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Abstract 

 

Air separation is a key process in today’s industry and is achieved by various methods 

including but not limited to the energy intensive cryogenic distillation of liquefied air and pressure 

swing adsorption process. The cryogenic process is preferable for high-volume production of 

Oxygen and Nitrogen from atmospheric air while the pressure swing adsorption process is more 

applicable for low-to-medium volume production. In this dissertation, we focused mainly on air 

separation by adsorption which is based on the unique adsorption property of zeolites with high 

N2/O2 selectivities. An introductory chapter is presented here-in that gives an in-depth picture of 

various air separation processes and technologies. The second chapter evaluates carbon dioxide, 

water vapor, and methane on Li-LSX (where LSX denotes low-silica X-zeolite with Si/Al = 1.0) 

as a superior adsorbent for air separation at low pressure. Prior to feeding ambient air into the air 

separation unit, it must be prepurified by the removal of trace impurities such as carbon dioxide, 

water vapor, and light hydrocarbons (such as methane) to their tolerable limits of 1.0 ppm, 0.1 

ppm, and to a few ppb, respectively. Characteristic adsorption isotherms to very low partial 

pressures (to a few ppm at 1 atm) were measured for Li-LSX and compared with the conventional 

synthetic 13X zeolite as well as two ion-exchanged zeolites in K-LSX and Ca-LSX. As anticipated, 

the superior adsorption properties of Li-LSX for air prepurification are demonstrated in this 

chapter.  

Though Li-LSX has been the sorbent of choice since its invention for air separation by 

pressure swing adsorption and vacuum swing adsorption, the demand for lithium has steeply risen 
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due to its application in lithium ion-batteries for energy storage as well as the fact that its reserves 

are dwindling, thereby driving up its cost, we set out in the third chapter to develop new zeolites 

in which lithium is substantially  reduced and replaced by a low cost alkali-earth metal cation, in 

this case, Ca2+. To accomplish this ground-breaking task, we reduced/minimized lithium in Li-

LSX by replacing the 70% Li+ in Li-LSX that are bonded to the inaccessible sites which are 

normally used for adsorption. Thus, mixed-cation LiCa-LSX containing minimum lithium were 

prepared by exchanging small fractions of Li+ into Ca-LSX, followed by dehydration under mild 

conditions to avoid equilibration/migration of the lithium cations. Upon comparing the N2/O2 

adsorption isotherms and heats of adsorption of the LiCa-LSX sample to that of the pure-cation 

Li-LSX and Ca-LSX, there were strong evidence that significant amounts of the Li cations indeed 

remained on the exposed sites (SIII). Results after comparing the mixed-cation samples the pure-

cation samples based on their performance for oxygen production by pressure swing adsorption 

via a model simulation showed that the LiCa-LSX samples yielded significantly higher O2 product 

productivities at the same product purity and recovery than their pure-cation precursor, Ca-LSX 

and only 25% less the Li-LSX.  

Chapter 4 involves the desulfurization of natural gas using nitrogen-doped carbon. 

Comparisons of adsorption isotherms for hydrogen sulfide and methane showed that the nitrogen-

doped carbon sample (7 wt% N2) adsorbs hydrogen sulfide 5 times more and adsorbs methane 1.3 

times less than commercial Calgon BPL 12x30 activated carbon respectively. The regeneration 

energy required for the synthesized nitrogen-doped carbon sample was very low as cyclic 

adsorption-desorption isotherms revealed complete hydrogen sulfide desorption in about 8 minutes 

on nitrogen-doped carbon at 333 K. In chapter 5, more mixed-cations, LiSr-LSX, AgCa-LSX and 

AgSr-LSX containing minimum lithium and silver were prepared by exchanging small fractions 
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of Li+ into Sr-LSX and Ag+ into Sr-LSX and Ca-LSX respectively. Strong evidences were 

provided that significant fractions of the exchanged Li+ and Ag+ remained in SIII and SII* 

respectively after comparisons of the N2/O2 adsorption isotherms and isosteric heats of adsorption 

of the mixed-cation and pure-cation samples. Furthermore, the mixed-cation LiSr-LSX, AgCa-

LSX and AgSr-LSX samples were compared against the pure Li-LSX sample based on their O2 

productivity performance via a PSA simulation model. Chapter 6 covers the study of Sr-LSX 

zeolite and its possibility of completely replacing Li-LSX for air separation in adsorption 

processes. The O2 productivity performance results  from this study were quite promising and are 

discussed in detail along with treatment conditions for adsorption capacity optimization.
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Chapter 1 

Introduction 

 

1.1 Air Separation 

Air separation is the separation of ambient air into its primary components, mainly oxygen 

and nitrogen, and in some cases, argon and rare inert gases such as krypton, xenon, and neon. This 

is achieved by flowing atmospheric air through a set of equipment and devices which separates 

them at various stages depending on the applied technology. However, prior to feeding the ambient 

air into the separation unit, it must be prepurified. Prepurification involves the removal of trace 

impurities such as CO2, H2O vapor and light hydrocarbons (CH4, C2-hydrocarbons) to their 

tolerable limits of 1.0 ppm, 0.1 ppm, and a few ppb respectively. Since atmospheric air contains 

~400 ppm carbon dioxide, up to ~3% water vapor, and a few ppm of hydrocarbons, failure to 

remove these impurities to their tolerable limits leads to not just to operating issues but also to 

serious safety hazards. 

1.2 Air Separation Technologies 

Most air separation systems employ two basic technologies namely cryogenic and non-

cryogenic (membrane, pressure swing adsorption (PSA), and vacuum pressure swing adsorption 

(VPSA)) air separation processes. The choice of application depends on various factors such as 
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demand and purity of the products. Today, majority of the nitrogen and oxygen - which are 

respectively the second and third most human-made chemicals - produced comes from the 

cryogenic air separation process as shown in Figure 1.1. 

1.2.1 Cryogenic Air Separation 

The first cryogenic air separation columns for the recovery of oxygen and nitrogen were created 

by Carl Von Linde in 1902 and 1904 respectively while the first air separation plant using the 

double column rectification process was created in 1910 which allowed the simultaneous 

production of pure oxygen and nitrogen [1]. Cryogenic air separation still serves as one of the most 

viable processes for the mass (high-volume) production of pure nitrogen, oxygen, and argon as 

opposed to the non-cryogenic processes. The cryogenic air separation is a high energy 

consumption process which is in part due to the very tight integration of heat exchangers and 

separation columns to obtain excellent efficiency while all the refrigeration energy is provided by 

the compression of air at the inlet of the unit. Another drawback of the cryogenic process is that is 

requires a high capital cost [2]. 

 

 

 

Heat Exchanger
Cryogenic 
Distillation

Storage

Product 
Compression

By-Products

Air Purification

H2O, CO2, Light 
Hydrocarbons

Figure 1.1 Schematics of a cryogenic air separation process. 
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1.2.2 Membrane Separation 

Membrane separation is one of many non-cryogenic separation processes. It isolates 

nitrogen from ambient air by selective permeation across a membrane wall. The membrane is a 

bundle of selective permeable hollow fibers that allows fast gases such as oxygen, carbon dioxide 

and water vapor to permeate the membrane wall much faster as opposed to the slow nitrogen gas. 

The permeate – one of two streams in the membrane separation process – contains O2, CO2 and 

water vapor while the other stream known as the product, contains the high-pressure nitrogen as 

shown in Figure 1.2. Unlike the cryogenic air separation process, the membrane process is a low 

capital cost process with a very flexible production output capability. The production output can 

be improved by changing a few operating conditions. For example, by decreasing the nitrogen 

flow rate, the nitrogen purity is increased. Of all the air separation processes, it requires the least 

repair and maintenance costs. The downside of the membrane separation process however is that 

its produced nitrogen purity is below par for processes that demands a 1 ppb purity [2]. 

