
ABSTRACT 

AGRAWAL, PRIOM. A Numerical Study on the Adsorption Physics of 3D Zeolite Lattices for 

Carbon Dioxide Removal and Compression in Space Systems (Under the direction of Dr. Sajjad 

Bigham). 

 

When humans started exploring the cosmos, a need to develop technologies that could 

support human life beyond our living boundaries arose. That led to the development of life 

support systems which ensured the safety of those traveling to space. Half a century later, life 

support technologies are still evolving to improve the shortcomings of present systems. Future 

missions aim to achieve interplanetary travel and explore deeper parts of space which will result 

in long-haul missions in uncharted territories. In such cases, the success of the mission will 

depend on the functionality of the crew and the resources available to them, under slim 

possibilities of resupply and strict constraints on the amount of resources that can be carried on 

these missions. The systems need to be built to minimize the waste of resources and recycle what 

is available. The National Aeronautics and Space Administration (NASA) is developing a 

closed-loop Air Revitalization System (ARS) that uses metabolic carbon dioxide to recycle water 

used in generating oxygen for the crew. However, the current system uses randomly packed 

zeolite beads for CO2 capture and compression. The packed zeolite bed systems face drawbacks 

due to irregular flow patterns, inefficient packing, and high thermal resistance. Furthermore, only 

a small portion of the CO2 molecules is being retained while spending considerable energy and 

space. 

This study proposes a new approach to capture, store, and recycle CO2 molecules from 

the cabin by using 3D-printed zeolite lattice structures as the alternative to zeolite beads. More 

specifically, this study focuses on the adsorption process of 3D zeolite lattice structures. The 

physics driving the adsorption process is complex and is dependent on various parameters. 



Additive manufacturing gives the flexibility to optimize lattice structures, however, it is essential 

to understand the effect of each parameter on the adsorption of CO2 molecules inside the bed. 

Therefore, a detailed numerical model is developed to capture the physics behind the sorption 

process. The adsorption model differentiates the solid zeolite from its interstitial air, considering 

the effects of temperature and adsorption isotherms at different CO2 partial pressures. Detailed 

simulations were conducted to study the adsorption physics of 3D zeolite lattice structures at 

different geometrical parameters, air flow rates and concentrations, and zeolite thermal 

conductivities for both the 4-Bed Carbon Dioxide Scrubber (4BCO2) and Air-Cooled 

Temperature Swing Adsorption Compressor (AC-TSAC) systems. The results revealed that, for 

the 4BCO2 system, an increase in the zeolite rod diameter leads to an increase in the volumetric 

capacity but a decrease in the interfacial area exposed to the CO2-rich air stream. An optimal 

adsorption performance is achieved for a zeolite lattice with a rod diameter of 1.5 mm and an 

edge-to-edge spacing of 0.5 mm. Additionally, when the air flow rate increases, the breakthrough 

time is shorter but at the expense of a penalty on the volumetric uptake. An increase in the inlet 

CO2 concertation results in a higher uptake capacity and leads to a faster breakthrough. In the 

CO2 adsorption process of the AC-TSAC bed, a larger rod diameter means better thermal 

conductance, thereby resulting in a faster heat transfer rate across the zeolite lattice and a faster 

saturation of the lattice. By decreasing the zeolite lattice height, the thermal performance and 

saturation time can be significantly improved; however, the number of cooling lines increases. 

Similarly, an increase in the zeolite thermal conductivity can improve the adsorption rate of the 

lattice structure by amplifying the thermal energy transport across the lattice. The results of this 

study can offer a baseline guide for future modeling and experimental testing on the sorption 

kinetics of 3D-printed zeolite lattice structures for 4BCO2 and AC-TSAC systems.  



 

 

 

 

 

 

 

 

 

 

 

© Copyright 2024 by Priom Agrawal 

All Rights Reserved



A Numerical Study on the Adsorption Physics of 3D Zeolite Lattices for Carbon Dioxide 

Removal and Compression in Space Systems 

 

 

 

 

by 

Priom Agrawal 

 

 

 

 

A thesis submitted to the Graduate Faculty of 

North Carolina State University 

in partial fulfillment of the  

requirements for the degree of 

Master of Science 

 

 

 

Mechanical Engineering 

 

 

 

Raleigh, North Carolina 

2024 

 

 

 

APPROVED BY: 

 

 

 

_______________________________                       _______________________________ 

Dr. Sajjad Bigham                        Dr. Tarek Echekki  

Committee Chair 

 

 

_______________________________                        

Dr. Mohammad Heiranian                        



 

ii 

 

DEDICATION 

I would like to dedicate this thesis to my mother and my brother without their support I 

would have not been able to achieve whatever I have today. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

iii 

 

BIOGRAPHY 

The author of this thesis, Priom Agrawal, was born and raised in Raipur, Chhattisgarh, 

India. He did his high school and undergraduate in Raipur and had a special interest in physics. 

After finishing his undergraduate in 2022 at the National Institute of Technology Raipur earning 

a Bachelor of Technology in Mechanical Engineering, he joined North Carolina State University 

for a master of science in Mechanical Engineering. The author joined the Energy eXplorational 

Laboratory (Energy-X) in the Department of Mechanical and Aerospace Engineering under the 

supervision of Dr. Sajjad Bigham in January 2023 and began researching a NASA-funded 

project on 3D-printed carbon dioxide removal and compression in space systems. Post his 

master’s thesis looks to apply the skills and knowledge gained throughout his academic and 

personal life towards the betterment of humanity while still learning and exploring new things 

during the process. 



 

iv 

 

ACKNOWLEDGMENTS 

First of all, I would like to thank my advisor Dr. Sajjad Bigham for his support and the 

resources provided by him to conduct this research. His guidance and experience helped me 

learn and develop many professional skills and carry this research forward. Additionally, I would 

like to thank all my fellow lab mates for sharing their experiences throughout my time at the 

Energy-X Lab in the Department of Mechanical and Aerospace Engineering at North Carolina 

State University. I would like to thank my project partner Noah Agata for helping me get started 

on this project and sharing his knowledge on the topic.  

I would also like to present my gratitude towards Tra-My Justine Richardson at NASA 

Ames Research Center and Joesph Cesarano at Robocasting Enterprises for supporting my 

research and sharing their technical wisdom. 

Additionally, the financial support from the Energy-X lab, the NASA SBIR program, and 

the NASA Ames Research Center is highly appreciated.  

Last but not least, I would like to thank my parents for believing in me and helping me 

throughout my journey by providing unwavering support. 



 

v 

 

TABLE OF CONTENTS 

List Of Tables ............................................................................................................................. vii 

List Of Figures........................................................................................................................... viii 

Chapter 1: Introduction .............................................................................................................. 1 

Chapter 2: SOA and Future 3D-printed 4-Bed Carbon Dioxide Scrubber (4BCO2) and 

Air-Cooled Temperature Swing Adsorption Compressor (AC-TSAC) ................................ 14 

Chapter 3: Numerical Modeling, Validation, and Mesh Independent Study ...................... 21 

3.1 Numerical model ........................................................................................................ 22 

3.2 Mesh independence study .......................................................................................... 24 

3.3 Model validation ........................................................................................................ 25 

Chapter 4: CO2 Adsorption Process of 3D Zeolite Lattices in 4-Bed Carbon Dioxide 

Scrubber (4BCO2) ...................................................................................................................... 26 

 4.1 Geometrical model and boundary conditions ............................................................ 26 

 4.2 Transient behavior of the CO2 adsorption process of 3D zeolite lattices .................. 28 

 4.3 Effect of zeolite rod diameter on the CO2 adsorption process of 3D zeolite lattices . 30 

 4.4 Effect of intel air velocities on the CO2 adsorption process of 3D zeolite lattices .... 34 

 4.5 Effect of intel CO2 concentration on the CO2 adsorption process of 3D zeolite lattices

 .......................................................................................................................................... 36 

 4.6 Summary .................................................................................................................... 38 

Chapter 5: CO2 Adsorption Process of 3D Zeolite Lattices in Air-Cooled Temperature 

Swing Adsorption Compressor (AC-TSAC) ........................................................................... 40 

 5.1 Geometric model and boundary conditions ............................................................... 40 

 5.2 Temporal behavior of the CO2 adsorption process in the AC-TSAC bed  ................ 42 



 

vi 

 

 5.3 Effect of zeolite rod diameter on the CO2 adsorption process in the AC-TSAC bed .... 

 .......................................................................................................................................... 44 

5.4 Effect of zeolite lattice height on the CO2 adsorption process in the AC-TSAC bed ... 

.......................................................................................................................................... 48 

5.5 Effect of zeolite thermal conductivity on the CO2 adsorption process in the AC-TSAC 

bed .................................................................................................................................... 51 

5.6 Summary .................................................................................................................... 54 

Chapter 6: Conclusions ............................................................................................................. 56 

Chapter 7: Future Scope ........................................................................................................... 58 

References ................................................................................................................................... 59 

  



 

vii 

 

LIST OF TABLES 

Table 3-1 Mesh independence study ........................................................................................ 24 

Table 4-1 Breakthrough times at different inlet airflow velocities ........................................... 36 

Table 5-1  Parameter employed in the diameter study of the adsorption process in the AC-

TSAC ........................................................................................................................ 45 

Table 5-2  Parameters employed in the zeolite height study of the adsorption process in the AC-

TSAC ........................................................................................................................ 49 

Table 5-3 Parameters employed in the zeolite thermal conductivity study of the adsorption 

process in the AC-TSAC .......................................................................................... 52 

 



 

viii 

 

LIST OF FIGURES 

Figure 1-1 Schematic of adsorption technology used for CO2 capture from flue gas in industry . 

  .................................................................................................................................... 3 

Figure 1-2 Schematic flow of CO2 separation from natural gas feed using cryogenic 

liquefication ................................................................................................................ 5 

Figure 1-3 Schematic of (a) gas separation membrane and (b) gas absorption membrane 

technologies. ............................................................................................................... 6 

Figure 1-4 Schematic of (a) temperature swing adsorption and (b) pressure swing adsorption .. 9 

Figure 1-5 A schematic of the methodology used for performance optimization of the system ... 

 .................................................................................................................................. 10 

Figure 1-6 Structural Design of Metal-Organic Framework used for selective carbon dioxide 

capture. Coordinatively unsaturated metal sites, as exemplified by the secondary 

building unit in Mg-MOF-74, (b) Covalently linked polar functionalities, such as an 

aromatic amine in CAU-1, (c)  Heteroatomic amines, such as in Zn(btz) (btz=5-

bis(5-tetrazolo)-3-oxapentane), where non-coordinating N atoms are a component of 

the linker but are free to interact with CO2 (d) Alkylamines, either primary, 

secondary or tertiary, tethered to coordinatively unsaturated metal sites (for example, 

mmen-Mg-IRMOF-74-II; mmen=N, N-dimethylethylenediamine) or covalently 

bonded to the organic linker (e) Specific non-metallic interactions within the 

backbone (or pores) of a MOF structure (for example, SIFSIX-2-Cu-i 

(Cu(dpa)2(SiF6); dpa=4,4ʹ-dipyridylacetylene)), which induce strong quadrupolar 

interactions with CO2. (f) Hydrophobicity and/or pore metrics for selectively 

capturing CO2 in the presence of water (for example, ZIF 301). Color code: C, black; 

O, red; N, green; F or Cl, purple; H, white; Si, dark green; and Mg, blue. The 

surrounding MOF structures are shown in pale orange ........................................... 11 

Figure 1-7 Representation of zeolite crystalline structure ......................................................... 13 

Figure 2-1 A schematic of the currently used CDRA setup at International Space Station (ISS) . 

 .................................................................................................................................. 15 

Figure 2-2 A flow process diagram of how Air Revitilization System (ARS) recycling oxygen . 

 .................................................................................................................................. 16 

Figure 2-3 (a) A schematic of direct ink writing of the robocasting process for the rapid 

manufacturing of lattice structures, (b) an image of the printed alumina silicate 

section, (c) an image showing bonded layers under a microscope, and (d) lattices are 

defined by the cross-section of the struts A and the distance between the struts ..... 20 

Figure 2-4 Zeolite-13X robocast into various configurations (a) 30-mm cubed robocast lattice 

printed with 13X feedstock with 600 µm struts and 300 µm gaps; (b) 50-mm 

diameter robocast lattice printed with zeolite 13X feedstock with 1 mm struts and 



 

ix 

 

400 µm gaps; (c) large 100-mm diameter 13X lattice monolith with 1.5 mm struts 

and 700 µm gaps ...................................................................................................... 20 

Figure 3-1 Normalized mass fraction versus time at different minimum element sizes ............ 25 

Figure 3-2 A comparison between the normalized mass fraction vs. time of the present study .... 

