.  Using the same liquid cell for 

every sample, measurements of changing area underneath the peaks of the identified ranges were taken to establish a 

calibration curve.  Now that a calibration curve has been established, the peak areas in the identified ranges can be 

compared to future samples in order to determine CO2 and H2O loading in DGA at local positions.   

 
Figure 5: FTIR Plot of Lean DGA (blue) and Saturated DGA (red) 

 Mass Flux 

The size of any gas-liquid absorption device is dependent on the rate at which the gas may be absorbed per unit area, 

known as the flux.  In order to measure the flux of CO2 for a given liquid, a small chamber with high gas recirculation 

rate was constructed to minimize gas phase mass transfer resistance.  The rate of CO2 uptake was determined by 

measuring the partial pressure change that occurs between the inlet and outlet of a sealed vessel containing a known 

surface area of liquid (see Figure 6).  In this system, 99.9% pure nitrogen and CO2 are mixed and flow controlled by 

a CAI 700 gas divider to 0.5% accuracy and provided to a sealed vessel.  Inlet and outlet CO2 concentrations are 

measured by Vaisala GMT 220 series carbon dioxide transmitters with +/-1.5% of range + 2% of reading accuracy.  

Flow rate is measured to 0.6 lpm +/- 0.05 lpm by a TSI 4000 series flow meter.  The gas within the chamber is 

circulated by an external pump at a flow rate of 7.4 lpm by a Thomas diaphragm pump.  The flux of CO2 is determined 

by the following equation: 
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𝑁𝐶𝑂2 = 𝐶0𝐴0(1 − 𝑥/𝑥∗)√𝑘𝐷 ( 1 ) 

  

where A0  is the concentration of amine groups (kmol/m3), C0 is the concentration of CO2 phyiscally dissolved in the 

liquid (kmol/m3) as determined by Henry’s Law, x is the amount of CO2 loaded (mol CO2/mol amine), x* is 

equilibrium loading at a given temperature and CO2 partial pressure (mol CO2/mol amine), k is the termolecular 

reaction rate constant (1/kmol/m3)2/sec, and D is the CO2 diffusivity through the liquid (m2/sec).  Note that for 

instances where the loading of the liquid is greater than the equilibrium loading, a negative flux will result (i.e. 

desorption). 

This experimental 

method, shown in Figure 

6, provides an 

operational envelope of 

the system and means to 

predict performance for 

long duration operation 

where the liquid enters 

the absorber at one 

loading and exits at a 

much greater loading.  

For instance, the average 

flux between two 

loading conditions may 

be estimated by 

interpolating between 

the two points.  

Alternatively, if the 

curve is sufficiently non-

linear in the region of 

interest, numeric 

integration will provide a 

more accurate 

assessment of the average 

flux. 

 Figure 7 shows the 

flux for AEEA/TEG 

solutions exposed to CO2 

at 3.8 torr at 25°C.  As is 

evident by the polynomial 

curve fits, the flux drops 

quickly as the solution is 

loaded.  At approximately 

0.25 mol/mol loading, 

each solution has dropped 

to half of the unloaded 

flux.  Flux is halved again 

by 0.5 mol/mol.  These 

data have very real 

consequences for system 

design and demonstrate 

the critical role the 

desorption process has in 

sizing the absorber. 

Moreover, it sets limits to 

the loading that can be 

achieved as highly loaded 

solutions will absorb 
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more CO2 much more slowly.  For instance, it doesn’t make sense to highly load solutions unless the liquid is 

sufficiently desorbed, such that the high flux at low loadings offsets the lower fluxes for high loadings. Figure 8 

illustrates this point clearly as higher outlet conditions increase the interfacial area required to remove one crew worth 

of CO2 at the design conditions of 2.6 torr, using Equation 1 to scale the results.  

 

 
Figure 8: Liquid area required to absorb 1 mole per hour of CO2 (1 crew equivalent generation rate) at 2.6 

torr CO2 for  2M AEEA in TEG 

 

Figure 9 illustrates the results of DGA flux as a function of CO2 loading. Since NASA JSC is considering different 

absorber/desorber designs, flux was measured through direct air/liquid contact and also through membranes. In the 

absence of a membrane medium, flux was the most favorable at 4.5 moles/hr/m2 in a direct air/liquid contacting 

environment. The measured flux was reduced by as much as 50% when measured with a membrane placed between 

the gas and liquid phase. 
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 Regeneration 

In industrial amine based CO2 removal systems, liberation of absorbed CO2 from the working fluid is the highest 

energy consumption process in the system. Typically, the amine is heated to a predetermined regeneration temperature 

for desorption to occur. In a microgravity application, it is desirable to fully utilize all resources in a closed loop 

system and eliminate waste. Therefore, an ideal system would be fully regenerable and desorb captured CO2 for further 

processing. A favorable system would also have low power consumption. Taking the lessons learned from industrial 

applications regarding the correlation between regeneration temperatures and power usage, it was deemed imperative 

to select a liquid sorbent with a low regeneration value in order to have an energy efficient system. Literature research 

was conducted evaluating the regeneration temperature of the liquid sorbents being considered and an experimental 

analysis was performed for the selected liquid, diglycolamine. 