 

Permeate 

Figure 1.2 Membrane air separation [2]. 
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1.2.3 Pressure Swing Adsorption 

One of the most popular non-cryogenic air separation process is pressure swing adsorption 

(PSA). PSA is a widely used regeneration technology used for the separation of gases from a feed 

stream of mixed gases. Unlike the cryogenic process that operates at liquid nitrogen temperature, 

PSA systems operates at near-atmospheric temperatures. It only requires a low-to-moderate capital 

cost and has a cost-effective nitrogen production of relative high purities. However, equipment 

maintenance is high, and its operation is quite noisy. PSA processes are strictly based on the 

knowledge that under high pressure, gases tend to adsorb to solid surfaces. This means that at 

higher pressures, more gases are adsorbed to the surfaces of the adsorption material; and as the 

pressure is decreased, the gases are desorbed. It is also worth mentioning that different gases more 

or less adsorbed strongly to different surfaces based on the choice of sorbents. 

Figure 1.3 shows a basic schematic of a two-bed PSA system. The use of the two beds in 

PSA processes is simply to address the continuous production of the target gas. The operation of 

the pressure swing adsorption is straight-forward. For example, to separate a feed mixture of 

methane (CH4) and carbon dioxide (CO2), the pressurized feed is passed through one of the 

adsorption beds containing a sorbent that attracts that has a high affinity with CH4 than it does 

CO2. Part or all of the CH4 will adsorb on the bed while the exit gas will be enriched in CO2. Once 

the bed becomes saturated, the feed is switched to the second bed as CO2 production continues 

while the first bed is regenerated by reducing the pressure of the bed and hence releasing the 

adsorbed CH4. The performance of the PSA separation process is based on the choice of sorbent 

and three parameters: a) product purity, b) product recovery, c) adsorbent productivity. Product 

purity is a volume-averaged quantity, as the effluent concentration and flow rate from a PSA 

process, without the use of surge or mixing tanks, vary with time [3]. Product recovery measures 
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the amount of component that is contained in the product stream divided by the amount of the 

same component in the feed mixture processes per unit amount of the sorbent per unit time [3]. 

Adsorbent productivity is measured by the amount of product or feed mixture processed per unit 

amount of sorbent per unit time [3]. It must be noted that for a given separation, the product purity 

is predetermined, the energy requirement is usually proportional to the recovery, and the size of 

the sorbent bed is inversely proportional to the sorbent productivity. 

 

1.3 Adsorbents 

At the heart of all PSA and VPSA systems is the sorbent which can either be activated 

alumina, activated carbon, silica gel or zeolites. In this work, we focused solely on zeolit ic 

Figure 1.3 The Skarstrom PSA cycle for air separation [3]. 



6 
 

materials in pure and mixed-cation forms. Zeolites are 3-dimensional, crystalline, microporous 

aluminosilicate materials with well-defined inter-connecting channels that leads to structures with 

large surface areas. The silicon (neutrally-charged) and the aluminum (negatively-charged) forms 

a tetrahedral through the shared oxygen atom. The negatively-charged aluminum creates negative 

areas within the aluminosilicate framework that are countered by loading a cation (Na+, Ca2+, K+, 

etc.…) in the cage-like cavities to balance the overall charge in the material. They exist naturally 

while most used in commercial applications are synthetically produced. Since the crystal structure 

of a zeolite is partially determined by the ring size, altering the silicon-to-aluminum (Si/Al) ratio 

can cause a huge impact on the pore size of the resulting material. 

1.3.1 Zeolites 

The general formula for zeolites is Me2/nO . Al2O3 
. xSiO2 

. yH2O where Me is any alkali or 

alkaline earth atom, n is the valence of or charge on the atom, x is the number of silicon tetrahedron 

varying from 2 -10, and y is the number of water molecules varying from 2 – 7 [4]. For example, 

Zeolite A has the following formula: Na12 
. (Al12Si12O48) 

. 27H2O. This means that the charge on 

the aluminosilicate (Al12Si12O48) is 12+ and are balanced by the 12+ sodium charges to give 

chemically neutral material. The ions in the cages can be removed or exchanged without damaging 

the aluminosilicate framework and hence, one of the most important characteristic of zeolites as it 

simply means that they can be tailored for various applications including but not limited to ion-

exchange agents (water softening), catalysis (petroleum cracking), and molecular filters (gas 

separation). 
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1.3.2 Ion Exchange 

In air separation applications for example, the alkali or alkaline earth metals in the zeolites 

can be ion-exchanged to create a material with altered pore sizes capable of filtering gas mixtures 

as they flow through. Ion exchange is simply a chemical reaction in which ions are reversibly 

transferred between an insoluble solid and an aqueous solution. A generic ion exchange reaction 

equation can be written as follows: 

𝑀+𝑋− + 𝑁+𝑌−       →        𝑁+𝑋− + 𝑀+𝑌−                                                                                    (1) 

Where M+X- is the ion exchanger that ionizes to yield the N+ and Y- ions when placed in an N+Y- 

salt solution. 

 Ion exchange was a major part in the work communicated here-in. All the studied pure and 

mixed zeolites in this work were prepared via ion exchange at varying extents. Some of the used 

pure samples include 13X, Na-LSX, Li-LSX, Ca-LSX and Sr-LSX while the mixed-cation zeolites 

include LiCa-LSX, LiSr-LSX, AgCa-LSX and AgSr-LSX. Ca-LSX and Sr-LSX were prepared 

via ion exchanging Na-LSX which along with Li-LSX, were supplied by Luoyang Jianlong. 

1.4 Lithium Forecast 

In general, the ceramics and glass industries still dominate lithium consumption compared 

to the battery industry. The use of lithium in the latter industries is due to the fact that it lowers the 

melting points of both materials, and thereby making them more malleable. However, it is expected 

that by 2025, battery production will consume 70% of global lithium supplies [5]. The increase in 

demand from an economic standpoint means a hike in prices as reflected in Figure 1.4. 
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1.5 Research Objective 

With Li-LSX still being the best adsorbent (porous solids with preferably high surface areas 

per unit mass) used in adsorption processes for air separation, the rise in lithium price due to its 

high demand for lithium-ion batteries [6-7], calls for the development of new and better sorbents 

not just to accommodate the overall operating cost of such processes but also to manage the overall 

higher demand of this precious metal in all its applications. This was the main objective behind 

the creation of the mixed-cation samples listed above.  

 

Figure 1.4 Forecast of annual price averages for lithium chemicals worldwide from 2015 to 2025 (in 

US dollars per kilogram) [5]. 
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Figure 1.5 shows the dependence of nitrogen adsorption at 296 K and 1 atm on fractional Na+ 

exchange by Li+ in LSX. It is clearly seen that at below ~70 % Li+ exchange, the N2 adsorption 

capacity remained unchanged while between 70 – 100 % Li+ exchange, N2 capacity increased 

almost linearly. This phenomenon can be explained by cation site occupancy.  

 

Figure 1.5 Dependence of nitrogen adsorption at 296 K and 101 kPa 

on fractional Na
+
 exchange by Li

+
 in LSX [3]. 
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As will be further explained in subsequent chapters, cations in SI and SII’ (Sites I and II’) inside 

the six-ring and beta cages of the zeolite structure in Figure 1.6 are the sites inaccessible to the 

sorbate while SII and SIII are responsible for sorbate interaction. This means that in the pure Li-

LSX zeolite, only about 1/3 of the exchanged Li+ participate in sorbate-sorbent interactions hence 

wasting 2/3 of the exchanged Lithium. To eliminate the waste of the lithium in the lower Li-LSX 

sites, we developed a new approach that completely differs from the orthodox synthesis methods 

to produce mixed-cation zeolites. The new synthesis method addresses the cost implications for 

future exponential lithium demands by minimizing the lithium content within the mixed-cation 

samples while maintaining their higher capacities and PSA performance. 