 .................................................................................................................................. 25 

Figure 4-1 Schematics of the model used for the 4BCO2 adsorption analysis: (a) lattice monolith 

model with the highlighted region showing the symmetric model used in simulation, 

(b) symmetric unit cell model utilized in simulation with a length of 49 mm, (c and 

d) front view of the lattice model at rod diameter of 2 and 0.5 mm, respectively, and 

at an edge to edge spacing of 0.5 mm (the orange box denoted the quarter symmetric 

model used for simulation), (e) side-view of the same two model of rod diameter 0.5 

and 2 mm, respectively, at a 49 mm long lattice length, and (f) an enlarged view of 

the highlighted cross-section of the two geometries (note: 0.25 mm is half of the 

edge to edge spacing between parallel lattice struts) ............................................... 27 

Figure 4-2 Temporal evolution of (a) zeolite-side adsorbed CO2 contours in molCO2/kgzeolite, (b) 

air-side CO2 concentration contours in ppm, and (c) air-side temperature contours in 

°C at a rod diameter of 1 mm, edge-to-edge spacing of 0.5 mm, and a lattice length 

of 49 mm. The initial zeolite uptake and temperature are 0.01 molCO2/kgzeolite and 

25°C, respectively. The inlet air velocity, concentration, and temperature are 0.04 

m/s, 2600 ppm, and 25°C, respectively. The top, middle, and bottom right vertical 

color scales show the zeolite-side CO2 uptake contours in molCO2/kgzeolite, air-side 

CO2 mass fraction in ppm, and air temperature in °C, respectively. ........................ 29 

Figure 4-3 (a) Normalized uptake contours within the zeolite and (b) air-side CO2 concentration 

contours for zeolite rod diameters ranging from 0.5 to 4.0 mm at the moment of 

breakthrough. The rod edge-to-edge spacing is 0.5 mm and the zeolite lattice length 

is 49 mm. The initial zeolite uptake and temperature are 0.01 gCO2/kgzeolite and 25°C, 

respectively. The inlet air velocity, concentration, and temperature are 0.04 m/s, 

2600 ppm, and 25°C, respectively. The top and bottom right vertical color scales 

show the zeolite-side CO2 uptake contours in molCO2/kgzeolite and air-side CO2 mass 

fraction in ppm, respectively .................................................................................... 31 

Figure 4-4 Breakthrough curves: outlet normalized CO2 mass fraction versus time for zeolite 

lattice lengths of (a) 49 mm and (b) 254 mm at zeolite rod diameters ranging from 

0.5 to 4.0 mm at the moment of breakthrough. The rod edge-to-edge spacing is 0.5 

mm and the zeolite lattice length is 49 mm. The initial zeolite uptake and 

temperature are 0.01 molCO2/kgzeolite and 25°C, respectively. The inlet air velocities 

of 49 and 254 mm zeolite lattice lengths are 0.04 and 0.4 m/s, respectively. The inlet 

air concentration and temperature are 2600 ppm and 25°C, respectively ................ 32 

Figure 4-5 (a) Breakthrough times and (b) volume-based normalized uptake versus zeolite rod 

diameter at zeolite lattice lengths of 49 mm and 254 mm and at the moment of 

breakthrough. The rod edge-to-edge spacing is 0.5 mm and the zeolite lattice length 



 

x 

 

is 49 mm. The initial zeolite uptake and temperature are 0.01 molCO2/kgzeolite and 

25°C, respectively. The inlet air velocities of 49 and 254 mm zeolite lattice lengths 

are 0.04 and 0.4 m/s, respectively. The inlet air concentration and temperature are 

2600 ppm and 25°C, respectively ............................................................................ 33 

Figure 4-6 (a, c, e) air-side CO2 concentration contours and (b, d, f) zeolite-side CO2 uptake 

contours at different inlet air velocities of 0.0133, 0.04, and 0.067 m/s and at the 

moment of breakthrough. The zeolite rod diameter is 1.5 mm, the rod edge-to-edge 

spacing is 0.5 mm, and the zeolite lattice length is 49 mm. The initial zeolite uptake 

and temperature are 0.01 molCO2/kgzeolite and 25°C, respectively. The inlet air 

concentration and temperature are 2600 ppm and 25°C, respectively. The top and 

bottom right vertical color scales show the zeolite-side CO2 uptake contours in 

molCO2/kgzeolite and air-side CO2 mass fraction in ppm, respectively. ...................... 25 

Figure 4-7 Breakthrough curves: outlet normalized CO2 mass fraction versus time at different 

inlet air velocities of 0.0133, 0.04, and 0.067 m/s. .................................................. 36 

Figure 4-8 (a, c, e) air-side CO2 concentration contours and (b, d, f) zeolite-side CO2 uptake 

contours at inlet air CO2 mole fractions of 2000, 2600, and 3000 ppm at the moment 

of breakthrough. The zeolite rod diameter is 1.5 mm, the rod edge-to-edge spacing is 

0.5 mm, and the zeolite lattice length is 49 mm. The initial zeolite uptake and 

temperature are 0.01 molCO2/kgzeolite and 25°C, respectively. The inlet air velocity 

and temperature are 0.04 m/s and 25°C, respectively. The top and bottom right 

vertical color scales show the zeolite-side CO2 uptake contours in gCO2/kgzeolite and 

air-side CO2 mass fraction in ppm, respectively ...................................................... 38 

Figure 4-9 Breakthrough curves: outlet normalized CO2 mass fraction versus time at different 

inlet air CO2 mole fractions of 2000, 2600, and 3000 ppm. The zeolite rod diameter 

is 1.5 mm, the rod edge-to-edge spacing is 0.5 mm, and the zeolite lattice length is 

49 mm. The initial zeolite uptake and temperature are 0.01 gCO2/kgzeolite and 25°C, 

respectively. The inlet air velocity and temperature are 0.04 m/s and 25°C, 

respectively ............................................................................................................... 38 

Figure 5-1 (a) A detailed schematic of the proposed AC-TSAC canister filled with zeolite lattice 

monolith, (b) a 3D view of zeolite lattice monolith unit, and (c) a 3D view of the 

computational unit cell ............................................................................................. 41 

Figure 5-2 Temporal evolution of (a) zeolite-side adsorbed CO2 contours in molCO2/kgzeolite and 

(b) zeolite-side temperature contours in °C at a rod diameter of 2 mm, edge-to-edge 

spacing of 0.6 mm, a lattice thickness of 12.7 mm and a lattice length of 5 mm. The 

initial zeolite lattice uptake and temperature are 0.08 molCO2/kgzeolite and 200°C, 

respectively. .............................................................................................................. 43 

Figure 5-3 Schematics of the adsorption computational domains for zeolite rod diameters of (a) 

1 mm and (b) 2 mm .................................................................................................. 45 

Figure 5-4 Zeolite-side adsorbed CO2 contours in molCO2/kgzeolite at (a) 200 s and (c) 600 s for 

zeolite rod diameters of 1, 2, and 4 mm. Zeolite-side temperature contours in °C at 



 

xi 

 

(b) 200 s and (d) 600 s for zeolite rod diameters of 1, 2, and 4 mm. The zeolite lattice 

thickness and length are 12.7 and 5 mm, respectively. The initial zeolite lattice 

uptake and temperature are 0.08 molCO2/kgzeolite and 200°C, respectively ............... 46 

Figure 5-5 Transient (a) CO2 uptake (b) zeolite-side average temperatures, and (c) heat transfer 

rate at the cooling surface at different rod diameters ............................................... 48 

Figure 5-6 Schematics of the adsorption computational domains for zeolite heights of (a) 6.35 

mm and (b) 3.175 mm .............................................................................................. 49 

Figure 5-7 Zeolite-side adsorbed CO2 contours in molCO2/kgzeolite at (a) 200 s and (c) 600 s for 

lattice heights of 12.7, 6.35, and 3.175 mm. Zeolite-side temperature contours in °C 

at (b) 200 s and (d) 600 s for lattice heights of 12.7, 6.35, and 3.175 mm. The zeolite 

rod diameter and edge-to-edge spacing are 2 and 0.6 mm, respectively. The initial 

zeolite lattice uptake and temperature are 0.08 molCO2/kgzeolite and 200°C, 

respectively ............................................................................................................... 50 

Figure 5-8 Transient (a) CO2 uptake and (b) zeolite-side average temperature at different zeolite 

lattice heights ............................................................................................................ 51 

Figure 5-9 (a) Zeolite-side adsorbed CO2 contours in molCO2/kgzeolite at (a) 200 s and (c) 600 s 

for zeolite lattice thermal conductivities of 0.06, 0.12, and 0.24 W/m-K. Zeolite-side 

temperature contours in °C at (b) 200 s and (d)  600 s for zeolite lattice thermal 

conductivities of 0.06, 0.12, and 0.24 W/m-K. The zeolite rod diameter, edge-to-

edge spacing, and height are 2, 0.6, and 12.7 mm, respectively. The initial zeolite 

lattice uptake and temperature are 0.08 molCO2/kgzeolite and 200°C, respectively .... 53 

Figure 5-10 Transient (a) CO2 uptake and (b) zeolite-side average temperature at different zeolite 

thermal conductivities .............................................................................................. 54 



   

1 

 

 

 

 

CHAPTER 1 

Introduction 

Since the dawn of humanity, people have studied the world around them to find 

resources, survive, and improve their existence [1,2]. One such curiosity was to explore the 

world beyond ours. With the launch of Sputnik-I, that dream came to realization when the first-

ever artificial satellite was launched into the lower earth’s orbit more than 60 years ago 

beginning the space race. In 1969, NASA sent the first ever human to the surface of the moon 

with its Apollo 11 mission. Today, more than 40 countries have satellites orbiting around Earth 

and beyond, with the primary goal of understanding our planet and solar system and advancing 

new technologies in different domains of science. However, prolonged human exposure to space 

poses significant challenges such as spatial memory, bone loss, and physiological and 

psychological impacts, where the extent of many is not yet fully understood. Additionally, in the 

absence of an atmosphere, primary living functions like carbon sequestering and oxygen 

production must be synthesized for sustainable human life [3]. 

For a successful human spaceflight mission, an Environment Control and Life Support 

System (ECLSS) that provides air, water, food, and other necessary resources required to sustain 

life in this challenging environment is being explored by NASA and other space agencies [4,5]. 

Different systems such as Water Recovery Systems (WRS) [5–9], Oxygen Regeneration Systems 

(ORS) [10–13], and Air Revitalization Systems (ARS) [14–19] are essential components of 

ECLSS that work independently or in tandem to support human life in space. All these systems 
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must be rigorously tested, both on the ground and in flight. The International Space Station (ISS) 

proves an ideal testing facility for future long-term space missions. WRS deals with efficiently 

recycling wastewater on board the ISS using water purification and filtration processes 

[4,5,20,21]. ORS splits the water on board the space mission into Hydrogen (H2) and Oxygen 

(O2) with the help of electrolysis for metabolic respiration [22–24]. And, ARS controls the 

temperature and humidity and removes metabolic carbon dioxide generated by human respiration 

to maintain the crew’s functionality [25–29]. However, building a reliable system with long-term 

capabilities under strict constraints poses its challenge. For instance, Carbon Dioxide Removal 

Assembly (CDRA) [27,30,31], within the ARS, needs to remove Carbon dioxide (CO2) from the 

cabin to maintain CO2 concentrations within the air under the threshold required to preserve the 

vitality of the crew. Each technology should be able to function under microgravity and vacuum 

and should be safe for operation alongside the crew. 

CO2 capture has been used in many industries such as industrial waste treatment and 

energy production [32–41]. These systems separate CO2 from other processes and gases to be 

further processed, stored, or released into the surroundings. Technologies used to capture gases 

vary based on the type of gaseous mixture, the concentration of the mixture, and other 

surrounding parameters [42–45]. Some of the major sources of CO2 emissions within the earth’s 

atmosphere are power generation, transportation, residential and commercial buildings, and 

industrial processes [46]. This CO2 is one of the most significant contributors to climate change 

issues and the greenhouse effect. To combat these issues, several methods to trap CO2 have been 

developed. 

Absorption [47–55] is one such method where a chemical solvent is used to capture the 

CO2 from the gas stream. This technique is mostly used in CO2 capture from post-combustion 
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flue gases produced from petroleum [56], natural gas [57], and coal-fired power plants [58]. In 

this approach, the stream of exhaust gases containing concentrated CO2 is passed from the 

bottom while the aqueous chemical solvent is counter-flowed from the top as shown in Fig. 1-1. 

Carbon dioxide from the gas is absorbed by the chemical solvent leaving CO2-free gas exiting 

the system. The CO2-mixed solvent is then fed into a regenerator and heated to remove the 

absorbed CO2. The restored solvent can then be reused for absorption, making the process 

continuous. The method is particularly advantageous for the removal of CO2 from low 

concentrations of flue gases effectively and has good absorption capacity [59]. However, the 

process faces major drawbacks such as corrosion, and degradation of solvents over time due to 

continuous use, reducing their usability in space applications. 

 

 
Fig. 1-1: A schematic of adsorption technology used for CO2 capture from flue gas in industry. (Copyright 

of Zhang et al. [101]) 
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Babamohammadi et al. [60] reviewed conventional solvents combined with ionic liquids, 

alkanol amines, and their blended aqueous solution to find the most effective combinations for 

mass transfer and CO2 absorption. The authors also reviewed how mass transfer is affected by 

different physiochemical properties. It was found that ionic liquid can be a good alternative to 

conventional solvents by providing thermal stability, tunable physiochemical character, and high 

CO2 solubility. It was also revealed that physiochemical properties such as Pressure, 

Temperature, and viscosity have a direct effect on mass transfer coefficients. 

Han et al. [61] reviewed the prospects of using ammonia-based CO2 capture technology, 

as an alternative to traditional amine-based CO2 capture. They described details about the 

chemistry of the absorption process and engineering issues faced in the commercialization of the 

technology. The authors present the argument that although ammonia-based solvents are highly 

volatile and have a slower rate of adsorption kinetics, they are superior to transitional amine-

based solvents with lower corrosiveness, and degradability while their regeneration is less energy 

intensive. The authors found ammonia-based CO2 capture to be technically feasible given that 

some critical technical difficulties such as ammonia vaporization can be solved. 

Hüser et al. [62] compared different amine-based solvents for CO2 capture using a rate-

based approach. The group performed an industrial-scale numerical study on absorption and 

desorption loops for 2-amino-2-methylpropanol (AMP) and compared it with transitional 

monoethanolamide (MEA) solvent. Previous studies found that AMP has a high loading capacity 

[63], a low absorption heat [64], and a low affinity to degradation [65]. The results from this 

study showed a reduction in reboiler duty from 3600 to 2900 kJ/kg (CO2) for gas-fired power 

plants and 3500 to 2650 kJ/kg for bituminous coal-fired power plants. 
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However, the absorption process faces major drawbacks in a life support system for space 

applications, such as the possibility of liquid droplet carryover in the gas stream which can be 

hazardous to crew health [66–68]. Also, despite improvements in technology, the reactive 

chemicals involved in the process cause corrosion in the system, reducing their reliability. 

Additionally, solvents have not been tested in microgravity, therefore their performance in space 

missions is unknown [50,52]. 