 

For the diglycolamine  regeneration 

experiment, 70 mL of DGA was 

bubbled with pure CO2 for 10 

minutes. Seven lab vials were each 

filled with ~10g of the CO2 rich 

liquid and weighed on a lab 

scale. The vials were then placed in 

an oven, cap free, to allow the CO2 

to desorb from the solution. Once 

the oven reached a steady state 

temperature of 75 C, the vials were 

removed separately and in 

succession in time intervals up to 

60 minutes.  Each vial was 

immediately weighed again on the 

scale upon being removed from the 

oven. An acid pH shift test was also 

performed on the unused CO2 rich 

DGA in order to determine the 

initial amount of CO2 loaded. It was 

determined that the sample 

contained 11.1 wt% CO2. Figure 10 

illustrates that over a time period of 

60 minutes, the samples were 

regenerating CO2 at 75 C. 

 Viscosity  

The viscosity of liquid sorbents 

are an important factor with 

respect to system pumping and 

flow design. Amine viscosity is a 

function of the amount of CO2 

loaded, amount of water, and 

temperature. As liquid amines 

absorb carbon dioxide, viscosity 

increases. However, as water is 

introduced into the liquid, 

viscosity decreases. A Brookfield 

DV-II+ Pro Viscometer with an 

accuracy of +/- 1.0 % was used to 

measure viscosity. CO2 and water 

loaded solutions of amine at 

ambient conditions were placed 

inside the sample cylinder. The 

cylinder rotates through an applied 
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force and causes the fluid to shear,  

resulting in a direct viscosity 

measurement. First, viscosity 

measurements of pure DGA at 0 – 

0.5 mol CO2/mol DGA loadings 

were taken. Figure 11 shows that a 

water free, CO2 rich sample of DGA 

exhibits a viscosity range from 40 – 

90 cP. For the experimental results 

displayed in Figure 12, water was 

added to the loaded DGA samples 

and the viscosity values were again 

recorded. Adding water to CO2 

loaded samples of DGA decreased 

the overall viscosity.   

 Toxicity  

 Due to their corrosive and volatile nature, most amines are hazardous. Monoethanolamine, the liquid sorbent used 

for CO2 scrubbers on submarines, is a known carcinogen. Ionic liquids are relatively newly understood compounds 

and their toxic nature is still under examination. Although they appear favorable due to their negligible vapor pressure, 

there are reports of toxic byproducts. Wasserscheid et al.12 stated that ionic liquids consisting of halogen containing 

anions can liberate toxic and corrosive species such as HF and HCl when exposed to water. In order to ensure crew 

health and safety, a preliminary toxicology assessment was performed with the JSC toxicology group in the Human 

Health and Performance Directorate for the leading sorbent candidate.  

 An official evaluation was conducted by JSC toxicology experts and it was determined that DGA has a toxicity 

level rating of 2. Using the results provided by JSC toxicology, the JSC Guidelines for Assessing the Toxic Hazard of 

Spacecraft Chemicals and Test Materials (JSC 26895) was utilized in order to determine the implications on human 

health and system design. Table 1, page 8 of JSC 26895 states the following for a toxicological hazardous level 2 

material: 

 

1) Systemic effects - Minimal effects, no potential for lasting internal tissue damage 

 

2) Containability and Mitigation - Can be disposed of and contained by a cleanup procedure. Crew should don 

PPE according to applicable procedures/flight rules 

 

There is not a required level of containment (JSC 26895 page 9, section 3.2), however, it is suggested that payload 

developers propose multiple levels of containment to minimize chance of chemical release and reduce the risk to crew 

health. Assessment of the adequacy of containment is the purview of the Payload Safety Review Panel (PSRP), Safety 

Review Panel (SRP), or other NASA‐designated Safety Panel.  

IV. Discussion  

Based on current results, it is recommended that diglycolamine be selected as the system liquid sorbent. DGA is 

miscible in water, has a low vapor pressure of less than 0.01 torr13 (reducing the risk of volatilization), a high CO2 

molar capacity of 50%, a low working viscosity range of 40 – 80 cP between unloaded and loaded states (with water), 

favorable mass flux, and a fast reaction rate due to being a primary amine. Additionally, there are no known 

carcinogenic health effects or critical health hazards for DGA.  

V. Forward Work  

Ongoing testing is currently being conducted. The team is evaluating the effects of trace contaminant exposure to 

DGA, collecting vapor pressure and off-gassing data, and performing a thermal life cycle test of the chemical. 

Additionally, the team will begin collecting data on DGA thermal properties as well evaluating local chemistry 

properties in real time using a test apparatus hereforward referred to as the “Vtube.” The key element of the Vtube is 

a capillary wedge which allows for direct air/liquid contact, an absorber and desorber design approach being 

considered by NASA JSC. The Vtube, shown in Figure 13, is a capillary channel with an inside corner angle that holds 

liquid in place via surface tension. Liquid can be recirculated through the channel and inlet CO2 concentrations varied. 

0

20

40

60

80

100

0 0.1 0.2 0.3 0.4 0.5

D
yn

am
ic

 V
is

co
si

ty
 (

cP
)

Amount Loaded (mol CO2/Mole DGA)

Loaded DGA / H2O Versus Viscosity 

Pure

10 % H2O

20 % H2O

30 % H2O

50 % H2O

Figure 12: Viscosity of DGA versus CO2 Loaded and Percent Water 



 

International Conference on Environmental Systems 
 

 

10 

Thermocouples are located at upstream, midstream, and downstream locations to record real time temperature 

measurements. A syringe can be used to withdraw a local sample of DGA at ports in the Vtube. 

 

 

 
 (a)         (b)        (c) 
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Figure 13: V-tube configurations; (a) preliminary CAD design which served as 

the basis for the acrylic and resin models; (b) Machined acrylic model; (c) 

Glass model 

 

http://doi.org/10.1126/science.1176731
http://doi.org/10.1002/cssc.200900293