 

 

 

Figure 1.6 Unit cell of faujasite (Type-X and -Y) zeolites, including cation sites [3]. 
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Chapter 2 

Low-Pressure Performance Evaluation of CO2, H2O and CH4 on Li-LSX as a Superior 

Adsorbent for Air Prepurification 

Abstract 

High-volume production of oxygen and nitrogen from atmospheric air is accomplished by 

cryogenic distillation. Prior to feeding to the air separation unit, the ambient air must be pre-

purified by the removal of trace impurities such as CO2, H2O vapor, and light hydrocarbons (e.g., 

CH4) to their tolerable limits of 1.0 ppm, 0.1ppm, and to a few parts per billion, respectively. In 

this study, the adsorption characteristics of a synthetic zeolite, Li-LSX (where LSX denotes low-

silica type-X zeolite where Si/Al = 1), for the removal of trace amounts of CO2, CH4, and H2O 

vapor impurities were analyzed and compared with the conventional synthetic 13X zeolite that has 

been used for air prepurification as well as the ion-exchanged K-LSX and Ca-LSX zeolites. 

Isotherms to very low partial pressures (to a few ppm of 1 atm) were measured. The Tὸth, 

Langmuir-Freundlich (L-F), and the Dubinin-Astakhov (D-A) isotherm models were used to 

correlate the low-pressure experimental data and the Tὸth model was found to be the better fit 

especially in the low-pressure range. The superior adsorption properties of Li-LSX for air 

prepurification are demonstrated in this work. 



13 
 

2.1 Introduction 

The first industrial cryogenic air distillation plant for the production of oxygen was 

launched over a century ago. Today the majority of the nitrogen and oxygen are produced by 

cryogenic air distillation and they account for, respectively, the second and third human-made 

chemicals. This process still serves as one of the most viable processes for mass production of pure 

oxygen, nitrogen and argon. The demand for such high-purity air separation products ranges from 

and not limited to several sectors including the food processing, medical, semiconductor, oil 

refining, metals production, chemicals, and gasification industries. 

Oxygen and nitrogen are produced from atmospheric air by two methods depending on the 

volume of production. For high-volume production, cryogenic distillation of liquefied air is used, 

while for low to medium volume production, adsorption via pressure swing adsorption (PSA) is 

used [1]. For cryogenic distillation, however, it is essential to remove trace impurities such as 

carbon dioxide (~ 400 ppm), water vapor (up to ~ 3%), and light hydrocarbons (CH4 and C2 

hydrocarbons, ranging around a few ppm) from the air stream to tolerable limits before it is fed 

into the cryogenic distillation system. The freezing points of CO2 and water vapor are well above 

the cryogenic temperature of liquefied air, so failure to remove them from the air in its crude form 

will risk the possibility of occluding the distillation column internals. The light hydrocarbons 

(particularly the C2 hydrocarbons) have low solubilities in liquid oxygen, failure to remove them 

would risk their possible accumulation in the reboiler of the distillation column, leading to an 

explosion hazard. Thus, failure to remove these impurities will lead to not just operating issues but 

also safety hazards. The tolerable limits for CO2 and H2O in the feed to an air separation unit 

(ASU) are 1.0 ppm and 0.1 ppm, respectively, while the limit for light hydrocarbons is around a 

few ppb (parts per billion).  
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Adsorptive processes are ideally suited for air prepurification because these 

aforementioned limits can be achieved via fixed-bed adsorption. Both pressure-swing adsorption 

(PSA) and temperature swing adsorption (TSA) processes have been applied for air prepurification 

[2]. However, with the PSA process’ ability to process higher product throughput coupled with 

lower capital and energy costs, it is often preferable to the TSA depending on the sorbent that is 

used [2]. Although both processes use adsorptive materials with strong affinity to the trace 

impurities, the TSA typically uses activated alumina and 13X (Na-X) as its sorbent for the removal 

of water and other impurities respectively while the PSA process generally employs activated 

alumina to remove all impurities [3]. Each of these adsorptive methods employs a bed of sorbent 

which is exposed to the feed air for a certain time period to adsorb the impurities. After the feed 

air is cut off from the sorbent bed, a degas step or a purge gas is fed through to strip the adsorbed 

contaminants and in turn, regenerates the bed. Prepurification units are generally regenerated using 

high temperature nitrogen at low pressure in the case of the TSA while in the PSA, the bed is 

regenerated at ambient temperature and low pressure [4].  

A number of adsorbents have been used for air prepurification. The most widely used 

sorbents have been activated alumina, silica gel and a variety of synthetic zeolite molecular sieves, 

such as 13X. The choice of PSA vs. TSA also depends on the sorbent that is used. Activated 

alumina and silica gel adsorb CO2 and water vapor less strongly compared to zeolites, and are 

easier to regenerate (i.e., PSA is sufficient), while regeneration of zeolites requires elevated 

temperatures (i.e., requiring TSA). Layered beds have also been used for PSA processes where the 

weaker sorbents (alumina or silica gel) are placed in front of the zeolite layer, so CO2 and water 

vapor are kept within the front layer.     
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Besides synthetic zeolites, studies on naturally occurring zeolites such as clinoptilolites [5] 

and ion-exchanged clinoptilolites [2] for gas separation and air prepurification both showed 

promising properties for such applications as well. There is also a promising potential with 

chabazites - another naturally occurring zeolite [6-10] for air purification. Mixed metal (Ag/Zn) 

oxides have also been suggested in space shuttle air regeneration systems [11].  

Although the measurement of adsorption isotherms at very low pressures (to a few ppm 

levels of atmospheric pressure) are crucially important for application to air prepurification, such 

measurements are scarce in literature. As mentioned, among the most widely used sorbent is 13X 

zeolite. Zeolite 13X has been extensively studied not only for air prepurification from ASUs, but 

also for methane purification from natural gas, as well as for carbon sequestration from flue gas 

[12-15]. In this work, we are focused on Li-LSX as a superior sorbent for the removal of trace 

impurities from the air fed into cryogenic distillation systems in air separation processes. The low-

pressure adsorption results will be compared with the conventional synthetic 13X zeolite as well 

as non-conventional sorbents such as the ion-exchanged K-LSX and Ca-LSX. In our earlier studies 

on sorbents for air prepurification [2, 4], five different sorbents (including activated alumina and 

13X) were evaluated and compared for adsorption of CO2, water vapor and light hydrocarbons. 

For the hydrocarbons, CH4, C2H4 and C2H6 were studied. It was concluded that the relative 

strengths of adsorption of the five sorbents for these light hydrocarbons follow the same trend, i.e., 

the best sorbents for CH4 were also the best sorbents for C2H4 and C2H6, as expected. Thus, in this 

study, only CH4 was studied as the light hydrocarbon.   

2.2 Experimental Section 

2.2.1 Equilibrium Isotherms 
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The adsorption equilibrium of pure CO2 CH4, and H2O vapor was measured with a 

Micromeritics ASAP 2020 Sorptometer (which is based on volumetric technique) on synthetic 

13X and Li-LSX zeolites and ion-exchanged samples of K-LSX and Ca-LSX.  

2.2.2 Zeolites - sorbents used 

The 13X and Li-LSX zeolites, available as 13X-APG and JLOX-100 respectively, were 

supplied by Luoyang Jianlong Micro-Nano New Materials Co., Ltd., China, in binderless or 

powder form. The 13X was Na-X zeolite with a Si/Al ratio of 1.2. In order to obtain the potassium 

and calcium forms of LSX, Li-LSX was ion-exchanged with 1.0 M solution of potassium chloride 

and calcium chloride, respectively, at 363 K and with stirring overnight. This exchange process 

was repeated 5 times and after filtration, the obtained solid was thoroughly washed with deionized 

water and dried in an oven at 383 K for 24 hours. Although we aimed at achieving complete ion-

exchange, X-ray photoelectron spectroscopy (XPS) results indicated that well over 95% exchange 

was obtained in the exchanged samples. (It is noted that XPS is a surface analysis technique.  

However, because of the uniformity of the zeolite structure, XPS provides a reasonable estimate 

for the extent of exchange.)  