The cryogenic separation method is another approach that separates CO2 from a flue gas 

stream by cooling down the gas and inducing the phase change [69–74]. Fig. 1-2 shows a 

schematic of the process flow of CO2 capture from a natural gas stream using Cryogenic to 

Liquify the CO2 gas [75]. The Major advantage of cryogenic separation stems from the absence 

of chemical absorbents which can cause safety and reliability issues. However, cryogenic 

applications are energy-intensive and are only viable when CO2 concentrations are high. 

Therefore, at the moment, cryogenic technologies are not suitable for space applications [59,76]. 

 

Membrane-based separation technology [24,36,50,52,77–83] uses a semi-permeable 

barrier that allows specific gases to pass through while entrapping others. Different materials can 

 

Fig. 1-2: A schematic flow of CO2 separation from natural gas feed using cryogenic liquefication. 

(copyright of Knapik et al. [75]) 
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be used as a membrane depending upon the type of gas desired to be captured and the mixture of 

gas passed through the system. These are generally categorized into two sub-systems. The first 

technology (Fig. 1-3a) is the gas separation membrane which works on the principle of 

preferential permeation allowing certain gases to pass through the membrane faster than the 

other. The second technology (Fig. 1-3b) is the gas absorption membrane in this approach a 

membrane acts as a barrier between the gas mixture and the absorption solvent that allows the 

absorbate to pass through. The benefit of using a gas absorption membrane is that it allows 

independent control of gas and liquid flow with a compact equipment setting[79]. 

 

Freeman et al. [84] examined the potential of using a hybrid membrane-absorption-based 

CO2 capture approach by combining multiple technologies into a hybrid system. They tested an 

air-swept Polaris membrane contractor, along with a 5 m piperazine advanced flash stripper, 

arranged in series and parallel to evaluate CO2 capture performance. They concluded that 

concentrated CO2 must be processed with the absorbed module. The hybrid series configuration 

 

Fig. 1-3: Schematic of (a) gas separation membrane and (b) gas absorption membrane technologies. (Copyright 

of Mondal et al. [59]) 
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is limited by the dilution of CO2 in the membrane while the hybrid parallel configuration 

provides superior conditions for the membrane contractor. 

Lu et al. [85] performed an experimental evaluation of the Membrane Gas Adsorption 

(MGA) process with non-blended and blended absorbents and 3 different regeneration 

approaches: hot regeneration, vacuum desorption, and inert gas sweep. The authors used 

potassium glycinate (PG) and 2-amino-2-methyl-1-propanol (AMP) individually and in a 

blended solution. The process was evaluated at different operating modes of single and 

continuous absorption and regeneration cycles. It was found that absorption capacity was higher 

for the blended PG + AMP solution over any individual sorbent. The CO2 loading in the blended 

solution was dependent on the partial pressure and operational temperature. Blends were second 

best in terms of regeneration efficiency while hot regeneration is the most efficient method for 

regeneration. 

Zhao et al. [86] reviewed the use of Ionic Liquids (ILs) for low-concentration carbon 

dioxide capture from the environment and within confined spaces. They reviewed the currently 

available technologies for applications in direct air capture from the environment and from 

human spaceflights and submarines in confined spaces. They found that for long-term space 

missions, adsorbents are mainly preferred because of the regenerative advantages they provide. 

A large part of the technological development has been focused on solid sorbents. Authors 

suggest ionic liquids that can be used as an alternative technology for these applications because 

of their excellent performance in CO2 capture and absorption. Upon reviewing both 

computational and experimental results on ionic liquids for low-concentration CO2 capture, they 

concluded that ionic liquids have never been tested for spaceflight missions. It should be 

mentioned that the synthesis process of ILs is complicated and the use of water or organic 
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solvents is required. It not only increases production costs but also causes the low purity of the 

target ILs. The purity and preparation difficulties of ILs directly affect their physical and 

chemical properties and their application on low-concentration CO2 capture. In addition, Lu et al. 

[87–89] simulated a manned closed system and their work focused on evaluating the K2CO3/AC 

adsorbent at 20–60 oC, 0.2%–1.0% CO2, 0.5%–2.5% H2O partial pressure conditions. However, 

the experimental measurement results of IL adsorbents for lower CO2 partial pressure are not 

clear. 

Adsorbents are another widely used technology for CO2 capture when a gaseous mixture 

is passed across the surface of these solid sorbents due to the surface chemistry and attraction 

forces on selective gases. Here, the molecules of target gases stick to the surface of the adsorbent 

structure while other gases pass through the adsorbent structure. Once the sorbent reaches the 

adsorption equilibrium, the process ceases. Based on the process of regeneration, adsorption 

technologies can be classified into three different categories: pressure swing, temperature swing, 

and electrical swing techniques. In Pressure Swing Adsorption (PSA), the gas is passed through 

the bed of solid adsorbents at an elevated pressure. Once it reaches equilibrium, the pressure 

inside the bed is reduced to remove the captured gas. Alternatively, in Temperature Swing 

Adsorption (TSA), CO2 is regenerated by elevating the temperature of the sorbent bed. Fig. 1-4a 

shows a schematic of how TSA works for the regeneration of a hot steam. In Electric Swing 

Adsorption (ESA), the temperatures are elevated, like TSA, to perform regeneration. However, 

in ESA, the heating is performed by passing an electric current through the conductor. 
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Metal-organic frameworks (MOFs) have emerged as a powerful tool for producing 

porous materials and precisely designing their interior to address the world’s energy and 

environmental problems[90]. Harrouz et al. [91] developed a mathematical model to predict the 

heat and mass transfer through the silica gel and MOFs which was then scaled for evaluation in 

residential and classroom settings and determine optimal performance using genetic algorithm.  

Fig. 1-5 shows a schematic of the methodology used by Harrouz et al. [91] to optimize 

the performance of the system. The results indicate that the optimized ARS was able to achieve a 

91% reduction in the fresh air intake, leading to a 30% lower operating cost for high occupancy 

buildings. The ARS required a 71% lower ambient air, which achieved a 24% lower operating 

cost for low occupancy buildings when compared with conventional HVAC systems. However, 

MOFs have been majorly studied from the chemical and materials perspectives, with extensive 

studies on different MOFs for specific gases in single-component gas sorption. Limited studies 

on practical gas mixtures and large-scale systems are available. The technology is still in its early 

 

Fig. 1-4: Schematics of (a) a temperature swing adsorption and (b) a pressure swing adsorption. (Copyright of 

Huhe et al. [102]) 

 

 

(a) (b) 
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stages and can become a potential alternative in future systems. Fig. 1-6a-f shows the molecular 

stuctural configuration of some of the MOFs used for selective CO2 capture. 

 

 

Fig. 1-5: A schematic of the methodology used to optimize performance of the system. [91]. (Copyright 

of Harrouz et al. [91]) 
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Zeolites are microporous, crystalline aluminosilicates made of alkaline and alkaline-earth 

metals and have been widely applicable for CO2 capture in many industries. They are tunable 

and highly porous structures with uniform pore dimensions throughout their crystal structure that 

allow the selective adsorption of molecules that fit inside the pores and allow larger molecules to 

pass. Zeolite sorbents are mainly categorized based on the size of their micropores, zeolite 3A, 

4A, and 5A are some of the Linde Type A (LTA or Zeolite A) material with pore sizes of 0.3, 

 
Fig. 1-6: Structural Design of Metal-Organic Framework used for selective carbon dioxide capture. (a) 

Coordinatively unsaturated metal sites, as exemplified by the secondary building unit in Mg-MOF-74, (b) 

Covalently linked polar functionalities, such as an aromatic amine in CAU-1, (c)  Heteroatomic amines, 

such as in Zn(btz) (btz=5-bis(5-tetrazolo)-3-oxapentane), where non-coordinating N atoms are a component 

of the linker but are free to interact with CO2 (d) Alkylamines, either primary, secondary or tertiary, 

tethered to coordinatively unsaturated metal sites (for example, mmen-Mg-IRMOF-74-II; mmen=N,N-

dimethylethylenediamine) or covalently bonded to the organic linker (e) Specific non-metallic interactions 

within the backbone (or pores) of a MOF structure (for example, SIFSIX-2-Cu-i (Cu(dpa)2(SiF6); dpa=4,4ʹ-

dipyridylacetylene)), which induce strong quadrupolar interactions with CO2. (f) Hydrophobicity and/or 

pore metrics for selectively capturing CO2 in the presence of water (for example, ZIF-301). Color code: C, 

black; O, red; N, green; F or Cl, purple; H, white; Si, dark green; and Mg, blue. The surrounding MOF 

structures are shown in pale orange. (Copyright of Trickett et al. 2017 [90]) 

 

 

 

 

 

 

(a) (b) 

(a) (b) (c) 

(d) (e) (f) 
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0.4, and 0.5 nm, respectively. A zeolite framework structure is formed by Al or Si atoms 

connected in tetrahedra with oxygen molecules forming AlO4 and SiO4. These molecules are 

interconnected to form a cage-like structure and are classified based on the ratio of Si/Al. A low 

Si/Al ratio is between 1 to 1.5 (i.e., Zeolite X or A), an intermediate Si/Al ratio ranges from 2 to 

5 (i.e., Zeolite Y or L), and a high Si/Al ratio called ZSM 5 ZSM 11 is larger than 10 and can go 

anywhere up to several thousand [92]. 

Zeolites A and X are the most widely used solid sorbents for CO2 capture because of their 

3-dimensional network formed by sodalite and faujasite cages respectively. Fig. 1-7 shows a 

detailed schematic of how these cage-like structures are formed by the individual or inter-

connection of four and six-membered rings (i.e. D4R or D6R). 

Different pore sizes work to capture different molecules based on their molecular 

diameters. For instance, CO2 has a molecular diameter of 0.33 nm which can be easily adsorbed 

by the zeolite 13X which has a pore size diameter of 10Å (1 nm) while allowing other larger 

molecules to pass. Zeolite is extremely effective in CO2 capture due to its high affinity towards 

CO2 molecules and provides high adsorption capacity at lower concentration capture. One of the 

biggest advantages of these structural sorbents is that they have been tested in microgravity, are 

spaceflight-proven, and have been employed for over two decades at the International Space 

Station (ISS) for carbon dioxide capture. Continuous effort has been made in the technological 

development of zeolite as a molecular sieve for CO2 capture. Consequently, these structural 

sorbents are preferred over other available CO2 capture technologies. 
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Fig. 1-7: A representation of zeolite crystalline structure. (Copyright of Masoudian et al [103]) 
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CHAPTER 2 

SOA and Future 3D-printed 4-Bed Carbon Dioxide Scrubber (4BCO2) and 

Air-Cooled Temperature Swing Adsorption Compressor (AC-TSAC) 

 

Currently, state-of-the-art space systems employ a 4-Bed Carbon Dioxide Scrubber 

(4BCO2), an upgrade from the previous generation Carbon Dioxide Removal Assembly 

(CDRA), to remove metabolic CO2 from the air inside the International Space Station (ISS) and 

spaceflights [25,26,30,31]. Two are desiccant and the other two are sorbent beds. The desiccant 

beds remove moisture. The sorbent beds are responsible for CO2 capture. The desiccant beds 

consist of silica gel that adsorbs 95% of the moisture and zeolite beads at the end of the beds to 

adsorb the remaining moisture content. This removes all moisture from the cabin air stream 

before exposing it to the carbon dioxide removal sorbent beds. This is necessary as zeolite beads 

have a higher affinity towards moisture (H2O) than CO2. After a dry CO2-air mixture is 

generated by passing through the desiccant bed, the dry air is passed through the sorbent bed 

filled with zeolite beads to remove the bulk CO2 before being recirculated back to the cabin. The 

process works in a cycle when one pair of desiccant and sorbent beds is adsorbing H2O and CO2 

from the supplied cabin air, while the other two beds are regenerated to be reused during the next 

half cycle. During regeneration, the sorbent bed used for carbon capture is heated to 200°C, 

causing the previously captured CO2 to be released. While the silica humidity capture bed is 

regenerated by the dry CO2-free air exiting the currently adsorbing canister. Fig. 2-1 shows a 

schematic of the working cycle of the 4BCO2. 
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Since the re-supply of resources during long-distance missions is challenging, NASA 

aims to form a closed-loop Air Revitalization System (ARS) such that all the resources utilized 

in the process of human respiration can be recycled. The Sabatier reaction (Eqs. 2-1 and 2-1), 

also known as the Sabatier process, generates methane and water by combining hydrogen with 

carbon dioxide under elevated temperatures (ideally 300–400 °C) and pressures (possibly 3 

MPa), facilitated by a nickel catalyst [93]. In spaceflights, byproduct hydrogen, from oxygen 

(O2) generation using electrolysis, and CO2 captured from the 4BCO2 are fed to a Sabatier 

reactor to recycle each byproduct back into water which can be used again in oxygen generation. 

Fig. 2-2 shows a flow process of how the closed-loop air revitalization system. 

                 2𝐻2𝑂 
𝐸𝑙𝑒𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠
→        𝑂2 + 2𝐻2                        (Eq. 2-1) 

       𝐶𝑂2 +  4𝐻2

𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒+𝑁𝑖
→          𝐶𝐻4 + 2𝐻2𝑂                       (Eq. 2-2) 

 
Fig. 2-1: A schematic of the currently used CDRA setup at International Space Station (ISS). (Copyright of 

Knox et al. [93]) 
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The current state-of-the-art H2O generation systems, utilized by NASA onboard the 

International Space Station, require a mechanical compressor to pressurize and store CO2 prior to 

the Sabatier reactor. However, the system is bulky, energy-intensive, and requires an additional 

accumulator to store the compressed CO2, requiring both valuable space and power. Moreover, 

the moving parts in the compressor cause vibrations and noise, and reduce the system’s long-

term reliability. Thus, a new state-of-the-art passive vapor compressor system, using the principle 

of a Temperature Swing Adsorption Compressor (TSAC), is being developed to replace the 

current mechanical compressor and accumulator assembly [94]. It provides the advantage of 

adsorbing from a low-pressure source, acts as a storage medium for CO2, and can deliver CO2 at 

the required high pressure to the reactor while reducing power consumption. The TSAC operates 

on a four-step thermodynamic cycle of adsorption, from the low-pressure source at constant 

 
Fig. 2-2. A flow process diagram of Air Revitilization System (ARS) recycling oxygen. (Copyright of 

Knox et al. [93]) 
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temperatures, followed by pressurization by increasing the temperature at constant volume, a 

delivery stage where the pressurized gas is released into the reactor, and finally a cool-down 

stage before the cycle is repeated. Continued heating during the delivery stage maintains delivery 

pressures while mass levels within the control volume decrease. A detailed explanation of these 

processes is given in Refs. [15,19,93,94]. Different TSAC technologies are currently being tested 

to be used with the 4BCO2 [19,93–99]. 

