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As the future ambitions of NASA have turned towards deep space missions, a search for 

an alternative to current carbon dioxide (CO2) removal systems, namely the Carbon Dioxide 

Removal Assembly (CDRA) on ISS, is underway. One promising area of research is the use of 

Metal Organic Frameworks (MOFs) to selectively capture CO2 due to the occurrence of open 

Lewis acidic coordination sites where CO2 can bind. Under contract with NASA/MSFC, an 

undergraduate-led team at Iowa State University synthesized and characterized samples of 

the magnesium-based MOF, Mg-MOF-74, and functionalized two different amine groups onto 

the base structure to study the adsorption potential of the MOF with the aforementioned 

modifications. Because of the low binding energy of the coordination sites, the MOFs could be 

quickly and easily saturated then purged of CO2. By incorporating MOF-packed beds into a 

vacuum pressure-swing system, the group studied the results of long-term CO2 exposure and 

pressure cycling. Cabin-feed air at 2650 ppm CO2 was flowed through the system and 

monitored until saturation occurred, at which point the packed beds were exposed to vacuum 

and desorbed, then purged using N2. Results showed an approximate 10% increase in weight 

when saturated, with the potential to mitigate several issues experienced by CDRA and for 

significant energy savings. 
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I. Introduction 

As the scope of NASA and other space agencies begins to shift focus to manned deep space missions, many 

environmental control systems will need retrofitted and redesigned for this more intensive application. The National 

Aeronautics and Space Administration (NASA) eXploration Systems and Habitation (X-Hab) Academic Competition 

awards collegiate groups of students research grants to study many of the fields that are necessary for deep space 

travel[1]. As Carbon Dioxide (CO2) management remains one of the major components of a robust life support system, 

Iowa State University’s Space Habitat group was awarded one such grant to research the usage of advanced sorbents 

in a CO2 management system. The primary method of CO2 management aboard the International Space Station (ISS) 

is the Carbon Dioxide Removal Assembly (CDRA)[2]. While this system has successfully kept crews alive since 

2001, a number of issues have been identified that would need resolved before sending humans into deep space for 

longer missions, from maintenance downtime, to energy consumption, and reusability. 
Metal Organic Frameworks (MOF) are promising because they can adsorb CO2 gas efficiently. This is because of 

their high surface areas, pore sizes, and adjustable internal surface properties. In particular, the magnesium-based 

MOF, Mg-MOF-74, was selected for further study by the group because it has Lewis acidic coordination sites that 

can bind CO2 when the gas is flowing through the crystal. Each of the binding sites have low binding energy which 

means CO2 can readily be desorbed and cycled. In many applications, CO2 is adsorbed at high partial pressures and 

the MOF is thermally regenerated.  

II. Requirements and Constraints 

 
Figure 1. Thermogravimetric Analysis (TGA) Study of Mg-MOF-74 under condition of increasing 

temperature. 
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According to Figure 1, the material starts to degrade around 76.13 °C to 90-80 weight (%). As one common issue 

of using sorbents is mechanical degradation of the material into powder, the group aimed to mitigate this issue through 

the use of frits or membranes with pore sizes <0.2 micron. Humidity tends to facilitate the chemical decomposition of 

the material, which was mitigated by incorporating drying agents, namely a dessicant bed, upstream of the MOF. 

III. Synthesis 

The synthesis of Mg-MOF-74 was done according to literature[3]. To ensure that it was done correctly, Powder 

X-Ray Diffraction (PXRD) analysis was performed. In a solution of 270 mL of dimethylformamide, 18 mL of ethanol, 

and 18 mL of water, 2,5-dihydroxyterephthalic acid (0.674g, 3.40mmol) and Mg(NO3)2∙6H2O (2.8g, 10.9mmol) were 

dissolved with sonication. The resulting stock solution was decanted into fifteen 20 mL vials, which were capped 

tightly and heated at 125°C for 26 h. Multiple vials were used to maximize surface area, since the smaller vials had 

more contact with the solution. The increase of surface area for crystallization to occur thereby increased the final 

yield. The mother liquor was then decanted; the products washed with methanol. They were then immersed in 

methanol and allowed to sit overnight. The products were combined and exchanged into fresh methanol daily for 4 

days. They were than evacuated to dryness and heated under vacuum at 250 °C for 6 hrs to remove any extra solvent 

and activate the binding sites. An alternative method for removing solvent was also tested by evacuating. 