2.2.3 Sample Pretreatment and Isotherm Measurements 

The degas/dehydration conditions were as follows: 648 K for Li-LSX, 648 K for 13X, and 

623 K for K-LSX and Ca-LSX. The samples were treated in-situ the Micromeritics ASAP 2020 

overnight to desorb all adsorbed gases and dehydrate the samples until a final pressure of 25 µmHg 

before each analysis. 
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The measurements were carried out at the following temperatures: 298 K, 323 K, and 343 

K for all sorbents. The analyses gases were supplied by Cryogenic Gases with their respective 

purities and grades as follows: CO2 (99.995%, Bone Dry), CH4, (99.97%, UHP grade) 

The H2O vapor source was prepared as in [2]. A custom-built H2O vapor source for the 

Micromeritics ASAP 2020 instrument was assembled using a 150 cm3 quartz tube containing 50 

cm3 of deionized water. The water was first boiled for 10 minutes to remove dissolved gases and 

further degassed in-situ the vapor inlet port of the Micromeritics until the 1000 mmHg transducer 

read between 40 – 45 mmHg.  

2.3 Results and Discussion 

2.3.1 Carbon Dioxide Isotherms 

Figures 2.1 – 2.3 show CO2 experimental adsorption isotherms on various sorbents and 

temperatures (298 K, 323 K, and 343 K). Using the volumetric technique, it was able to measure 

the equilibrium amounts adsorbed at CO2 pressures as low as 0.5 ppm of 1 atm. A comparison of 

all sorbents studied, Li-LSX shows the highest CO2 adsorption capacities at all temperatures, 

particularly at the important temperature, 298 K (Figure 2.1).   

  Carbon dioxide is a trace gas that exists in atmospheric air at concentrations currently at ~ 

400 ppm, and with ASUs requiring a CO2 tolerable limit of below 1.0 ppm, prepurification of the 

feed air has become a mainstay in these processes. From Figure 2.1, it is seen that an appreciable 

amount adsorbed of CO2 of 0.003 mmol/g at 0.5 ppm of 1 atm pressure coupled with its high 

overall capacity makes Li-LSX a superior sorbent for air prepurification. K-LSX also exhibited 

interesting adsorption characteristics at low pressures. It may be noted that the CO2 capacities (e.g., 



18 
 

by 13X) reported here agree with earlier works and are higher than those reported for its pelletized 

form which contains approximately 15% of clay or inert binders [16-20].  

 

Also, literature review of previous work on the studies on CO2 uptakes on binderless or pure 

zeolites shows lower adsorption amounts than the results presented here and might presumably be 

due to differences in elemental compositions, i.e., higher Si/Al ratios hence lower numbers of 

cations per unit cell of faujasite [21-22].   

 It is interesting to note that there were distinct “steps” (i.e., steep rises) in the CO2 

isotherms, particularly at 298 K (which is below the critical temperature of CO2, 304 K).  The 

“step” was caused by micropore filling and in fact, it is most useful for determining the pore size 

distribution of microporous materials [23].  
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Figure 2.1 Experimental adsorption Isotherms of CO2 at 298 K and 101 kPa on representative adsorbents. 
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Figure 2.2 Experimental adsorption Isotherms of CO2 at 323 K and 101 kPa on representative adsorbents. 
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Figure 2.3 Experimental adsorption Isotherms of CO2 at 343 K and 101 kPa on representative adsorbents. 
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By equating the free energy change upon adsorption from gas phase to the average interaction 

energy of the adsorbing molecules, the “step” in the isotherm can be translated into a pore size 

distribution. Thus, the mathematical solution relating the relative pressure of the adsorbing gas to 

the pore size was first given by Horvath and Kawazoe [24], referred to as Horvath-Kawazoe model 

or HK model. It was derived for slit-shaped pores. This model was later corrected by Rege and 

Yang [25] and extended to cylindrical pores by Saito and Foley [26], and spherical pores by Cheng 

and Yang [27]. These models have been used based on N2 isotherms at 77 K. The results shown 

in Figure 2.1 show that it is also possible to use CO2 as the adsorbing gas for determination of pore 

size distribution. Since the kinetic diameter of CO2 (0.33 nm) is smaller than N2 (0.364 nm), using 

CO2 could probe micropores of smaller sizes.  

2.3.2 Hydrocarbon (CH4) 

 

Reactions between hydrocarbons (trace contaminants in air) and oxygen (O2) in the ASUs 

can occur when they accumulate in O2 above the lower flammability levels (LFL). These usually 

occur in one of two ways: 1) they dissolve in the oxygen or 2) as an enriched phase such as 

acetylene or liquid propane droplets [28-29]. Based on the reactive nature of these two gases, air 

pre-purification units are expected to eliminate most trace amounts of hydrocarbons from the feed 

air of the separation units.  

 As mentioned, the adsorption capacities for CH4, C2H4 and C2H6 by five sorbents 

(including activated alumina and commercial 13X zeolite) have been compared in an earlier study 

by Rege and Yang [2]. The results showed that the relative capacities of these sorbents are 

consistent with the three hydrocarbons. Thus, only CH4 was used in this work.   

Figures 2.4 – 2.6 show experimental adsorption isotherms of CH4 at 298 K, 323 K, and 343 

K. Comparison of different sorbents showed that Li-LSX performed best at the low-pressure range 
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as expected showing significant adsorption capacities as low as about 20 ppm, making it a better 

candidate to meet the hydrocarbon requirements.  

 

 

 

Li-LSX showed higher capacities at pressure below ~300 ppm of 1 atm at 298 K. At higher 

pressures, i.e., between 300 ppm and 1 atm pressures, Ca-LSX showed the highest adsorption 

capacity due to stronger interaction between methane and Ca2+ cations than that with Li+ ions, as 

will be shown below. A similar trend is observed for comparisons of sorbents at higher 

temperatures (323 K and 343 K).  
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Figure 2.4 Experimental adsorption Isotherms of CH4 at 298 K and 101 kPa on representative adsorbents. 
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Figure 2.5 Experimental adsorption Isotherms of CH4 at 323 K and 101 kPa on representative adsorbents. 
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Figure 2.6 Experimental adsorption Isotherms of CH4 at 343 K and 101 kPa on representative adsorbents. 
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2.3.3 H2O Vapor 

 

Typical air pre-purification units require a 0.1 ppm tolerable limit of water vapor – which 

is a major fouling contaminant in the ASUs - content in the air feed. 

The experimental H2O vapor adsorption data on Li-LSX and 13X zeolites at 298 K are 

presented in Figure 2.7. Both sorbents show similar capacities around partial pressures of 100 ppm 

while Li-LSX showed higher capacities above 0.003 atm. Based on the required specifications of 

H2O vapor in ASUs, it would have been ideal studying their adsorption isotherms below the 0.1 

ppm level, but the unstable nature and inaccuracies observed during the measurements especially 

at the extremely low pressure range, prompted experimentation at pressures around the 100 ppm 

range.  
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Figure 2.7 Experimental adsorption Isotherms of H2O at 298 K and 101 kPa on representative adsorbents. 
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The difficulty of measuring water vapor isotherms was partly due to the slow rate of evaporation 

of the water from the reservoir at ambient temperature while heating the reservoir was to be 

avoided due to errors caused by condensation in the system. The obtained experimental data would 

have also been extrapolated to the low-pressure range but because of the nonlinearity of the 

experimental data, it would have only generated unreliable results. From the results shown in 

Figure 2.7, it is concluded that the capacities for water vapor at the very low-pressure range are 

similar for both zeolites. 

In general, the adsorption capacities for zeolites usually increase with decreasing cation 

diameter and an increase in cationic charge. This would be seen in the theoretical determination of 

adsorbate-adsorbent interaction potential as Ca-LSX (Ca2+, zeolite with highest charge in this 

study) and Li-LSX (smallest ionic radius, 0.68 Å [23]) both presented the highest total potentials. 

The number of exposed cations within the faujasite zeolite structure also affects the adsorption 

capacity of sorbents as zeolites with lower Si/Al ratios (Si/AlLiLSX = 1.0 and Si/Al13X = 1.25) 

contain more cations and more exposed cations. It should also be noted that sorbates with larger 

quadrupole moments (CO2 = -4.3 x 10-26 esu; CH4 = 0; [23]) and permanent dipoles (CO2 = CH4 

= 0; [23]) increase the total interaction energy as will be seen in section 3.5. 