Attempts to further improve compressor system efficiencies have resulted in the 

development of the Thermally Coupled Temperature Swing Adsorption Compressor (TC-TSAC) 

where the 4BCO2 bed and TSAC bed are thermally coupled together. A study by Richardson et 

al. [95] revealed that the TC-TSAC uses significantly less power than its counterparts. However, 

one of the major drawbacks of TC-TSAC is that it can only be integrated with the 4BMS system 

making it unsuitable for other 4BCO2 technologies tested [95]. 

Another technology that has been under development for Carbon Dioxide Removal and 

Compression (CRCS) is the Air-Cooled Temperature Swing Adsorption Compressor (AC-

TSAC). The AC-TSAC is a similar technology developed to integrate with 4BCO2 and CO2 

reduction systems. Here, an additional canister filled with zeolite is connected downstream of the 

carbon capture device working in a similar two-parallel bed cyclic system. When one bed is 

adsorbing CO2 from 4BCO2, the other one is regenerating and delivering high-pressure CO2 to 

the Sabatier reactor. The power required for an AC-TSAC bed is significantly lower than the 

mechanical compressor. Also, since it works independently from the ARS, it allows easier 

integration into other systems, thus making it a preferable option over the TC-TSAC. Currently, 

NASA is testing the AC-TSAC packed beds with zeolite beads.  
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 In state-of-the-art 4BCO2 and AC-TSAC for CO2 capture and compression, beds packed 

with zeolite beads are employed. However, the zeolite beads face major drawbacks due to their 

random packing and inherent spherical shapes. These include limited packing efficiency (i.e., 

total volume of zeolite bead packed to the volume of the container), maldistribution of inlet air 

flows due to preferred pathways of least resistance through the randomly packed beds resulting 

in portions of the bed remaining unutilized, and poor thermal conductance across the bed due to 

the high thermal resistance and low contact area between individual beads. Due to this, the CO2 

removal beds are oversized to make up for the lost efficiency. In the past, these systems have 

also faced attrition due to constant loading and unloading and a mismatch in the coefficient of 

thermal expansion of the zeolite beads and the stainless-steel canister. Also, dust and pellet 

fragments have blocked airflow paths leading to high pressure drop penalties and power 

requirements, which has resulted in damage to downstream systems [99]. 

With the advent of 3D printing, technologies are taking advantage of the ability to 

produce topologies and structures with a large range of materials that conventional 

manufacturing techniques could not produce. The 3D printing of zeolite lattice structures has 

been proposed as a direct replacement to the current packed bed systems as they have the 

potential to overcome many of the inherent limitations of the current state-of-the-art [27]. The 

3D printing technique provides the flexibility to optimize lattice topologies to further improve 

the mass and volumetric efficiencies as well as reduce the power consumption of both CO2 

capture and compression modules when compared to their current packed-bed counterparts. 

Despite its high porosity and larger surface area to mass ratio, zeolite in its raw powdered form is 

not a mechanically stable material and is not suitable for space-flight ARS. To overcome this, 

sintering and usage of both organic and inorganic binders must be considered to a zeolite slurry 
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for added mechanical strength. During the sintering stage, temperatures are elevated to greater 

than 700℃. Robocasting is an extrusion-based rapid manufacturing process used for 3D printing 

ceramics and composite structures and can be utilized to produce continuous zeolite lattice 

structures. The process utilizes a colloid paste as a feedstock and depends on the rheology and 

interaction of the paste to form a stable lattice. To fabricate the structure, the pseudo-solid paste 

is fed through an orifice onto an XYZ stage that can be accurately programmed to translate along 

the 3-axis. Fig. 2-3a showcases a schematic of the 3D printing process. The robocaster is 

programmed to print in parallel XY axis. Once a layer of struts is printed, the stage is moved 

along the Z-axis to print another layer of cross-hatched struts. Subsequent layers are formed to 

create a 3-dimensional lattice monolith of the desired shape. This method provides the advantage 

of varying the orifice diameter and building space between adjacent parallel rods to change 

packing density, exposed surface area, and flow path inside the bed. When the feedstock is fed 

onto the stage, the mixture transitions from a pseudo-plastic to a dilatant solid-like state. 

Therefore, it is necessary to maintain a sync in the flow of the material. If the rate of deposition 

is too slow, the hatched layer on top will not be able to meld together and dry out too soon. At 

the same time, if the flow is very fast, the layers will slump due to high stresses [27]. 

Fig. 2-3b shows a section of the hatched robocast printed layer, the intersection forms a 

mechanically stable structure while maintaining the shape of the lattice. Fig. 2-3c shows a 

microscopic image of the etched regions of two crossed layers. Fig. 2-3d illustrates the image of 

two layers, two topological features that define the design of these printed structures in this 

rendering. Distance “A” is the cross-section of the rod defined by the orifice diameter, and 

distance “B” is the spacing between adjacent parallel struts in a single layer. Fig. 2-4a shows a 

3D-printed zeolite cubic structure with a cross-sectional diameter of 0.6 mm and adjacent 
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spacing of 0.3 mm. Fig. 2-4b shows a tall circular cross-section monolith of 50 mm diameter 

with strut diameter of 1 mm and spacing of 0.4 m. Also, Fig. 2-4c shows a large circular lattice 

of 100 mm diameter with 1.5 mm rod diameter and 0.7 mm distance between adjacent parallel 

struts [27]. 

 

 

  

 
Fig. 2-4: Zeolite-13X robocast into various configurations (a) 30-mm cubed robocast lattice printed with 13X 

feedstock with 600 µm struts and 300 µm gaps; (b) 50-mm diameter robocast lattice printed with zeolite 13X 

feedstock with 1 mm struts and 400 µm gaps; (c) large 100-mm diameter 13X lattice monolith with 1.5 mm struts 

and 700 µm gaps. (Copyright of Noah et al. [27]) 

 
Fig. 2-3: (a) A schematic of direct ink writing of the robocasting process for the rapid manufacturing of lattice 

structures, (b) an image of the printed alumina silicate section, (c) an image showing bonded layers under a 

microscope, and (d) lattices are defined by the cross-section of the struts A and the distance between the struts B. 

(Copyright of Noah et al. [27]) 
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CHAPTER 3 

Numerical Modeling, Validation, and Mesh Independent Study 

 

Additively manufactured zeolite lattices have clear advantages over the conventional 

packed bed system. However, the physics of the adsorption process is complex, and the kinetics 

can differ based on the shape of the lattice, flow rate into the structure, partial pressure of CO2, 

and how mass and thermal energy are transported inside the monolithic geometry. Moreover, it is 

an expensive and time-consuming process to fabricate the lattice structure, build an experimental 

facility, and test these sorbent structures. The adsorption process relies on the surface-level 

interaction between the adsorbent and the adsorbate, therefore, the interplay between interfacial 

surface area and volume of zeolite could play an integral role in the adsorption process. In this 

study, we have built a time-dependent, multispecies numerical model to forecast the temporal 

behavior, geometric parameters, inlet parameters, and physiochemical properties inside the 

printed lattice monolith. Necessary additions in the model to incorporate the effects of 

temperature and CO2 vapor pressure were made to accurately predict the adsorption process. 

Different rod diameters of the struts are modeled for both the 4BCO2 and the AC-TSAC, along 

with changes to the inlet parameters to understand the effect on the sorption kinetics. Other 

topological and thermo-physical parameters are also explored. The result of each study is 

discussed in detail in Chapters 4 and 5, explaining the logic behind the outcome and physics that 

led to these behaviors. 
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3.1 Numerical model 

To understand the sorption physics of the zeolite lattice structure, a 3-dimensional, multi-

species, and thermally non-equilibrium model was developed in Ansys FLUENT. A continuum-

based approach was applied to model heat and mass transfer inside the fluid domain and porous 

zeolite media. The assumptions made in solving the model are as follows: 

a) All heat and mass transfer processes involved are assumed unsteady. 

b) The flow across the domain and in the structure is assumed to be Laminar. 

c) The multi-species mixture consists of standard air and CO2 molecules. 

d) Two separate energy equations were utilized to model the thermal non-equilibrium between 

solid and air in the zeolite media. 

The Darcy-Brinkman flow equation for a porous media was employed to estimate the 

pressure and velocity field inside the domain are written below: 

          𝜀 𝜌𝑎𝑖𝑟
𝜕𝑈⃗⃗ 

𝜕𝑡
 + 𝜌𝑎𝑖𝑟(𝑈⃗⃗ ∙  𝛻)𝑈⃗⃗ =  −𝜀2𝛻𝑝𝑎𝑖𝑟  + 𝜀𝜇𝑎𝑖𝑟𝛻

2𝑈⃗⃗ −  
𝜀2𝜇𝑎𝑖𝑟

𝜅
 𝑈⃗⃗ −  𝐶2𝑈⃗⃗ |𝑈⃗⃗ |  (Eq. 3-1) 

where 𝜀, 𝜌𝑎𝑖𝑟, 𝑈⃗⃗ , 𝑝𝑎𝑖𝑟, 𝜇𝑎𝑖𝑟, 𝜅, and 𝐶2 are zeolite porosity, air density, air velocity, air pressure, 

air viscosity, zeolite permeability, and inertial resistance factor, respectively. 

The conservation of CO2 in air and zeolite is written as: 

        𝜀
𝜕𝑌𝐶𝑂2

𝜕𝑡
+ 𝜀𝛻 ∙ (𝑌𝐶𝑂2𝑈⃗⃗ ) =  − 

𝜌𝑧𝑒𝑜

𝜌𝑎𝑖𝑟 
 
𝜕𝑊 

𝜕𝑡
                                     (Eq. 3-2) 

where 𝑌𝐶𝑂2, 𝜌zeo, and 𝑊 are air-side CO2 mole fraction ratio, zeolite density, and uptake of CO2 

in the zeolite, respectively. 

The amount of CO2 adsorbed in the porous zeolite media is evaluated using: 

   𝜌𝑑𝑒𝑠
𝜕𝑊 

𝜕𝑡
 =  𝑘𝑦𝐴𝑐(𝑌𝐶𝑂2  − 𝑌𝑧𝑒𝑜

∗ )                                  (Eq. 3-3) 
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where ky, Ac, and 𝑌𝑑𝑒𝑠
∗

 are the mass transfer coefficient, interfacial surface area between the air 

and zeolite media, and mole fraction of CO2 inside the zeolite obtained using isotherms, 

respectively. 

The molar fraction of CO2 inside the zeolite media at equilibrium is given as: 

                                                         
𝑋𝑠

𝑋𝑠+𝑋𝑎
= 𝑌𝑧𝑒𝑜

∗                                    (Eq. 3-4) 

where Xs and Xa are the molar concentrations of CO2 and air at equilibrium. 

The molar concentration of CO2 at equilibrium is: 

          𝑋𝑠 = 
𝑃𝑠𝑎𝑡

𝑃𝑡
                                  (Eq. 3-5) 

where Psat and Pt are the saturation pressure of CO2 and total pressure 

The saturation pressure Psat for Carbon dioxide in the zeolite is measured using 

experimentally found CO2-adsorption isotherms. 

𝑙𝑜𝑔10(Psat) = 0.4264 ∗ (𝑙𝑜𝑔10(𝑊))3 + 1.3665 ∗ (𝑙𝑜𝑔10(𝑊))2 + 2.2692 ∗ 𝑙𝑜𝑔10(𝑊) − 0.72   (Eq. 3-6) 

To model the temperature dependence of CO2 saturation pressure inside the zeolite, 

equilibrium CO2-adsorption isotherm data at different temperature ranges were considered to 

accurately predict the saturation pressure at different CO2 loadings and zeolite temperatures. 

The temperature of the zeolite is calculated using: 

     (𝜌𝑧𝑒𝑜(𝑐𝑝,𝑧𝑒𝑜 + 𝑊 𝑐𝑝,𝐶𝑂2))
𝜕𝑇𝑧𝑒𝑜

𝜕𝑡
= 𝛻 ∙ (𝑘𝑧𝑒𝑜𝛻𝑇𝑧𝑒𝑜) − ℎ𝑐𝐴𝑐(𝑇𝑧𝑒𝑜 − 𝑇𝑎𝑖𝑟) + 𝜌𝑧𝑒𝑜ℎ𝑎𝑑𝑠 (Eq. 3-7) 

where c𝑝,zeo, 𝑇zeo, 𝑘zeo, ℎ𝑐, 𝑇𝑎𝑖𝑟, and ℎ𝑎𝑑𝑠 are the specific heat capacity of the zeolite, zeolite 

temperature, thermal conductivity of the zeolite, interfacial heat transfer coefficient, air 

temperature, and heat of adsorption, respectively. Also, the air properties were considered as a 

function of temperature.  

Equations (2 – 7) were employed within the simulations using a User Defined Function 

(UDF) to study the physics of the adsorption process in the system. The CO2 uptake source terms 
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are defined in the fluid zeolite region while the energy source terms are associated with the solid 

zeolite media. A manual contact region between the solid zeolite surface and fluid domain was 

also implemented with the help of UDF modeling. For each iteration, a double-precision 

floating-point solver is used to solve the governing equations with a given convergence criterion 

of 10-6 for the energy equation, and 10-3 for continuity, velocities, and CO2 residuals. 