Figure 2. PXRD of Mg-MOF-74 performed by the group 

A. Modification of Mg-MOF-74  

Two different amine groups were attached onto the synthesized Mg-MOF-74. The different amines that were 

studied were Ethylenediamine and N,N' Dimethylethylenediamine. The synthesis of the modified Mg-MOF-74 

followed a similar procedure of that reported in literature[3]. Both amine groups were grafted onto the Mg-MOF-74 

structure by adding them under reflux with toluene. Two grams of each amine group were added to 0.5g of Mg-MOF-

74. This provides a 2:1 mmol ratio of amine group to metal active sight. This was mixed with 100 mL of anhydrous 

toluene for a 12-hour reflux. 

All MOF was pelletized to ensure it didn’t get into the system, with a diameter of 1-1.7mm. The procedure of 

pelletization was done with the Carver Auto Pellet Press Model 3887NE.L. All MOF was packed into the instrument 

under wet solvent conditions. To ensure the material was wet, 1 to 2 drops of methanol was added to the MOF. Next 

the wet MOF was compressed under 300 bar pressure for 1 minute. To recover and activate the pelletized MOF, it 

was put under vacuum for 120 °C for 20 hours. 

IV. Conceptual Design 

 To facilitate adsorption and house the pelletized MOF, the team designed randomly packed beds that would result 

in ideal adsorption and reduced downstream effects. Utilizing a bed depth service time and (GAS Processors Suppliers 

Association) GPSA approach, the ideal bed depth and length were calculated. The layout of the packed bed design 

can be seen in Figure 4.  

Figure 3. PXRD of Mg-MOF-74 from literature [1] 
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Figure 4. Layout of the designed packed beds 

 

 As shown, the overall length using the GPSA method was calculated to be 11.81 inches and 0.25 inches in 

diameter[4]. From the inlet, the air passed through a small region of glass beads held in place by a screen of glass 

wool. The purpose of this region was to induce some turbulence to the flow and filter air coming in and out of the 

system. Turbulent flow was desirable in this application because it maximized the exposure time and surface area 

contact between the MOF pellets and CO2-saturated air. An identical region was also placed at the outlet of the packed 

bed. 

 These packed beds acted as the CO2 filters within a broader pressure-swing system designed by the group. In a 

pressure-swing adsorption (PSA) or vacuum pressure swing adsorption (VPSA) system, the MOF packed beds are put 

through a 2-cycle process of adsorption followed by desorption. During the adsorption phase the MOF is unsaturated 

and air with high concentrations of CO2 is flowed through, which results in the CO2 binding to the MOF and cleaner 

air leaving the system. This air would then be cycled back into the cabin with much lower CO2 levels. Once the packed 

beds are fully saturated, the system would enter the desorption phase, where the MOF is exposed to near or total 

vacuum pressure to strip the CO2 from the MOF, disposing of it into a different system. The specifics of the adsorption 

and desorption phases this team used can be found in Section V. Test Approach and Results.  
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Figure 5. Test bench setup used to test the performance of synthesized MOF 

 

 The architecture of the designed PSA system can be seen in Figure 5. During the adsorption phase, valves V1, V3 

and V6 remain open and 3-way valve V4 opens toward the exit to atmosphere on the adsorption side, allowing air 

with concentrated CO2, V-102 in the image, to flow through the system. Valves V2 and V5 remain closed. Pressure 

regulators and a mass flow controller controlled the pressure and flow rate entering the system, while pressure gauges 

monitored the pressure before and after the packed bed. A CO2 sensor was placed at the end of the system, just before 

the return to atmosphere feed. These valves, flow controllers, pressure gauges, and CO2 sensor were all connected to 

a Raspberry PI, from which all components could be controlled and monitored using a team-written control algorithm. 