 

2.3.4 Pure Component Isotherms 

 

Adsorption equilibrium isotherms of CO2, CH4, and H2O vapor on the studied samples 

presented in Figures 2.1 – 2.7 were fitted with the Langmuir-Freundlich (L-F), Tóth, and the 

Dubinin-Astakhov (D-A) isotherm models. However, only the non-fitted equilibrium isotherms at 

the studied temperatures are presented here for the CO2 and CH4 sorbates while the H2O vapor 

isotherms for Li-LSX and 13X zeolites at 298 K is best fitted with the D-A model. All others could 

be found in Appendix A.  
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Q =  
Qsat

∗ KCn

1 + KCn                                   Langmuir-Freundlich (L-F) Model                                      (2.1) 

Q =  
aP

(d+ Pk)
1
k

                                 Tóth Model                                                                           (2.2) 

n =  no exp [− (C ln
Ps

P
)

m

]          Dubinin-Astakhov (D-A) Model                                          (2.3) 

Where C = RT/βE, E is the characteristic energy of adsorption of a standard vapor, Q and n are 

amounts adsorbed, P is pressure and the constants are fitting constants from experimental data. 

It is experimentally possible to control pressure and measure the adsorbed amount, but 

exceedingly difficult to fix the adsorbed amount and measure the equilibrium pressure. Therefore, 

a fitting equation is required to interpolate the measured values.  

However, the interpolation of adsorption data turns out to be very sensitive to the fitting 

method chosen, and small deviations from the true value can cause significant errors in 

thermodynamic calculations [30-31]. 

 

Figure 2.8 Dubinin-Astakhov, Tóth, and Langmuir-Freundlich model fits to adsorption 

data of CO2 on Li-LSX and 13X at 298 K and 101 kPa. 
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Figure 2.8 shows all studied model fits on adsorption isotherms for Li-LSX and 13X 

zeolites while Table 2.1 summarizes fitting parameters to experimental adsorption data at 298 K 

respectively. Model fitting results for all isotherms are shown in Figures S2.1 to S2.18, in 

Appendix A. 

 

Table 2.1 Representative values of model parameters fit to experimental adsorption data at 298 K. 

 
 

Tὸth 
 

 Dubinin-Astakhov  Langmuir-Freundlich 

 
a 

[mmol/g] 
d       

[atmk] 
k  

no 
[mmol/g] 

C m  
Qsat 

[mmol/g] 
K     

[atm-n] 
n 

            
CO2 / Li-LSX 5.50 0.000415 0.85  10.40 0.14 1.26  22.43 0.41 0.21 

CO2 / 13X 5.46 0.004 0.82  7.67 0.12 2.55  8.45 3.23 0.46 

CO2 / K-LSX 5.01 0.002 0.87  8.89 1.75 0.73  8.90 1.75 0.27 

CO2 / Ca-LSX 3.96 0.002 0.80  5.90 0.13 2.33  6.67 2.56 0.43 

CH4 / Li-LSX 3.13 1.26 0.83  7.35 0.31 1.78  4.80 0.53 0.95 

CH4 / 13X 7.84 8.94 0.89  20.42 0.65 1.19  9.80 0.10 0.99 

CH4 / K-LSX 3.14 5.35 0.53  23.94 0.69 1.14  13.78 0.07 0.98 

CH4 / Ca-LSX 1.13 0.18 0.75  2.60 0.21 2.09  2.61 0.95 0.70 

H2O / Li-LSX 18.14 0.003 1.1  19.30 0.10 66.36  17.74 366.70 136.80 

H2O / 13X 1.87 0.001 0.001  6.66 0.09 22.36  6.58 2.06 2.72 

            

2.3.5 Heats of Adsorption 

 

It is crucially important to have strong sorbate-sorbent interaction energy for adsorption at 

very low pressures, as in air prepurification. The sorbate-sorbent interaction energy is 

approximately equal to the experimental heat of adsorption, while they differ by only 3RT/2 which 

is negligible at near ambient temperature [23].  

For adsorption of gas molecules on zeolites, the main interaction energies are between the 

gas molecule and the metal cations on the surface, while its interaction energies with the oxide 
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atoms on the surface are considerably weaker than that with the cations. Thus, to understand 

adsorption at low pressures, we may focus our attention on the interactions with the cation sites.  

First, an understanding of the cation sites in the faujasite zeolite structure is needed.  

The structure and cation sites for faujasite are shown in Figure 2.11. There are 5 different 

cation sites on faujasite [23]. Site I (SI) is inside the double six-ring and SII’ is inside the beta-

cage, both are inaccessible to the sorbate molecule. Only site II (SII) and site III (SIII) are 

accessible to the sorbate. However, the electric fields around the “exposed” cations (as in SII) are 

partially shielded by the surrounding oxygen atoms. This shielding significantly lowers the 

interactions between the sorbate molecule and the SII cation. Such shielding also depends on the 

size of the cation. The small Li cation can sit crystallographically very low in the face of the single 

6-ring (SR6, at SII site), allowing the electric field to be nearly completely shielded by the 

surrounding framework oxygen. Thus, the sorbate-sorbent interaction energy is mainly contributed 

by the Li cation sitting on site III or SIII. For the larger cations such as K and Ca, the shielding 

can be substantially weaker for SII cations.  

The cation sites for all zeolites studied in this work have been determined, as shown in 

Table 2.3, although for K and Ca forms, only Type X zeolites rather than LSX were studied.  

For obtaining a basic understanding of the experimental results, the sorbate-sorbent 

interaction energies for the gas-sorbent pairs were estimated. The estimation may be performed by 

calculating the potential energies between each gas molecule and a free or isolated cation, e.g., 

Li+, Na+, etc. 
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The total sorbate-sorbent potential (ϕT) for physical adsorption [23] is given as follows: 

ϕT =  ϕD +  ϕR +  ϕInd +  ϕFμ +  ϕḞQ                                                                                                          (2.4) 

Where       

ϕD =  −
A

r6                                           (2.5)                                                                                                                                   

ϕR =  
B

r12                                   (2.6)                                                                                                                                

A =  
6mc2αiαj

(αi χi⁄ )+ (αj χj⁄ )
                                (2.7)                                                                                                                    

B =  
Ar0

6

2
                              (2.8)                                                                                                                                        

ϕInd =  −
αq2

2r4(4πϵ0)2                              (2.9)                                                                                                                    

ϕFμ =  − 
qμcosθ

r2(4πϵ0)
                              (2.10)                                                                                                                    

ϕḞQ =  − 
Qq(3cos2−1)

4r3(4πϵ0)
                              (2.11)                                                                                                             

The five terms in Equation 2.4 represent, respectively, dispersion energy, repulsion energy, 

induction energy (i.e., interaction between electric field of the cation and induced dipole of 

sorbate), interaction between the field (F) and a permanent dipole (μ), and interaction between 

field gradient and a quadrupole (Q).  

Equations 4 - 11 as well as parameters found in references [23, 32-33] were used to determine 

the potentials in Table 2.2. Table 2.2 also gives the quadrupole moment (Q), dipole moment (µ), 

as well as the polarizability (α), of different sorbates. The results showed that the interaction 

energies for all three gases (CO2, CH4 and water vapor) and the energies followed the order: Ca2+ 

> Li+ > Na+ > K+ 
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Table 2.2 Theoretical Adsorbate – Adsorbent Interaction Potentials of studied gas/sorbent pairs. 