3.2 Mesh independence study 

A mesh independence study was conducted to ensure the presented results do not depend 

on the number of computational elements employed. Ansys Meshing software was used to 

perform the discretization operation. Both the zeolite and fluid domains were meshed with a 

tetrahedral Patch Conformal Method. As shown in Table 3-1, four different minimum element 

sizes of 60, 45, 30, and 25 μm were considered. The total numbers of computational elements for 

the four element sizes of 60, 45, 30, and 25 μm are about 0.7, 1.4, 3.6, and 5.6 million cells, 

respectively. Fig. 3-1 shows the outlet normalized CO2 mass fraction versus time at different 

element sizes. As shown, the outlet normalized CO2 mass fractions are almost identical for the 

four different element sizes. To compare the results, the 50% breakthrough times of the four 

different minimum element sizes are compared. The 50% breakthrough time is defined as the 

time at which the outlet concentration is 50% of the inlet concentration (or an outlet normalized 

CO2 mass fraction of 0.5). When the element size varies from 60, 45, 30, and 25 μm, the 50% 

breakthrough times are 1907, 1898, 1890, and 1887 seconds, respectively. Therefore, the 

percentage changes in the 50% breakthrough time are 0.5%, 0.4%, and 0.2% when the minimum 

element size varies from 60 to 45 μm, from 45 to 30 μm, and from 30 to 25 μm, respectively. 

Therefore, a mesh minimum element size of 30 μm with a total of 3.6 million computational 

cells was selected to maintain a high accuracy while keeping a reasonable computational time.  
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3.3 Model validation 

To check the accuracy of the numerical model, it was validated against experimental 

breakthrough data from Son et al. [100]. A model was developed to replicate the experimental 

test domain and data was curve fit by multiplying with a constant that accounts for unknown 

mass transfer coefficient, zeolite density, and surface interfacial area. Fig. 3-2 compares the 

normalized mass-fraction vs. time curve for the developed CFD model and experimental data 

available from Son et al. [100]. As shown, there is a good agreement between the present model 

results and the experimental data. 

 
Fig. 3-1: Outlet normalized CO2 mass fraction versus 

time at different minimum element sizes. 

Table 3-1: Mesh independence study.  

Min. element 

size [μm] 

No. of 

elements 

Average element 

quality 

Standard 

deviation 

60 677557 0.84 0.094 

45 1359933 0.84 0.094 

30 3603316 0.84 0.094 

25 5581930 0.84 0.094 
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Fig. 3-2: A comparison between the normalized 

mass fraction vs. time of the present study and 

Ref. [100]. 
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CHAPTER 4 

CO2 Adsorption Process of 3D Zeolite Lattices in 4-Bed Carbon Dioxide Scrubber (4BCO2) 

 

In this chapter, the developed numerical model described in Chapter 3 is employed to 

examine the CO2 adoption process of 3D zeolite lattices in the 4-Bed Carbon Dioxide Scrubber 

(4BCO2). In the following sections, first, the geometrical model and boundary conditions used in 

the simulation will be discussed. Next, the transient behavior of the CO2 adsorption process of 

3D zeolite lattices is presented. Then, the effect of zeolite rod diameter on the CO2 adsorption 

process of 3D zeolite lattices is explored. In the next part, the effect of volumetric flow rate on 

the CO2 adsorption process of 3D zeolite lattices is discussed. And lastly, the effect of inlet CO2 

concentration on the CO2 adsorption process of 3D zeolite lattices is presented. 

4.1 Geometrical model and boundary conditions 

Fig. 4-1 shows a detailed schematic of the geometric model of the lattice structure used 

for the numerical study of adsorption inside the  4BCO2 bed. Fig. 4-1a shows the lattice monolith 

model with the highlighted region showing the symmetric model used in simulation. The actual 

bed is 254 mm long. However, to save the computational cost and time, initially, a small 49 mm 

lattice structure was modeled and simulated as shown in Fig. 4-1b illustrating a unit cell model 

with symmetric boundaries at all four sides. Fig. 4-1c and d show the front and side views of the 

two different models with zeolite rod diameters of 2 and 0.5 mm at a built spacing of 0.5 mm 

between adjacent lattice rods. The orange box in Fig. 4-1c denotes the quarter-symmetric model 
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used in simulations. Fig. 4-1f shows an enlarged side view of the model detailing the dimensions 

of the geometric model used in the simulation. During the initial moment of the simulation, both 

zeolite and air inside the domain have a temperature of 25 ℃. An initial CO2 uptake of 0.01 

molCO2/kgzeolite is employed. A convective boundary at the zeolite and air interface is modeled 

with both heat transfer coefficient and free stream temperature calculated in a user defined 

function.  

 

 

 
Fig. 4-1: Schematics of the model used for the 4BCO2 adsorption analysis: (a) lattice monolith model with the 

highlighted region showing the symmetric model used in simulation, (b) symmetric unit cell model utilized in 

simulation with a length of 49 mm, (c and d) front view of the lattice model at rod diameter of 2 and 0.5 mm, 

respectively, and at an edge to edge spacing of 0.5 mm (the orange box denoted the quarter symmetric model used 

for simulation), (e) side-view of the same two model of rod diameter 0.5 and 2 mm, respectively, at a 49 mm long 

lattice length, and (f) an enlarged view of the highlighted cross-section of the two geometries (note: 0.25 mm is half 

of the edge to edge spacing between parallel lattice struts). 
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4.2 Transient behavior of the CO2 adsorption process of 3D zeolite lattices 

Since adsorption is a time-dependent mass and heat transfer process, it is important to 

understand the transition nature of the adsorption process between the CO2-rich air stream and 

the zeolite lattice structure. Fig. 4-2 shows the temporal evolution of zeolite-side adsorbed CO2 

contours in molCO2/kgzeolite, air-side CO2 concentration contours in parts per million or ppm, and 

air-side temperature contours in °C at a rod diameter of 1 mm, edge-to-edge spacing of 0.5 mm, 

and a lattice length of 49 mm. The initial zeolite uptake and temperature are 0.01 molCO2/kgzeolite 

and 25°C, respectively. The inlet air velocity, concentration, and temperature are 0.04 m/s, 2600 

ppm, and 25°C, respectively. The initially unsaturated zeolite lattice (blue color in Fig. 4-2a) 

begins to adsorb the inflowing CO2 molecules at the leading upstream rods of the lattice 

structure. As time continues and the upstream portions of the lattice become fully saturated (red 

color in Fig. 4-2a), the actively adsorbing region, or transition region of the zeolite lattice, shifts 

downstream. This continues until the entire length of the lattice is fully saturated. It is important 

to notice the direct relationship between the airside CO2 concentration, shown in Fig. 4-2b, with 

the current zeolite saturation level in Fig. 4-2a. As the inlet air stream with a high CO2 

concentration of 2600 ppm enters the system, the large partial pressure differential between the 

air and zeolite causes the mass transfer to occur. This results in the CO2 molecules in the air 

stream being captured by the zeolite structure, thereby the air stream becomes CO2 free once it is 

passed through the transitional region. As the transition region propagates downstream with time, 

the inlet air with the high CO2 concentration can be found further downstream of the zeolite 

lattice. After the zeolite has become fully saturated, the mass transfer process between the air and 

zeolite ceases, resulting in a breakthrough to occur. This leads to the high air-side CO2 

concentrations to be found at the outlet of the air stream.  
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During the adsorption process, CO2 molecules are stored within the porous zeolite 

material in a pseudo-liquid state. This adsorption process is exothermic in nature as the kinetic 

energy of the gas molecule is released as latent heat into the surrounding solid zeolite. However, 

due to the forced convective cooling of the inflowing air stream, the released latent heat is 

transferred from the solid zeolite back to the air and carried downstream. Because the lattice is 

initially completely unsaturated, the uptake rate peaks during the initial moments. Because of 

this, a temperature spike within the zeolite lattice can be seen. Fig. 4-2c clearly shows this effect. 

The temperature contours at a time of 1 min show the elevated temperatures of 1.5°C at the 

outlet of the zeolite lattice. This is attributed to the high initial spike in temperatures and the 

convective air flow removing the released heat from the zeolite lattice where the adsorption 

process occurred. As time continues, the intensity of the adsorption rate decreases, and so does 

the released heat and the temperature rise. Furthermore, as the transitional region propagates 

downstream, the areas of elevated temperatures closely follow. 

 
Fig. 4-2: Temporal evolution of (a) zeolite-side adsorbed CO2 contours in molCO2/kgzeolite, (b) air-side CO2 

concentration contours in ppm, and (c) air-side temperature contours in °C at a rod diameter of 1 mm, edge-to-edge 

spacing of 0.5 mm, and a lattice length of 49 mm. The initial zeolite uptake and temperature are 0.01 molCO2/kgzeolite 

and 25°C, respectively. The inlet air velocity, concentration, and temperature are 0.04 m/s, 2600 ppm, and 25°C, 

respectively. The top, middle, and bottom right vertical color scales show the zeolite-side CO2 uptake contours in 

molCO2/kgzeolite, air-side CO2 mass fraction in ppm, and air temperature in °C, respectively. 
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4.3 Effect of zeolite rod diameter on the CO2 adsorption process of 3D zeolite lattices 

One of the primary benefits of 3D printable lattice structures over bead-filled packed-bed 

systems is the ability to fine-tune lattice topologies. By adjusting rod diameters, the surface area-

to-volume ratio of each rod changes, and therefore its adsorption characteristics. Small diameter 

rods benefit from their high surface area-to-volume ratio for improved adsorptive mass transfer 

rates, however, their low volumetric uptake capacity reduces their overall uptake potential. The 

reverse is correct at larger zeolite rod diameters. Fig. 4-3 shows the normalized uptake contours 

within the zeolite and the air-side CO2 concentration contours for zeolite rod diameters ranging 

from 0.5 to 4.0 mm at the moment of breakthrough. The breakthrough is defined as the moment 

when the outlet air CO2 concentration reaches 2% of the inlet air CO2 concentration. The rod 

edge-to-edge spacing is 0.5 mm and the zeolite lattice length is 49 mm. The initial zeolite uptake 

and temperature are 0.01 molCO2/kgzeolite and 25°C, respectively. The inlet air velocity, 

concentration, and temperature are 0.04 m/s, 2600 ppm, and 25°C, respectively. As shown, as the 

zeolite rod diameter increases, the length of the transition region increases. This is attributed to 

the surface-area-to-volume ratio, which decreases at higher rod diameters. As a result, as the rod 

diameter increases, a larger fraction of the zeolite lattice structure is underutilized at the moment 

of breakthrough. It should be highlighted that despite having a larger surface area to volume 

ratios allowing for high rates of adsorption, the smaller diameter rods are limited in their 

adsorption capacity due to their lower desiccant-volume ratios. 
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Fig. 4-4 shows outlet normalized CO2 mass fraction versus time for zeolite lattice lengths 

of 49 and 254 mm at zeolite rod diameters ranging from 0.5 to 4.0 mm at the moment of 

breakthrough. The rod edge-to-edge spacing is 0.5 mm and the zeolite lattice length is 49 mm. 

The initial zeolite uptake and temperature are 0.01 molCO2/kgzeolite and 25°C, respectively. The 

inlet air velocities of 49 and 254 mm zeolite lattice lengths are 0.04 and 0.4 m/s, respectively. 

The inlet air concentration and temperature are 2600 ppm and 25°C, respectively. Initially, since 

the zeolite is completely unsaturated, the influx of CO2-rich air is completely adsorbed in the 

bed, and the outlet CO2 concentration is zero. As time progresses and the lattice continues to 

remove CO2 from the inflowing air, it becomes saturated, and exit CO2 concentrations begin to 

rise. When the exit CO2 concentration reaches 2% of the inlets, the breakthrough occurs, and 

 
Fig. 4-3: (a) Normalized uptake contours within the zeolite and (b) air-side CO2 concentration contours for 

zeolite rod diameters ranging from 0.5 to 4.0 mm at the moment of breakthrough. The rod edge-to-edge spacing 

is 0.5 mm and the zeolite lattice length is 49 mm. The initial zeolite uptake and temperature are 0.01 gCO2/kgzeolite 

and 25°C, respectively. The inlet air velocity, concentration, and temperature are 0.04 m/s, 2600 ppm, and 25°C, 

respectively. The top and bottom right vertical color scales show the zeolite-side CO2 uptake contours in 

molCO2/kgzeolite and air-side CO2 mass fraction in ppm, respectively. 
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concentrations begin to rise until the bed becomes fully saturated and is no longer capable of 

absorbing the inflowing CO2 gas. When the zeolite rod diameter is small, the surface-area-to-

volume ratio is high. This results in an intensified adsorptive mass transfer rate and a narrow 

transition region. As a result, the breakthrough curve is steeper at smaller zeolite rod diameters. 

However, the breakthrough time is smaller at smaller zeolite rod diameters due to limited 

volumetric uptake capacity. In contrast, when the zeolite rod diameter is large, the surface-area-

to-volume ratio is low. This results in a diminished adsorptive mass transfer rate and a wide 

transition region. Consequently, the breakthrough curve becomes more flat at larger zeolite rod 

diameters. As the breakthrough curve becomes flatter, the breakthrough time decreases at larger 

rod diameters, despite having a high volumetric update capacity. Therefore, it is expected there is 

an optimal zeolite rod diameter for both a rapid adsorption process as well as maximum 

utilization of a zeolite lattice structure.  