Once the CO2 monitor showed a concentration that reached a critical percentage of the original concentration, this 

indicated that the packed beds were saturated and the desorption cycle should begin. During this portion of the cycle, 

valve V5 opens while V1, V2, V3 and V6 close, and the 3-way valve V4 opens toward the exit to atmosphere on the 

desorption side. The vacuum pump, P-101 in the image, then turns on, inducing a near-vacuum pressure to the packed 

bed. After some time of being exposed to this vacuum, a purge cycle begins. During this stage of the desorption, the 

pump turns off and valves V2 and V3 open. This allows gas from the N2 cylinder, V-101, to flow through the system 

and purge the packed beds of any residual CO2. Once cleansed of CO2, the system is ready to repeat with a new 

adsorption cycle. 

 In order to ensure the integrity and safety of the system, the pressure was stepped down in increments. This was 

done by slowly opening the flow valve on the vacuum pump through a series of turns to the valve. This allowed the 

pressure within the system to decrease without a sudden large pressure drop that could damage the MOF and other 

components. 

 

Table 1. Turns to get the system under full vacuum condition 

Turns 0 1 2 3 4 5 6 7 8 9 Fully 

Open  

Time 

(min) 

1 1 5 2 1.5 1 1.5 1 1 1 10 

Pressure 

estimate 

(bar) 

0 -0.05 -0.6 -0.8 -0.95 -0.98 -0.98 -0.99 -1 -1 -1 
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V. Test Approach and Results 

The first series of tests with the testing apparatus was to find the breakthrough times and adsorption capacities of 

the MOF modifications (N,N’ Dimethylethylenediamine and Edthlenediamine) with optimal desorption conditions. 

This was done by running desorption followed by adsorption for both MOF modifications. The desorption step 

consisted of two steps. The first step pulled a vacuum for 26 minutes at 80 °C. After the vacuum step, a Nitrogen 

purge flowed through the packed bed at 100mL/min at 80 °C for 30 minutes to remove any residual CO2 from the 

MOF. After the desorption steps, the adsorption step was run. For both modifications, air containing 2650 ppm was 

passed through the system at 100 mL/min at atmospheric pressure. Figure 6 displays the breakthrough curves for 

both MOF modifications. The breakthrough curves were used to determine breakthrough times and which MOF 

modification had the highest adsorption capacity. Due to error in the CO2 sensor, the breakthrough curves were 

normalized to 2650 ppm. The time until breakthrough is very similar at around 50 minutes for both MOF 

modifications under the optimal desorption conditions. It was found that the 2.47 grams of N,N’ 

Dimethylethylenediame had an adsorption capacity of 0.141 mmol/g and the 3.64 grams of Ethylenediamine had an 

adsorption capacity of 0.107 mmol/g. Therefore N,N’ Dimethyethlenediamene had a higher adsorption capacity of 

the MOF modifications after the optimal desorption conditions. 

 

 

 

 N,N’ Dimethylethylethylenediamine was tested with two less optimal desorption methods to observe the effect 

on adsorption capacity. Each test was conducted by running the desorption step followed by an adsorption step. For 

the first test, the less optimal desorption test pulled a vacuum for 26 minutes at room temperature. For the adsorption 

step, air containing 2650 ppm was passed through the system at 100 mL/min at atmospheric pressure. The 

breakthrough curves for each test were plotted in Figure 7 with the breakthrough curve from Figure 6 that underwent 

the optimal desorption with the same conditions. The breakthrough curves in Figure 7 were used to determine how 

less optimal desorption conditions affect the adsorption capacity of N.N’ Dimethylethylenediamine. Due to error in 

the CO2 sensor, the breakthrough curves were normalized to 2650 ppm. N,N’ Dimethylethylenediamine did not 

adsorb following the vacuum desorption step at room temperature. Although N,N’Dimethylethylenediamine did 

adsorb following the vacuum desorption step at an elevated temperature of 80C with a breakthrough time of around 