Gas/Sample φD [kJ/mol] φR [kJ/mol] φInd [kJ/mol] φFµ [kJ/mol] φḞQ [kJ/mol] φT [kJ/mol] 

       

CO2 / Li-LSX -1.52 0.76 -62.23 -- -49.17 -112.16 

CO2 / 13X -26.33 13.16 -38.92 -- -34.80 -86.88 

CO2 / K-LSX  -8.54 4.27 -23.26 -- -23.65 -51.17 

CO2 / Ca-LSX -10.55 5.28 -151.02 -- -68.02 -224.32 

CH4 / Li-LSX -0.70 0.35 -40.66 -- -- -41.01 

CH4 / 13X -2.34 1.17 -26.55 -- -- -27.72 

CH4 / K-LSX -4.59 2.29 -16.55 -- -- -18.84 

CH4 / Ca-LSX -5.30 2.65 -103.29 -- -- -105.94 

       

H2O / Li-LSX -2.28 1.14 -62.33 -1.04E-4 -- -63.47 

       

H2O / 13X -6.40 3.20 -36.31 -7.96E-5 -- -39.51 

       

H2O / K-LSX -10.22 5.11 -20.27 -5.95E-5 -- -25.38 

       

H2O / Ca-LSX -13.97 6.99 -140.29 -1.57E-4 -- -147.27 
       

 

 

The effect of introducing different types of cations into the zeolite’s framework can be seen 

from the difference in potential between CO2 and CH4 on the samples. The presence of these 

cations generates electrostatic fields that interact strongly with molecules such as CO2 with higher 

quadrupole moments. By so doing, increased selectivity between the sorbates (CO2 and CH4) is 

observed and as seen in literature [16, 23, 33]. 

The isosteric heats of adsorption of the gas-sorbent systems were estimated by the 

Clausius-Clapeyron relation [34]. It is noted that the calculations were very sensitive to errors in 

the equilibrium pressure meaning interpolation can sometimes introduce significant uncertainties 

into the calculated isosteric heat determined by using measured adsorption isotherms at different 
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temperatures. The Tὸth model fit along with the Clausius-Clapeyron relation were used to 

determine the isosteric heats of adsorption of CO2 and CH4 presented in Figures 2.9 and 2.10.  

  

 

 

The experimental heats of adsorption may now be compared with the theoretical 

calculations of the interaction energies, by comparing Table 2.2 and Figures 2.9 and 2.10. The 

calculations were performed assuming the cations were free or isolated cations, not bonded to 

oxygen atoms. In fact, each SII cation is bonded to 6 oxygen atoms on the 6-ring and is nearly 

completely shielded. Cations sitting on SIII sites are less shielded and hence have stronger 

interactions with the sorbate molecules. Thus, the calculated energies based on free cations may 

be regarded as the upper bound for the interaction energies. The cation sites for faujasite (type X 

zeolite) are illustrated in Figure 2.11. 
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Figure 2.9 CO2 Isosteric heats of adsorption on representative adsorbents. 
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As mentioned, the calculated energies followed the order: Ca2+ > Li+ > Na+ > K+. The 

experimental heats of adsorption are all lower than the calculated energies. Figure 2.9 shows that 

for CO2, this order was indeed followed, although the differences among the alkali cations were 

not as significant as the theoretical values. 

The comparison between theory and experiment for CH4 adsorption is interesting. Here 

again, adsorption on the Ca-form was the strongest, followed by Li-form, in agreement with 

calculations. However, adsorption was clearly stronger on K-LSX compared to that on 13X (or 

Na-X) (Figure 2.10). In Figure 2.10, the loading of CH4 was much lower than that of CO2 (Figure 

2.9). Two factors may be attributed to the stronger adsorption on the K-form than the Na-form. At 

such low loading of CH4, site III (SIII) cations are the major sites for adsorption. Table 2.3 shows 

that there are many more K cations on Site III (in K-X) than the Na cations on Site III for Na-X 
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Figure 2.10 CH4 Isosteric heats of adsorption on representative adsorbents. 
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(38 vs. 7.9 per unit cell). For K-LSX, there are even more K cations on SIII (than K-X). There are 

abundant cations on Site II in both K-X and Na-X (Table 2.3), and SII is also exposed. Here, there 

is less electron shielding on the K cation (than Na cation), leading to stronger interactions on K-

X. These two factors could explain the higher heats of adsorption of CH4 on the K-form than the 

Na-form.  

 

Table 2.3 Cation site occupancies in dehydrated X zeolites (maximum = 96 monovalent cations per unit cell for 

Si/Al = 1). 

 

Zeolite 

 

Al/Unit Cell 

 

Sites 

I I’ II II’ III 

       

Li-LSXa 95.8 -- 27.2 33.9 -- 32.4 

Li-LSXb 96 -- 33 34 -- 29 

Na-X (13X)c 81 3.8 32.3 30.8 -- 7.9 

K-Xd  87 9 13 26 -- 38 

Ca-Xe 86 7.5 17.3 17.3 9.0 -- 

       

 

a. Hutson and Yang, 2000  

b. Feuerstein et al., 1998 

c. Mortier, 1982 

d. Hseu, 1972 

e. Mortier et al., 1972 
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It is noted that Na-LSX (with Si/Al = 1) was not included in this work. Table 2.3 shows 

that for 13X (i.e., Na-X), there are only 7.9 Na cations on the open site, SIII, compared with 32 Li 

cations on SIII sites of the Li-LSX. Na-LSX should have a similarly high number of cations on 

SIII as Li-LSX. In addition, the theoretical sorbate-cation interaction energy with Na+ is only 

slightly less that that with Li+. Thus, Na-LSX is also a promising sorbent for air prepurification. 

 

2.3.6 Rates of Adsorption 

 

The rate of adsorption (ROA) data is not only needed for the determination of the fixed 

bed adsorption performance [23] but also aids to better understand the sorbent’s surface and pore 

structures. Assuming pore diffusion is the rate limiting step in zeolites and carbons, the inverse 

diffusion time constant (D/R2) has been commonly used for expressing the uptake rate of sorbates 

on the sorbents. 

 The diffusion equation is given by: 

∂u

∂r
= D

∂2u

∂r2                                 (2.12)                                                                                                                                                 

Figure 2.11 Unit cell of faujasite-type (X and Y) zeolites, including cation sites. 
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where u = Cr, D is the pore diffusivity, R is the radius of the particle, while C is the concentration 

at radial distance, r. 

 The short time approximation for Mt/M∞ < 0.3 is given by Equation 2.13 after solving 

Equation 2.12 for a step change in the surface concentration at r = R. Here, t is time and Mt and 

M∞ are the total sorbate amounts adsorbed at time t and at equilibrium, respectively [35-36]. 

Mt

M∞
=  

4

√π
 (

Dt

R2)

1

2
                                           (2.13)                                                                                                                                     

 

Figures 2.12 and 2.13 shows uptake rates (amount adsorbed vs. time by a step change in 

the gas-phase concentration) obtained from Micromeritics Sorptometer while Table 2.4 gives a 

summary of calculated D/R2 for pure component adsorbates on the studied sorbents at 298 K. The 

diffusion time constant is an important parameter in the design of adsorbers and it has been shown 

that a high D/R2 yields sharp breakthroughs, as opposed to low D/R2 which leads to dispersed 

breakthroughs [1, 37] which in turn, defines the capacity of the sorbent. 
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It can be seen from Table 2.4 that the CO2 uptake rates follows the following trend: (Li-

LSX > K-LSX > 13X > Ca-LSX) which are in accordance with diffusion of CO2 in type X zeolites 

[38]. On the other hand, CH4 diffusion time constants were as follows: Ca-LSX > Li-LSX > K-

LSX > 13X. It is also seen that the rate of adsorption of both sorbates on Li-LSX are significantly 

higher than those of 13X which is still the most widely used sorbent in TSA. The uptake rates are 

high for applications in air prepurification. 
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Figure 2.12 Experimental rates of adsorption (ROA) of CO2 on Li-LSX, 13 X, K-LSX, 

and Ca-LSX zeolites. 
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Table 2.4 Inverse Diffusion Time Constants (D/R2) for sorbates on Various Sorbents at 298 K. 

D/R
2
 (1 x 10

-2
 s

-1
) 

 
    

JLOX-100 

    

13X-APG 

    

     K-LSX 

    

   Ca-LSX 

     

CO2 3.00 2.91 2.93 2.19 

CH4 4.42 2.67 3.65 5.30 
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Figure 2.13 Experimental rates of adsorption (ROA) of CH4 on Li-LSX, 13 X, K-LSX, 

and Ca-LSX zeolites. 
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2.4 Conclusion 

Low pressure adsorption analysis for CO2, CH4, and H2O vapor were studied at 298 K, 323 

K, and 343 K on synthetic zeolites 13X and Li-LSX (both from Luoyang Jianlong Micro-Nano 

New Materials Co., Ltd., binderless or powder forms) as well as ion-exchanged K-LSX and Ca-

LSX. The experimental data were fitted with the Langmuir-Freundlich, Tὸth, and the Dubinin-

Astakhov models and it was observed that the Tὸth model comparatively fitted the data best in a 

wider range.  