 

 
Fig. 4-4: Breakthrough curves: outlet normalized CO2 mass fraction versus time for zeolite lattice lengths of (a) 

49 mm and (b) 254 mm at zeolite rod diameters ranging from 0.5 to 4.0 mm at the moment of breakthrough. The 

rod edge-to-edge spacing is 0.5 mm and the zeolite lattice length is 49 mm. The initial zeolite uptake and 

temperature are 0.01 molCO2/kgzeolite and 25°C, respectively. The inlet air velocities of 49 and 254 mm zeolite 

lattice lengths are 0.04 and 0.4 m/s, respectively. The inlet air concentration and temperature are 2600 ppm and 

25°C, respectively. 
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Fig. 4-5a depicts the 2% breakthrough times as a function of diameter for both the 49 and 254-

mm-in-length zeolite lattice structures and at the moment of breakthrough. The rod edge-to-edge 

spacing is 0.5 mm and the zeolite lattice length is 49 mm. The initial zeolite uptake and 

temperature are 0.01 molCO2/kgzeolite and 25°C, respectively. The inlet air velocities of 49 and 254 

mm zeolite lattice lengths are 0.04 and 0.4 m/s, respectively. The inlet air concentration and 

temperature are 2600 ppm and 25°C, respectively. Both curves follow similar trends where the 

longest breakthrough time occurs in 1.5-2 mm. At zeolite rod diameters smaller than 1.5-2 mm, 

the breakthrough is short due to limited volumetric uptake capacity. At zeolite rod diameters 

larger than 1.5-2 mm, the breakthrough is short due to the limited surface-area-to-volume ratio. It 

should be noted that the 49- and 254-mm lattice models not only have different lengths but air 

flow velocities are also increased from 0.04 to 0.4 m/s. Thus, causing proportionally shorter 

breakthrough times for the 254-mm-in-length lattice case. Fig. 4-5b shows the volume-based 

normalized uptake versus zeolite rod diameter at the moment of breakthrough. The volume-

based normalized uptake at the moment of breakthrough indicates the volumetric efficiency of 

 
Fig. 4-5: (a) Breakthrough times and (b) volume-based normalized uptake versus zeolite rod diameter at zeolite 

lattice lengths of 49 mm and 254 mm and at the moment of breakthrough. The rod edge-to-edge spacing is 0.5 

mm and the zeolite lattice length is 49 mm. The initial zeolite uptake and temperature are 0.01 molCO2/kgzeolite 

and 25°C, respectively. The inlet air velocities of 49 and 254 mm zeolite lattice lengths are 0.04 and 0.4 m/s, 

respectively. The inlet air concentration and temperature are 2600 ppm and 25°C, respectively. 
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the system. As shown, the volume-based normalized uptake maximizes at a rod diameter of 1.5-2 

mm.  

4.4 Effect of intel air velocities on the CO2 adsorption process of 3D zeolite lattices 

From the previous study, it is clear that the best-performing lattice cell was at a rod 

diameter of approximately 1.5 mm for a given operating condition. However, this information 

alone is not sufficient, and a more comprehensive study of different operating conditions is 

necessary to fully characterize the performance of the zeolite lattice structures. Therefore, a 

zeolite lattice length of 49 mm at an optimum rod diameter of 1.5 mm was selected for further 

investigations at different inlet air velocities of 0.0133, 0.04, and 0.067 m/s and inlet CO2 

concentrations of 2000, 2600, and 3000 ppm. 

Fig. 4-6 shows the air-side CO2 mass fraction contours (cf. Figs. 4-6a, c, and e) and 

zeolite-side CO2 uptake contours (cf. Figs. 4-6b, d, and f) at inlet air velocities of 0.0133 (cf. 

Figs. 4-5a and b), 0.04 (cf. Figs. 4-6c and d), and 0.067 m/s (cf. Figs. 4-6e and f) and at the 

moment of breakthrough. The zeolite rod diameter is 1.5 mm, the rod edge-to-edge spacing is 0.5 

mm, and the zeolite lattice length is 49 mm. The initial zeolite uptake and temperature are 0.01 

molCO2/kgzeolite and 25°C, respectively. The inlet air concentration and temperature are 2600 ppm 

and 25°C, respectively. As shown, the transition CO2 uptake zone within the zeolite side leads 

the transition CO2 mass fraction zone in the air side, as the zeolite lattice adsorbs CO2 molecules, 

creating CO2-free air at the downstream edge of the transition zeolite zone. Fig. 4-6 indicates that 

the air volumetric flow rate can affect the adsorption process in two opposite ways. First, the 

CO2 mass boundary layer on the air side shrinks in thickness at higher air velocities, thereby 

facilitating the adsorption process. Consequently, the zeolite lattice gets saturated in a shorter 

time at higher air velocities. For instance, the breakthrough time decreases from 248 to 43.3 
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minutes when the inlet air velocity increases from 0.0133 to 0.067 m/s. This is advantageous as it 

enables a rapid adsorption process. Second, the transition zones on both air and zeolite sides 

stretch in length. This can be attributed to the number of CO2 molecules introduced into the 

zeolite lattice, which increases at higher air volumetric flow rates. In other words, although the 

adsorption rate increases at higher air velocities due to a decrease in the thickness of the mass 

boundary layer, the higher number of inlet CO2 molecules stretches the length of the transition 

zone required to fully capture the CO2 molecules. This is disadvantageous as a larger fraction of 

the zeolite lattice structure is not utilized at the breakthrough time. This can be observed if the 

length of the transition zeolite zone is compared at air velocities of 0.0133 and 0.067 m/s. 

Consequently, at higher air flow rates, a large fraction of the zeolite lattice is underutilized at the 

breakthrough as evidenced by comparing Figs. 4-6b and f. 

 

As discussed in the previous section, the air volumetric flow rate has a clear effect on the 

transient sorption process and therefore alters the breakthrough times of a given zeolite lattice 

structure. Fig. 4-7 shows the outlet normalized CO2 mass fraction versus time at different inlet 

air velocities of 0.0133, 0.04, and 0.067 m/s. At a given air flow rate, the outlet normalized mass 

fraction is initially zero and then gradually starts rising at the 2% breakthrough time. Once the 

 
Fig. 4-6: (a, c, e) air-side CO2 concentration contours and (b, d, f) zeolite-side CO2 uptake contours at different 

inlet air velocities of 0.0133, 0.04, and 0.067 m/s and at the moment of breakthrough. The zeolite rod diameter 

is 1.5 mm, the rod edge-to-edge spacing is 0.5 mm, and the zeolite lattice length is 49 mm. The initial zeolite 

uptake and temperature are 0.01 molCO2/kgzeolite and 25°C, respectively. The inlet air concentration and 

temperature are 2600 ppm and 25°C, respectively. The top and bottom right vertical color scales show the 

zeolite-side CO2 uptake contours in molCO2/kgzeolite and air-side CO2 mass fraction in ppm, respectively. 
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zeolite lattice structure is fully saturated, no additional CO2 molecules are captured and thus the 

outlet normalized mass fraction becomes one. At the lowest inlet air velocity of 0.0133 m/s, the 

2% breakthrough time is almost 248 minutes (cf. Table 4-1). At the highest inlet air velocity of 

0.067 m/s, the 2% breakthrough time is almost 43.3 minutes which is significantly shorter than 

that of the 0.0133 m/s. This is due to the number of supplied CO2 molecules, which is higher at 

higher air flow rates. It should be noted that the sorption systems, designed for CO2 management 

within a cabin environment, must operate in adsorption/regeneration cycles before breakthrough 

occurs, as it is necessary to ensure no CO2 molecules are released back into the cabin. With this 

in consideration, adsorption systems need to be co-optimized for both a rapid 

adsorption/regeneration process as well as maximum utilization of a zeolite lattice structure. 

 

4.5 Effect of inlet CO2 concentration on the CO2 adsorption process of 3D zeolite lattices 

To study the effect of inlet CO2 partial pressure on the CO2 adsorption process of 3D 

zeolite lattices, three different inlet CO2 concentrations of 2000, 2600, and 3000 ppm are 

examined. Fig. 4-8 shows the air-side CO2 mass fraction contours (cf. Figs. 4-8a, c, and e) and 

zeolite-side CO2 uptake contours (cf. Figs. 4-8b, d, and f) at inlet air CO2 mole fractions of 2000 

(cf. Figs. 4-8a and b), 2600 (cf. Figs. 4-8c and d), and 3000 ppm (cf. Figs. 4-8e and f) and at the 

Table 4-1: Breakthrough times at different inlet air flow velocities. 

Inlet air 

velocity 

[m/s] 

Breakthrough 

time 

[minutes] 

Normalized CO2 

uptake 

[molCO2/m3
domain] 

Normalized CO2 

uptake per minute 

[molCO2/m3
domain/min] 

0.0133 248 343.65 1.39 

0.04 80 328.04 4.13 

0.067 43.3 299.49 6.89 

 

 
Fig. 4-7: Breakthrough curves: outlet 

normalized CO2 mass fraction versus time at 

different inlet air velocities of 0.0133, 0.04, 

and 0.067 m/s. 
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moment of breakthrough. The zeolite rod diameter is 1.5 mm, the rod edge-to-edge spacing is 0.5 

mm, and the zeolite lattice length is 49 mm. The initial zeolite uptake and temperature are 0.01 

molCO2/kgzeolite and 25°C, respectively. The inlet air velocity and temperature are 0.04 m/s and 

25°C, respectively. As shown, as the inlet CO2 concentration increases, the uptake and the actual 

amount of CO2 adsorbed per unit mass of zeolite increase. This is attributed to the CO2 partial 

pressure available for the adsorption process, which increases as the inlet CO2 concentration 

increases. Fig. 4-9 shows the corresponding breakthrough curves (i.e., outlet normalized CO2 

mass fraction versus time) at different inlet air CO2 mole fractions of 2000, 2600, and 3000 ppm. 

As expected, the breakthrough occurs the fastest when the inlet CO2 concentration is the highest 

(3000 ppm). This is because more CO2 molecules are entering the system per unit of time, filling 

the adsorption capacity of the zeolite more quickly. However, it should also be noted that the 

adsorption capacity of zeolite is dependent on the air-side partial pressure, and therefore, a higher 

inlet concentration results in a larger uptake potential. Interestingly, the higher inlet CO2 

concentration produces a stronger linear driving force for the adsorption process. This results in a 

larger utilization of the lattice at the moment of breakthrough. This is an effective way to 

improve both the kinetic adsorption characteristics as well as steady-state uptake. However, 

NASA’s guidelines state that the average partial pressure of CO2 in the cabin should not exceed 

2 torrs (~267 Pa) for normal functioning of the crew, limiting the intake concentration level to or 

below the said level. 
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4.6 Summary 

In this chapter, we comprehensively discussed the effects of the geometric models and 

boundary conditions on the CO2 adsorption process of 3D zeolite lattices in the 4BCO2 system. 

The transient nature of the adsorption process inside the 4BCO2 system is discussed in detail 

explaining the complete physics of how the CO2 molecules are adsorbed inside the lattice over 

time using the numerical model developed. The topology of the lattice structure was explored by 

changing the diameter of the lattice rod while the spacing between parallel struts kept the same. 

 
Fig. 4-9: Breakthrough curves: outlet normalized CO2 

mass fraction versus time at different inlet air CO2 mole 

fractions of 2000, 2600, and 3000 ppm. The zeolite rod 

diameter is 1.5 mm, the rod edge-to-edge spacing is 0.5 

mm, and the zeolite lattice length is 49 mm. The initial 

zeolite uptake and temperature are 0.01 gCO2/kgzeolite and 

25°C, respectively. The inlet air velocity and temperature 

are 0.04 m/s and 25°C, respectively. 

 
Fig. 4-8: (a, c, e) air-side CO2 concentration contours and (b, d, f) zeolite-side CO2 uptake contours at inlet air 

CO2 mole fractions of 2000, 2600, and 3000 ppm at the moment of breakthrough. The zeolite rod diameter is 1.5 

mm, the rod edge-to-edge spacing is 0.5 mm, and the zeolite lattice length is 49 mm. The initial zeolite uptake 

and temperature are 0.01 molCO2/kgzeolite and 25°C, respectively. The inlet air velocity and temperature are 0.04 

m/s and 25°C, respectively. The top and bottom right vertical color scales show the zeolite-side CO2 uptake 

contours in gCO2/kgzeolite and air-side CO2 mass fraction in ppm, respectively. 
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Also, the intel air boundary conditions were modified to study the effect of how intel air velocity 

and concentration affect the adsorption process of 3D zeolite lattices in the 4BCO2 system. The 

results indicated a lattice with a zeolite rod diameter of 1.5 mm and spacing of 0.5 mm 

performed best under the conditions provided. This was mainly due to the optimal interfacial 

area and volume of zeolite available inside the lattice at the given parameters. Also, the high intel 

flow rates are favorable during the adsorption process to accelerate the process of CO2 capture, 

although at the expense of a reduced volumetric uptake capacity. 
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CHAPTER 5 

CO2 Adsorption Process of 3D Zeolite Lattices in Air-Cooled Temperature Swing 

Adsorption Compressor (AC-TSAC) 

 

In Chapter 4, the CO2 adsorption process of 3D zeolite lattices in the 4-bed carbon 

dioxide scrubber is studied. In this chapter, the CO2 adsorption process of 3D zeolite lattices in 

the air-cooled temperature swing adsorption compressor (AC-TSAC) is examined. First, the 

geometrical model and boundary conditions are presented. Next, the transient behavior of the 

CO2 adsorption process of 3D zeolite lattices in the AC-TSAC bed is discussed. Then, the effect 

of zeolite rod diameter on the CO2 adsorption process of 3D zeolite lattices in the AC-TSAC bed 

is explained. After that, the effect of zeolite lattice height on the CO2 adsorption process of 3D 

zeolite lattices in the AC-TSAC bed is presented. Lastly, the effect of zeolite thermal 

conductivity on the CO2 adsorption process of 3D zeolite lattices in the AC-TSAC bed is 

examined. 

5.1 Geometrical model and boundary conditions 

Fig. 5-1a shows a detailed schematic of the proposed AC-TSAC bed model. The overall 

size of the model is 200.5 ×128.2 × 216 mm3. The model consists of a series of identical zeolite 

lattice monolith structures shown in Fig. 5-1b. Each zeolite lattice monolith has a height of 25.4 

mm and is placed between two cooling/heating channels from the top and bottom. The 

cooling/heating channels are designed to provide cooling and heating energy for adsorption and 
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regeneration processes, respectively. The monolith consists of several symmetric lattice unit 

cells. Fig. 5-1c depicts the selected computational unit cell for numerical modeling of the AC-

TSAC canister. As shown, the height and width of the unit cell are 12.7 and 5 mm, respectively. 