30 minutes, it had an adsorption capacity of 0.083 mmol/g. When compared to N,N’ dimethylethylenediamine with 

optimal conditions (Vacuum at 80°C followed by Nitrogen purge at 80 °C), N,N’ Dimethylethylenediame with 

vacuum at 80 °C reached breakthrough at around 20 minutes faster and the adsorption capacity of 0.083 mmol/g was 

Figure 6. Breakthrough curve of both MOFs under optimal desorption conditions 
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59% of 0.141 mmol/g. therefore with 26 minutes of a vacuum step that was used for testing N,N’ 

Dimethylethlyenediamine required a slightly elevated temperature of 80 °C to experience desorption. 

Ethylenediamine was also tested for vacuum adsorption at room temperature, because of the weaker chemical 

bonds between the CO2 and the amine groups. The test was conducted by running the desorption step followed by an 

adsorption step. The desorption step pulled a vacuum for 26 minutes at room temperature. For the adsorption step, 

air containing 2650 ppm was passed through the system at 100 mL/min at atmospheric pressure. The breakthrough 

curve for the test is displayed in Figure 8.  The breakthrough curve displayed that Ethylenediamine did adsorb CO2 

after being desorbed with the vacuum at room temperature. The breakthrough time was around 6 minutes and the 

adsorption capacity was 0.012 mmol/g. When compared Ethylenediamine with optimal desorption conditions 

(Vacuum at 80 °C followed by Nitrogen purge at 80 °C) from Figure 6, Ethylenediamine under vacuum at room 

temperature reached breakthrough around 44 minutes faster and had an adsorption capacity of 0.012 mmol/g which 

was 11% of 0.107mmol/g. Therefore, Ethylenediamine did adsorb a small amount of CO2 following the desorption 

step running a vacuum pump at 26 minutes at room temperature. 

 

Figure 7. Breakthrough curve of N,N’ Dimethylethylethylenediamine under non-optimal desorption conditions 

Figure 8. Breakthrough curve of Ethylenediamine at vacuum 
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VI. Conclusion and Future Work 

The results of this experiment indicate that Mg-MOF-74 is a solid candidate for CO2 management systems for 

deep space missions. With an adsorption capacity of 0.141 mmol/g under ideal conditions, a scaled-up system could 

potentially be used to sustain a crew in deep space, with many of the issues found on current systems mitigated. The 

minimal amount of decomposition exhibited by this MOF reduces the risk of down-stream issues, and a reduced 

reliance on thermal control systems for adsorption and desorption could reduce energy requirements. However, due 

to the limited amount of literature and testing done using this particular MOF, additional experments with an improved 

system and approach may be beneficial. 

The majority of improvements to be in this experiment rely on modifications to the test bench setup and testing 

procedure. Redundent and higher-accuracy sensors would allow for more reliable and stable test data. In particular, a 

CO2 sensor with a higher precision than the one used, which was rated to have a error tolerance of +/-3%, would yield 

more accurate breakthrough curves and adsorption capacities, and an extra pressure sensor within the packed bed 

could be used to monitor whether it is reaching its anticipated pressure of 20 microbar during desorption. 

The testing procedure used by the team could also be improved by implementing automation to continuously run 

adsorption and desorption cycles. This would show how each MOF variation performs after continuous use for 

extended periods of time. Implementation of a cooling system, such as a water jacket, would bring the system to room 

temperature (before adsorption) without having to remove any of the heating components, which would minimize 

time between trials.  

Moving forward, there are several possible tests that would categorize different aspects of the synthesized MOFs. 

One possible experiment is  comparing longer and shorter vacuum desorption times. This could give insight on if the 

time of exposure to vacuum matters or if the system needs to briefly reach vacuum to experience maximum desorption. 

A temperature study to find adsorption capacities after vacuum desorption at various temperatures would reveal the 

lowest optimal temperature (lowest energy) to run the vacuum desorption that will result in a satisfactory adsorption 

capacity. With these additional tests, important data can be found that will directly influence the design of a full-scale 

system. 
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