It is shown that the capacity and uptake rates of CO2 and CH4 on Li-LSX in the low-

pressure range were higher than that of the widely used sorbent (13X) for air prepurification 

applications. This can further be interpreted that a bed of Li-LSX similar to that of 13X would 

significantly increase the air processing capacity, reduce the sorbent’s regeneration time, and better 

performance for air prepurification applications. The experimental results can be satisfactorily 

understood based on simple theoretical calculations of interaction potential energies assuming 

sorbate-sorbent interactions with free cations and information on cation sites.   
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Chapter 3 

Mixed-Cation LiCa-LSX Zeolite with Minimum Lithium for Air Separation 

Abstract 

The aim of this work was to reduce/minimize Li in Li-LSX by replacing the 70% Li+ 

cations in Li-LSX that are bonded to the interior or inaccessible sites which are not used for 

adsorption. Thus, mixed-cation LiCa-LSX containing minimum lithium were prepared by 

exchanging small fractions of Li+ into Ca-LSX, followed by dehydration under mild conditions to 

avoid migration/equilibration of Li+ cations. Comparisons of adsorption isotherms of N2/O2 and 

heats of adsorption for the LiCa-LSX samples with that for pure-cation Li-LSX and Ca-LSX 

provided strong evidence that significant amounts of these Li+ cations indeed remained on the 

exposed sites (SIII). The mixed-cation LiCa-LSX samples were compared against the pure-cation 

Ca-LSX and Li-LSX based on their performance for oxygen production by PSA, via model 

simulation. The results showed that the mixed-cation LiCa-LSX samples yielded significantly 

higher O2 product productivities at the same product purity and recovery than their pure-cation 

precursor (Ca-LSX). 
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3.1 Introduction 

The demand for oxygen and nitrogen spans over a wide range of industries including oil 

refining, medical, metal production, food processing, and chemicals to name a few. Cryogenic 

distillation of liquefied air and pressure swing adsorption (PSA) are the two major technologies 

for high and low-to-medium volume productions, respectively [1].   

Air separation by adsorption is based on the unique adsorption property of zeolites which 

have high N2/O2 selectivities due to the interactions between the electric field gradient of the 

zeolitic cation and the quadrupole moment of N2 [2]. Commercial PSA oxygen production began 

in 1972. A major breakthrough occurred in 1989 with the invention of Li-LSX (i.e., low silica 

type-X, Si/Al = 1) zeolite by Chao [3]. In the preparation of Li-LSX, the as-synthesized Na-LSX 

is ion-exchanged by Li cations via conventional means. It was found that below approximately 

70% Li exchange, the N2 capacity was unchanged, while it increased nearly linearly upon further 

increase in Li exchange from 70% to 100%. This phenomenon has been explained by the 

occupancy of different cation sites; the N2 (and O2) molecules can interact only with cations 

occupying the exposed sites. The cation sites for faujasite are shown in Figure 3.1. For Li-X, only 

sites III (SIII) are accessible to N2 (and O2); Li+ on SII is not “accessible” due to electron shielding 

effects by the surrounding framework oxygen and the small size of the Li ion. 

The site occupancies have been characterized [4-6] and are shown in Table 3.1. It is noted 

that, after ion exchange, zeolites need to be thermally dehydrated prior to isotherm measurements 

(and during manufacturing), typically at above 673 K for 4 or more hours. Under such treatment, 

cations migrate or diffuse to their equilibrium positions or sites. For zeolites containing mixed 

cations, it has long been observed that the lighter cations tend to migrate to the lower numbered 
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sites (SI, SI’, SII”, SII). For example, in mixed CeNaCa-X zeolite, Na and Ca are at lower-

numbered sites while 

 

Ce(III) cations are located at outer sites, and in mixed NaSr-X zeolite, Na+ is at SI while Sr2+ is at 

SII [7]. This ordering is also seen in the mixed LiNa-LSX system discussed above. 

As mentioned, since its invention Li-LSX has been the sorbent of choice for air separation 

by PSA or Vacuum Swing Adsorption (VSA). A wide variety of other zeolites have also been 

considered, particularly the LSX zeolites containing alkali-earth metal cations. These cations are 

divalent and hence they form strong electrostatic interactions with N2 molecules (as well as O2). 

Thus, intense interests were attracted to the mixed-cation LSX zeolites containing Li and an alkali-

earth metal. [8-13] Coe et al. [8-11] studied various binary exchanged X-zeolites containing 

varying lithium-calcium and lithium-strontium mixtures all of which provided enhanced nitrogen 

sorption capacities over those of the pure samples. Sircar et al. [12], also showed a binary ion-

Figure 3.1 Unit cell of faujasite-type (X and Y) zeolites, including cation sites. 
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exchanged Type-X zeolite of calcium and strontium. Their invention was especially useful in the 

adsorption of N2 from an air stream at superambient pressure to produce an O2-rich product stream. 

Furthermore, Chao et al. [13] presented mixed ion-exchanged zeolites of type-A and type-X with 

lithium (30% - 90%) and alkaline earth metals (10% - 70%) such as Ca2+ and Sr2+, with high N2 

adsorption capacity. It is important to note that these mixed cation zeolites required over 70 mol% 

Li+ (and < 30 mol% alkali-earth cation). Typically, 90% Li+ was required. Moreover, it was 

necessary to ion exchange Li+ first, followed by exchange for the alkali earth cations. Of particular 

interest was the Ca-LSX zeolite [14] due to its high N2 capacities over that of Li-LSX.  Thus, for 

mixed-cation LiCa-LSX, it was specifically stated that fully exchanged Li-LSX was prepared first, 

followed by Ca2+ exchange [8, 10, 13]. In all cases, well over 70% Li+ was needed to see the effect 

of Li+. 

Table 3.1 Cation site occupancies in dehydrated X zeolites (maximum = 96 monovalent cations per unit cell for 

Si/Al = 1). 

 

Zeolite 

 

Al/unit 

cell 

 

Sites 

I I’ II II’ III 

       

Li-LSX [24] 95.8 -- 27.2 33.9 -- 32.4 

Li-LSX [25] 96 -- 33 34 -- 29 

Na-X (13X) [26] 81 3.8 32.3 30.8 -- 7.9 

K-X [27]  87 9 13 26 -- 38 

Ca-X [28] 86 7.5 17.3 17.3 9.0 -- 

       

The demand for lithium has been rising steeply due to the application of lithium ion 

batteries for energy storage and due to its limited reserves worldwide. As a result, the price of 

lithium has been surging since 2016 while the reserve is dwindling. Therefore, the motivation for 

this work is to develop zeolites for air separation in which lithium is substantially reduced or 
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replaced by a low-cost and abundant alkali-earth metal cation, such as Ca2+. Using LiCa-LSX as 

an example, our strategy is to first exchange as-synthesized Na-LSX to fully-exchanged Ca-LSX, 

followed by exchange of a small fraction of Ca2+ by Li+. During the ion exchange process (in an 

aqueous solution such as LiCl2) and prior to any heat treatment, it is reasonable to assume that 

these Li+ cations are located on SIII because they are the most accessible ion exchange sites and 

are hence exchanged first. Equally important, in this work the dehydration step is performed at the 

lowest possible temperature in a relatively short time to avoid diffusion and equilibration of Li+ 

ions to lower-number or interior sites.  

In this work, we focused on four synthetic zeolites: two pure-cation zeolites (Ca-LSX and 

Li-LSX) and two mixed-cation zeolites (2.5%LiCa- and 4.2%LiCa-LSX, both in mol%) for the 

PSA/VSA system. The mixed cation samples will be represented as follows henceforth: 2.5% 

LiCa-LSX and 4.2% LiCa-LSX = Li2.5Ca46.75-LSX and Li4.2Ca45.9-LSX respectively. These 

zeolites will be compared for their PSA/VSA separation performance using a proven PSA model.  