To expedite the computational time while maintaining accuracy, simulations were conducted 

only on the symmetric cell-level structure of the model. The top boundary of the unit cell is 

cooled by air with a heat transfer coefficient of 30 W/m2-K and a free stream temperature of 

25℃. 

 

Boundary conditions employed for the adsorption process of the AC-TSAC bed are 

different than those employed for the adsorption process in the 4BCO2 discussed in the previous 

chapter. Therefore, necessary changes were made in the user-defined function to incorporate the 

differences. In the 4BCO2, the cabin air flows at high flow rates through the sorbent beds. As 

such, the zeolite lattice structure is substantially cooled by the convective cooling of the air 

stream during the transient adsorption process [27]. However, during the adsorption process in 

the AC-TSAC, a similar convective cooling mechanism by the air stream is not present. During 

the adsorption process of the AC-TSAC, a pure CO2 stream at a concentration of 99% enters the 

bed at very small flow rates and is fully adsorbed (i.e., no outlet). The heat generated during the 

 
Fig. 5-1: (a) A detailed schematic of the proposed AC-TSAC canister filled with zeolite lattice monolith, (b) 

a 3D view of zeolite lattice monolith unit, and (c) a 3D view of the computational unit cell. 
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exothermic adsorption process is dissipated through the air-cooled channels. Also, when the 

adsorption process in the AC-TSAC bed is initiated, the temperature of the zeolite lattice 

structure is high from the previous regeneration cycle. Therefore, CO2 adsorption isotherms from 

10°C to 200°C were employed to evaluate the saturation pressure and CO2 concentration of the 

zeolite lattice. Here, it is assumed that the zeolite is at a high temperature of 200°C at the start of 

the adsorption process. 

5.2 Transient behavior of the CO2 adsorption process in the AC-TSAC bed 

Due to the transient nature of the adsorption process, it is important to examine the 

temporal behavior of the adsorption process. To understand how the adsorption process develops 

over time, the temporal evolutions of the uptake and temperature contours are explored. Fig. 5-2a 

and b illustrate the temporal evolution of zeolite-side adsorbed CO2 contours in molCO2/kgzeolite 

and corresponding zeolite-side temperature contours at a rod diameter of 2 mm, edge-to-edge 

spacing of 0.6 mm, a lattice thickness of 12.7 mm and a lattice length of 5 mm. The initial zeolite 

lattice uptake and temperature are 0.08 molCO2/kgzeolite and 200°C, respectively. As the zeolite 

lattice is exposed to CO2 molecules, it starts adsorbing, and its CO2 concentration increases. The 

adsorption process is governed by the difference in CO2 partial vapor pressure between the CO2 

domain (i.e., higher partial vapor pressure side) and the lattice structure (i.e., lower partial vapor 

pressure side). At t = 0 s, the lattice is completely unsaturated and hot (i.e., at 200°C). As time 

progresses, the zeolite lattice starts to cool down due to the convection at the top boundary layer 

which is exposed to the cooling air stream. At the same time, within the zeolite lattice unit, heat 

propagates due to conduction heat transfer through the lattice structure. The CO2 uptake contour 

at the time duration of 300 s (Fig. 5-2a) clearly shows that the top regions of the lattice structure 

adsorb CO2 at a faster rate compared to the bottom half. This is attributed to the lower 
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temperature in the top regions. At a lower temperature, the zeolite structure has more affinity to 

adsorb CO2 molecules as its CO2 partial vapor pressure is lower at a lower temperature (i.e., 

higher pressure potential for the process). At t=1200 s, the average temperature of the zeolite 

structure is about 25°C. As can be seen in Fig. 5-2b, the temperature of the top side of the cell 

unit which is nearest to the incoming cold air is at around 25°C, while the temperature of the 

bottom regions is at about 100°C. This effect (temporal change in temperature) is also visible in 

the CO2 uptake contours as shown in Fig. 5-2a. More interestingly, the rate of CO2 molecule 

adsorption by lattice structure gradually slows down over time. This behavior can be explained 

by the reduction in CO2 partial vapor pressure potential over time. As the zeolite structure 

adsorbs more CO2 molecules, its concentration increases and becomes more saturated.  For 

example, the average adsorption rate in the first 300 seconds is calculated at 3.68 mol/kg 

followed by only 1.03 mol/kg in the second 300 seconds, which further drops to 0.44 mol/kg in 

the third 300 seconds. 
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5.3 Effect of zeolite rod diameter on the CO2 adsorption process in the AC-TSAC bed 

From the temporal CO2 uptake and temperature data, it can be understood that an 

efficient heat transfer through the lattice structure is critical for an enhanced CO2 adsorption 

process in the AC-TSAC bed. Therefore, the zeolite lattice topology (i.e., the rod diameter of the 

lattice structure and the height of the cell structure) plays a major role in the performance of the 

AC-TSAC bed as it can affect the interfacial surface area and thermal conductance. In the first 

section, the effect of the lattice rod diameter on the adsorption process is explored. The diameter 

of the rod changes the interfacial area between the zeolite structure and surrounding CO2 

molecules, thereby altering the rate of the mass transfer process. The rod diameter also affects 

 
Fig. 5-2: Temporal evolution of (a) zeolite-side adsorbed CO2 contours in molCO2/kgzeolite and (b) zeolite-

side temperature contours in °C at a rod diameter of 2 mm, edge-to-edge spacing of 0.6 mm, a lattice 

thickness of 12.7 mm and a lattice length of 5 mm. The initial zeolite lattice uptake and temperature are 

0.08 molCO2/kgzeolite and 200°C, respectively.   
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the conduction heat transfer rate by changing the cross-sectional area of the zeolite structure. 

Here, the physics of the adsorption process is explored for three different rod diameters of 1.0, 

2.0, and 4.0 mm. The packing density (i.e., the volume of zeolite per unit volume of the canister) 

of the lattice is fixed by fixing the ratio of the edge-to-edge spacing (i.e., the minimum distance 

between two adjacent horizontal or vertical rods) to the rod diameter. Fig. 5-3a and b show 

schematics of the adsorption computational domains for zeolite rod diameters of 1 and 2 mm 

with edge-to-edge spacings of 0.3 and 0.6 mm, respectively. Table 5-1 lists the parameters 

employed in the diameter study of the adsorption process in the AC-TSAC bed.  

 

Fig. 5-4 shows the zeolite-side adsorbed CO2 contours in molCO2/kgzeolite and 

corresponding zeolite-side temperature contours at 200 s and 600 s for zeolite rod diameters of 1, 

2, and 4 mm. The zeolite lattice thickness and length are 12.7 and 5 mm, respectively. The initial 

zeolite lattice uptake and temperature are 0.08 molCO2/kgzeolite and 200°C, respectively. As 

discussed, the adsorption process in the AC-TSAC bed highly depends on how effectively the 

adsorption heat is transported through the zeolite lattice structure. As shown in Fig. 5-4a and b, 

at = 200 seconds, the CO2 uptake is almost similar for all lattice structures with different rod 

diameters, adsorbing slightly above 3 mol/kg of CO2. The adsorption rate for all three cases is 

Table 5-1: Parameters employed in the diameter 

study of the adsorption process in the AC-TSAC. 

Variable Value  

Diameter  1, 2, 4 mm 

Packing density 67% 

Edge-to-edge spacing 0.3, 0.6, 1.2 mm 

Length 5 mm 

Height 12.7 mm 

Overlap 12% 

Inlet velocity 0.002 [m/s] 

Inlet concentration 0.99  

Initial uptake 0.08 [mol/kg] 

Thermal conductivity 0.12 [W/m-K] 

 

 
Fig. 5-3: Schematics of the adsorption 

computational domains for zeolite rod diameters 

of (a) 1 mm and (b) 2 mm. 
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higher at the top region where the temperature of the zeolite structure is lower due to being 

exposed to the cooling air stream. However, as Fig. 5-4b indicates, the temperature distribution 

for the lattice structure at a diameter of 4 mm is more uniform compared to the lattice zeolite 

structure at a diameter of 1 and 2 mm. This shows the effect of structure topology (i.e., rod 

diameter) on the heat transfer rate. A higher rod diameter results in a higher cross-section area 

and subsequently, a higher thermal conductance. This behavior is more visible at t = 600 

seconds. As shown in Fig. 5-4c and d, after 600 seconds, the lattice structures with rod diameters 

of 2.0 and 4.0 mm are almost completely saturated with CO2 whereas a major portion of the 1-

mm-rod-diameter lattice structure is still unsaturated, specifically at regions where the 

temperature is high (i.e., close to bottom region). This is mainly due to inefficient heat 

conduction across the lattice structure. The rate of heat transfer depends on the cross-section area 

of the conducting medium. When the diameter of the lattice structure increases from 1 to 2 mm, 

the maximum cross-section area for conduction increases by almost 140%. Similarly, upon 

increasing diameter from 2 to 4 mm, a further 120% increase in area for conduction is observed, 

which means more increase in the rate of heat transfer across the lattice, leading to a faster 

cooldown. Additionally, the CO2 uptake contours at t = 600 seconds (Fig. 5-4c) clearly show that 

the lattice zeolite structure with a rod diameter of 4 mm is completely saturated with CO2 

molecules while the lattice structure with a rod diameter of 2 mm is almost partially saturated, 

and a large portion of 1 mm rod diameter structure is unsaturated adsorption. 
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Fig. 5-5a shows the temporal evaluation of the zeolite CO2 uptake for different rod 

diameters. As shown, the zeolite lattice structure with a rod diameter of 4 mm has the fastest 

saturation time. By decreasing the rod diameter from 4 to 1 mm, the saturation time increases. 

The structure with a rod diameter of 4 mm reaches an 80% full-saturation state in about 5 

minutes, while the corresponding 80% full-saturation times for the structures with rod diameters 

of 2 and 1 mm are about 8 and 14 minutes, respectively. As the rod diameter increases, the 

surface-area-to-volume ratio decreases (which is disadvantageous for the adsorption process), 

 
Fig. 5-4: Zeolite-side adsorbed CO2 contours in molCO2/kgzeolite at (a) 200 s and (c) 600 s for zeolite rod 

diameters of 1, 2, and 4 mm. Zeolite-side temperature contours in °C at (b) 200 s and (d) 600 s for zeolite rod 

diameters of 1, 2, and 4 mm. The zeolite lattice thickness and length are 12.7 and 5 mm, respectively. The 

initial zeolite lattice uptake and temperature are 0.08 molCO2/kgzeolite and 200°C, respectively. 
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and the thermal conductance increases (which is advantageous for the adsorption process). Fig. 

5-5a indicates that the effect of thermal conductance on the adoption process is stronger than the 

effect of the surface-area-to-volume ratio when the zeolite rod diameter increases from 1 to 4 

mm. Fig. 5-5b shows the change in the average temperature of structures with time at different 

rod diameters. It can be seen that in the initial few minutes, the average temperature of the 

structures drastically drops. This is due to the higher heat transfer rate between the hot structures 

(i.e., with an initial temperature of 200°C from the previous regeneration cycle) and cooling air 

stream (i.e., with a temperature of 25°C) at initial moments. Although at the initial moments, the 

generated heat due to a higher adsorption (i.e., exothermic process) rate is higher, the released 

heat is transferred by the high convection heat transfer rate supported by the high temperature 

difference. As time passes, the temperature difference decreases, and the average temperature of 

the zeolite structures reaches 25°C. The average temperature drop for the zeolite structure with a 

rod diameter of 4 mm is faster compared to the structures with smaller rod diameters due to a 

higher surface area available for heat transfer provided by the structure with a higher rod 

diameter. More interestingly, in the initial few minutes, the average temperature drop for the 

zeolite structure with a diameter of 1 mm is higher than that of 2 mm. This behavior is attributed 

to the thermal capacity of the system which is lower at a smaller rod diameter. By increasing the 

rod diameter from 1 to 2 mm, the thermal capacity of the system increases, resulting in slowing 

down the temperature drop. Fig. 5-5c indicates the variation in heat transfer rate at the cooling 

surface versus time at different rod diameters. As shown, for all zeolite structures, the heat 

transfer rate is high in the initial moments where the temperature difference between the zeolite 

structure and the cooling top surface is maximum. As time passes, the heat transfer rate gradually 

decreases. The zeolite structure with a diameter of 4 mm rejects the highest amount of heat 
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initially because of the higher thermal conductance. As the rod diameter decreases, the maximum 

heat transfer rate rejected by the structure decreases due to the lower surface area available for 

the cooling process. For example, the maximum heat transfer for the zeolite structures with 

diameters of 4, 2, and 1 mm are calculated as 0.034, 0.02, and 0.008 W, respectively.  

 

5.4 Effect of zeolite lattice height on the CO2 adsorption process in the AC-TSAC bed 

Another important parameter in the topology of the system is the distance between 

adjacent cooling air paths (i.e., zeolite structure height). This distance can be adjusted by 

changing the height of the zeolite structures. To fully understand the effect of zeolite structure 

height on the adsorption process in the AC-TSAC, three lattice structures with three different 

heights of 3.175, 6.35, and 12.7 mm were considered. Fig. 5-6 shows the schematics of the 

adsorption computational domains for zeolite heights of 6.35 and 3.175 mm. The parameters 

employed in the zeolite height study of the adsorption process in the AC-TSAC are listed in 

Table 5-2. 

 
Fig. 5-5: Transient (a) CO2 uptake (b) zeolite-side average temperatures, and (c) heat transfer rate at the cooling 

surface at different rod diameters. 
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Fig. 5-7a and b show the zeolite-side adsorbed CO2 contours in molCO2/kgzeolite and the 

zeolite-side temperature contours at 200 s for lattice heights of 12.7, 6.35, and 3.175 mm. The 

zeolite rod diameter and edge-to-edge spacing are 2 and 0.6 mm, respectively. The initial zeolite 

lattice uptake and temperature are 0.08 molCO2/kgzeolite and 200°C, respectively. As illustrated, at 

200 s, the zeolite structure with a height of 3.175 mm (i.e., the smallest height) shows the highest 

and fastest CO2 uptake and a more uniform temperature profile compared to the other cases. This 

is attributed to the more efficient cooling process at the short structure height of 3.175 mm. Since 

the conduction heat transfer is inversely proportional to the distance, while the provided cooling 

mechanism is the same, shorter structure height cools down faster. As the temperature of the 

lattice structure decreases, its affinity to adsorb CO2 molecules increases, thereby increasing the 

CO2 uptake. For example, while the lattice structure with a height of 3.175 mm is almost fully 

saturated after 200 seconds and its temperature reaches 25°C, a large portion of the lattice 

structure with a height of 12.7 mm is unsaturated with a relatively high temperature. Fig. 5-7c 

and d show the zeolite-side adsorbed CO2 contours in molCO2/kgzeolite and the zeolite-side 

temperature contours at 600 s for lattice heights of 12.7, 6.35, and 3.175 mm. The structures with 

a height of 3.175 and 6.35 mm are fully saturated with CO2 molecules and their average 

Table 5-2: Parameters employed in the zeolite height 

study of the adsorption process in the AC-TSAC. 

Variable Value 

Diameter 2.0 mm 

Packing density 67% 

Edge-to-edge spacing  0.6 mm 

Length 5 mm 

Height 3.175, 6.35, 12.7 mm 

Overlap 12% 

Inlet velocity 0.002 [m/s] 

Inlet Concentration 0.99 

Initial uptake 0.08 [mol/kg] 

Thermal conductivity 0.12 [W/m-K] 

 

 
Fig 5-6: Schematics of the adsorption 

computational domains for zeolite heights of (a) 

6.35 mm and (b) 3.175 mm. 
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temperatures reach the cooling source temperature of 25°C at t = 600 seconds. However, the 

structure with a height of 12.7 mm is partially saturated and its average temperature is above 

25°C. 

 
Fig. 5-8 depicts the transient CO2 uptake and zeolite-side average temperature at different 

zeolite lattice heights of 3.175, 6.35, and 12.7 mm. As shown in Fig. 5-8a, the shortest saturation 

time is associated with the lattice structure with a height of 3.175 mm followed by the structure 

with a height of 6.35 mm. The structure with a height of 12.7 mm exhibits the longest saturation 

time. The average temperature curve shown in Fig. 5-8b presents a similar trend. By increasing 

 
Fig 5-7: Zeolite-side adsorbed CO2 contours in molCO2/kgzeolite at (a) 200 s and (c) 600 s for lattice heights of 

12.7, 6.35, and 3.175 mm. Zeolite-side temperature contours in °C at (b) 200 s and (d) 600 s for lattice 

heights of 12.7, 6.35, and 3.175 mm. The zeolite rod diameter and edge-to-edge spacing are 2 and 0.6 mm, 

respectively. The initial zeolite lattice uptake and temperature are 0.08 molCO2/kgzeolite and 200°C, 

respectively. 
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the height of the structure, the required time for the structure to reach 25°C is longer. The zeolite 

lattice structure with a height of 3.175 mm shows the highest rate of temperature drop compared 

to the structures with heights of 6.35 and 12.7 mm. It takes about 2.5 minutes for the zeolite 

lattice structure with a height of 3.175 mm to reach 80% full saturation (i.e., an average uptake 

of 5.4 molCO2/kgzeolite). It takes an additional 2 minutes for the lattice structure with a height of 

6.35 mm, and an additional 7.5 minutes for the lattice structure with a height of 12.7 mm to reach 

80% fully saturated. Considering these results, it can be concluded that an increase in the lattice 

height can increase the saturation time exponentially. 

 

5.5 Effect of zeolite thermal conductivity on the CO2 adsorption process in AC-TSAC bed 

Another important parameter that affects the thermal energy transport within the zeolite 

lattice is the thermal conductivity of zeolite. The thermal conductivity of zeolite can be modified 

by adding conductive additives to the zeolite slurry developed for 3D printing. Therefore, it is 

essential to study how changes in thermal conductivity affect the sorption kinetics in the AC-

TSAC bed. To understand the effect of the thermal conductivity of zeolite on the performance of 

the AC-TSAC bed, an array of simulations was conducted for three different thermal 

 
Fig. 5-8: Transient (a) CO2 uptake and (b) zeolite-side average temperature at different zeolite lattice heights. 
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conductivities of 0.06, 0.12, and 0.24 W/m-K. Here, 

the rod diameter and height of the structures were 

kept at 2 and 12.7 mm, respectively. Table 5-3 lists 

the input parameters employed in the zeolite thermal 

conductivity study of the adsorption process in the 

AC-TSAC. 

Fig. 5-9 shows the zeolite-side adsorbed CO2 

contours in molCO2/kgzeolite and the zeolite-side 

temperature contours at 200 s for zeolite lattice thermal conductivities of 0.06, 0.12, and 0.24 

W/m-K. The zeolite rod diameter, edge-to-edge spacing, and height are 2, 0.6, and 12.7 mm, 

respectively. The initial zeolite lattice uptake and temperature are 0.08 molCO2/kgzeolite and 

200°C, respectively. As shown, the amount of CO2 molecules adsorbed by the lattice structure 

with a thermal conductivity of 0.24 [W/m-K] is slightly higher. Additionally, the average 

temperature of the lattice structure slightly decreases when the thermal conductivity of the 

structure increases from 0.06 to 0.24 W/m-K. This is attributed to the more efficient cooling 

associated with higher thermal conductivity of the zeolite. While the initial temperature of 

structures (i.e., 200°) and the cooling boundary condition are kept the same for all three cases, a 

higher thermal conductivity of zeolite causes better cooling effectiveness. The difference in the 

uptake and temperature distribution at different zeolite thermal conductivities is more visible 

after 600 seconds as demonstrated in Fig. 5-9c and d. As shown, after 600 seconds, the zeolite 

lattice structure with a thermal conductivity of 0.24 W/m-K is almost fully saturated with CO2 

molecules while a portion of the structure with a thermal conductivity of 0.06 W/m-K is still 

unsaturated. Fig. 5-9d indicates that as the thermal conductivity of the zeolite increases, the 

Table 5-3: Parameters employed in the zeolite 

thermal conductivity study of the adsorption 

process in the AC-TSAC. 

Variable Value 

Diameter 2.0 mm 

Packing density 67% 

Edge-to-edge spacing  0.6 mm 

Length 5 mm 

Height 12.7 mm 

Overlap 12% 

Inlet velocity 0.002 [m/s] 

Inlet concentration 0.99  

Initial uptake 0.08 mol/kg 

Thermal conductivity 0.06, 0.12, 0.24 

[W/m-K] 
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temperature of the lattice structure is lower as well as more uniform. For example, for the lattice 

structure with a thermal conductivity of 0.24 W/m-K, the average temperature of the structure is 

about 35°C. While the average temperature of the structure with a thermal conductivity of 0.06 

W/m-K is slightly above 50°C. 

 

Fig. 5-10 plots the transient CO2 uptake and zeolite-side average temperature at different 

zeolite thermal conductivities of 0.06, and 0.24 W/m-K. As shown, an increase in the thermal 

conductivity improves the CO2 uptake and results in a shorter saturation time. Moreover, Fig. 5-

 
Fig. 5-9: (a) Zeolite-side adsorbed CO2 contours in molCO2/kgzeolite at (a) 200 s and (c) 600 s for zeolite lattice 

thermal conductivities of 0.06, 0.12, and 0.24 W/m-K. Zeolite-side temperature contours in °C at (b) 200 s 

and (d)  600 s for zeolite lattice thermal conductivities of 0.06, 0.12, and 0.24 W/m-K. The zeolite rod 

diameter, edge-to-edge spacing, and height are 2, 0.6, and 12.7 mm, respectively. The initial zeolite lattice 

uptake and temperature are 0.08 molCO2/kgzeolite and 200°C, respectively. 
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10b indicates that the lattice structure can be cooled down faster when the zeolite thermal 

conductivity is higher. As discussed before, this is because a higher thermal conductivity 

increases the heat transfer rate across the structure which results in a lower average temperature 

of the structure. The lattice structure with a lower temperature has a higher potential to adsorb 

CO2 molecules. For example, it takes about 9 minutes for the lattice structure with the zeolite 

thermal conductivity of 0.06 W/m-K to reach 80% of the fully saturation state. The 

corresponding times for the structure with zeolite thermal conductivity of 0.24 W/m-K is about 6 

minutes to reach 80% of full saturation, respectively. 

 

5.6 Summary 

In this chapter, we discussed the physics of the CO2 adsorption process inside the Air-

Cooled Temperature Swing Adsorption Compressor (AC-TSAC) system. Aiming to optimize the 

morphology of the structure, different studies were conducted. In order to understand how 

adsorption is affected in the ACTSAC bed, first, the transient behavior of the CO2 adsorption 

process including temporal evolutions of the uptake and temperature contours was examined. 

The zeolite rod diameter and lattice heights were two geometric parameters that were studied in 

 
Fig. 5-10: Transient (a) CO2 uptake and (b) zeolite-side average temperature at different zeolite thermal 

conductivities.  
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this chapter alongside the thermal conductivity of lattice monolith and their effects on the CO2 

adsorption process of 3D zeolite lattices. The results indicated that thermal energy transport 

plays an integral role in the adsorption process in the AC-TSAC bed. Therefore, at larger rod 

diameters, the lattice performed well due to the more cross-sectional area available to conduct 

heat across the lattice. Also, having a shorter lattice height (i.e. spacing between the air-cooled 

channels) helps in cooling down the lattice faster, leading to faster adsorption. Additionally, the 

adsorption rate improves when the thermal conductivity increases due to a higher thermal 

conductance.  

 

  



   

58 

 

 

 

 

CHAPTER 6 

Conclusions 

 

Air Revitalization Systems (ARS) onboard the International Space Station (ISS) employ 

zeolite solid adsorbent beads for metabolic CO2 capture. However, these systems suffer from 

unorganized packing, poor thermal conductances, high pressure drop penalties, and a degree of 

under-utilization at the breakthrough moment. To address these challenges, as an alternative to 

existing packed beds, next-generation 3D-printed zeolite lattice structures are proposed that can 

effectively adsorb, store, and recycle the CO2 molecules released from the cabinet. In this work, 

a detailed numerical study was performed to evaluate the performance of the 3D-printed zeolite 

monoliths over traditional systems considering the diffusion physics, surface interaction between 

air and zeolite, and thermodynamic effects. More specifically, the present study focuses on the 

adsorption process of CO2 molecules by zeolite structures in 4-Bed Carbon Dioxide Scrubber 

(4BCO2) and Air-Cooled Temperature Swing Adsorption Compressor (AC-TSAC). Appropriate 

geometric models were built, and necessary boundary conditions were presumed to replicate 

system-level conditions. An extensive analysis was conducted to explore the effect of geometry 

(i.e., lattice rod diameter and lattice structure height), inlet parameters (i.e., flow velocity and 

molar concentration of CO2), and zeolite thermal conductivity on the performance of the 

proposed 3D-printed zeolite monoliths for CO2 removal (4BCO2) and compression (AC-TSAC) 

systems. The simulation results for the 4BCO2 study exhibited that the ratio of the boundary 
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layer to the mass of zeolite significantly affects the adsorption physics. A larger surface area is 

favorable for adsorbing CO2 molecules. At the same time, the mass of desiccant inside the bed 

should be large enough to meet the daily uptake requirements. The zeolite lattice structure with a 

single strut cross-sectional diameter of 1.5 mm and a build spacing of 0.5 mm showed the most 

optimal performance. Additionally, simulations at different air flow rates and inlet 

concentrations revealed that a higher flow rate and concentration results in faster saturation and 

higher uptakes. However, these parameters are limited by the pumping power and ambient 

concentration threshold. The transient study of the CO2 adsorption process inside the AC-TSAC 

bed showed that an effective heat transfer across the structure is essential for faster saturation. 

The AC-TSAC simulation findings showed that, as the diameter of the lattice increases, the 

effective area for conduction increases considerably, and a quicker saturation is achieved. 

Furthermore, a decrease in the zeolite lattice height leads to faster cooling and saturation. 

Although decreasing the zeolite lattice height increases the number of cooling channels. 

Similarly, increasing thermal conductivity improves the lattice's thermal performance to adsorb 

CO2 molecules at a faster rate. 

In summary, the proposed 3D-printed zeolite monoliths showed promising CO2 

adsorption physics for CO2 removal (4BCO2) and compression (AC-TSAC) systems. One major 

feature of the proposed system is its unique design that offers flexibility in modeling, size, and 

compactness depending on the demand. This study provides a guideline to understand the effect 

of topologies, input parameters, and intrinsic properties of the sorbent on the CO2 adsorption 

kinetics. The learnings of this study can be implemented to design advanced topologies for ARS 

in the future.  
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CHAPTER 7 

Future Scope 

 

Present numerical analysis showed the advantages of using 3D-printed zeolite lattice 

monoliths over conventional packed bed systems. A detailed study on adsorption at different 

parameters was accomplished in this thesis. In the future, the regeneration physics of the 3D-

printed zeolite lattice monoliths needs to be studied for both CO2 removal (4BCO2) and 

compression (AC-TSAC) systems. This allows one to gain a full knowledge of the system and 

realize a topology that can be implemented for the best performance on all stages of the system. 

Moreover, results from this work can be extended into advanced topological studies such as an 

offset lattice design, varying diameters, and spacing inside the bed. The adsorption and 

regeneration physics of full-scale 3D-printed zeolite lattice monoliths can be also considered. 

Furthermore, the present numerical study can guide the design of detailed experimental testing 

on actual 3D-printed zeolite lattice structures.   
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