3.2 Experimental Section 

3.2.1 Materials 

The analysis gases obtained from Cryogenic Gases included: helium (99.995%, 

prepurified), nitrogen (99.998%, prepurified), and oxygen (99.6%, extra dry). 

Luoyang Jianlong micro-Nano New materials Co., Ltd., China, supplied the Na-LSX 

zeolite (powder form) with a Na exchange extent of 99.5% (Na/(Na + K) and a Si/Al ratio of 1.005. 

Calcium dihydrate 99% and lithium chloride 99% were both obtained from Sigma Aldrich. 

3.2.2 Preparation of Ca-LSX zeolite 
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Na-LSX zeolite was used as the starting sorbent for the ion-exchange procedure which 

could be readily exchanged with most cations. To obtain pure Ca-LSX zeolite, Na-LSX was ion-

exchanged with a 1.0 M solution of calcium chloride (with ~3 equivalent excess of Ca2+ to Na+) 

at ambient conditions and stirred for a minimum of 6 hrs. The solution was decanted and a 3X 

CaCl2 solution was added, and the ion-exchange procedure was repeated 6 times. The sample was 

vacuum filtered after the final ion-exchange, washed with copious amounts of deionized water, 

and air dried at 298 K for 24 hrs. One of the main differences between this study and other 

published literature [8, 14] is the fact that here-in, Li ions are introduced into Ca-LSX as opposed 

to Ca cations being incorporated into Li-LSX zeolite. 

3.2.3 Preparation of LiCa-LSX 

A pre-determined equivalent amount of Li+ enough to exchange the desired target Ca2+ in 

the Ca-LSX zeolite (assuming hypothetically that all Li+ would undergo exchange) was used to 

prepare the mixed cation samples. This was achieved by using a 0.1 M LiCl solution exchanged 

with 1.5 g of Ca-LSX with Li+ equivalent = 0.15 and 0.3. The mixture was stirred for 1 hr at 298 

K followed by vacuum filtration without washing and dried in an oven for 24 hrs at 298 K. It 

should be noted that, due to the preference of LSX for Ca2+ over Li+, the actual Li+ exchange was 

substantially less than the amount of Li+ in the liquid phase, as determined by ICP results. 

3.2.4 Sample pretreatment and isotherm measurements 

All pure gas adsorption equilibrium analysis on the studied pure and mixed ion-exchanged 

samples were carried out with a Micromeritics ASAP 2020 Sorptometer which uses the volumetric 

measurement technique. Prior to analysis, all samples were degassed/dehydrated in-situ the 

Micromeritics to remove all adsorbed moisture and/or adsorbed gasses.  
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The pretreatment conditions varied per sample and were as follows: 8 hrs at 648 K and 623 

K for Li-LSX and Ca-LSX respectively. 1 hr at 623 K for Li2.5Ca46.75-LSX and Li4.2Ca45.9-LSX 

while the ramp rate for all dehydration conditions was 283 K/min. The 1 hr at 623 K pretreatment 

condition allows most of the theoretically determined Li+ to remain on site III while not allowing 

adequate time for all Li+ cations to diffuse to the lower-numbered sites (SI and SII). The 

temperature of 623 K was determined to be the lowest temperature that was adequate for full 

dehydration of Li-LSX [15]. In the work of Hutson et al., residual water amounts and N2 isotherms 

were measured on Li-LSX after dehydration at various temperatures up to 723 K, and full 

dehydration was seen after dehydration at 623 K [15]. All studied samples were pretreated under 

vacuum: 30 μmHg for the pure samples and 60 μmHg (due to the short pretreatment time) for the 

mixed samples. 

3.2.5 Sample Characterization 

The samples were compositionally characterized using an ICP-OES (Inductively Coupled 

Plasma – Optical Emission Spectrometer) system at Galbraith Laboratories Inc. in Knoxville, 

Tennessee. ICP is an analytical technique that quantifies the elemental composition of samples in 

various states (e.g. powders, liquids, suspensions, etc.). Powders are usually digested by an acid 

(highly concentrated HNO3, HCl, or H2SO4) or a combination of acids with the resulting solution 

then nebulized into the core of the instrument’s inductively coupled argon plasma at elevated 

temperatures. The high temperature vaporizes, ionizes and thermally excites the analyte species in 

the solution which are then detected and quantified by the OES by measuring (in % or ppm 

concentration) the element’s characteristic wavelength from the intensity of the emitted radiation.  

3.3 Results and Discussion 

3.3.1 Analytical sample characterization 



49 
 

As mentioned above, the mixed ion-exchanged samples were compositionally analyzed 

and quantified for Li and Ca content using an Inductively Coupled Plasma – Optical Emission 

Spectroscopy (ICP-OES) system. The extent of the Li+ exchange obtained from the mixed ion-

exchanged samples by ICP were 2.5%Li and 4.2%Li (mole percent and on a dry basis) represented 

as Li2.5Ca46.75-LSX and Li4.2Ca45.9-LSX respectively. The results of the analyzed LSX sample are 

presented in Table 3.2. 

 

Table 3.2 Composition of various represented sorbents. 

Zeolite 
 Mole Ratio   

Si/Al Li/Al Ca/Al Na/Al 

     

Na-LSX 1.005 -- -- 0.995 

Ca-LSX 1.005 -- 0.991 -- 

Li2.5Ca46.75-LSX 1.005 0.025 0.467 -- 

Li4.2Ca45.9-LSX 1.005 0.042 0.459 -- 

     

 

3.3.2 Nitrogen adsorption isotherms 

As stated earlier, the volumetric technique was used to measure the equilibrium N2 

adsorbed amounts to pressures of 1 atm. N2 experimental adsorption isotherms on the studied 

sorbents at temperatures 298 K, 323 K and 343 K after in vacuo dehydration are shown in Figures 

3.2 - 3.4 respectively.  
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Upon inspection, Ca-LSX shows the highest N2 adsorption capacity followed by 

Li2.5Ca46.75-LSX and Li4.2Ca45.9-LSX at ambient conditions respectively. The pure Ca-LSX sample 

shows a high capacity for N2 at 298 K in comparison with other published data [2, 8]. Figure 3.2 

(N2 isotherms at 298 K and 101 kPa) also reveals that the introduction of such low Li amounts 

changes the adsorptive properties (low pressure knee of the pure zeolite) of the mixed cation 

zeolite. The sorbents’ high N2 capacities are attractive properties for air separation by PSA. 
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Figure 3.2 Experimental adsorption isotherms of N2 at 298 K and 101 kPa on representative sorbents. 
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Figure 3.3 Experimental adsorption isotherms of N2 at 323 K and 101 kPa on representative sorbents. 
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Figure 3.4 Experimental adsorption isotherms of N2 at 343 K and 101 kPa on representative sorbents. 
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3.3.3 Oxygen adsorption isotherms 

Figures 3.5 – 3.7 show O2 experimental adsorption isotherms on the studied sorbents at 

298 K, 323 K, and 343 K respectively. A comparison of the different sorbents shows that Ca-LSX 

adsorbed significantly more oxygen than Li-LSX (slightly above 60%), and the mixed cation LSX 

fell in between.  

 

 

 

 

 

 

 

 

 

This result is expected because Ca2+ has higher polarizability than Li+ and the van der 

Waals interactions were the main interactions for adsorption of O2 which has a very low 

quadrupole moment. The lower O2 capacities for the mixed cation LSX are favorable for PSA 

separation. This result also indicates the presence of some Li+ cations on SIII in the mixed-cation 

samples. 
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Figure 3.5 Experimental adsorption isotherms of O2 at 298 K and 101 kPa on representative sorbents. 
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It should be noted that the differences in adsorption capacities of both gases on the studied 

sorbents are due to the magnitude of interactions between the Ca2+, Li+ and the sorbates which in 

turn are due to the location of the cations within the zeolite’s framework. Figure 3.1 shows the 5 

different cation sites in the faujasite-type (X and Y) zeolites. It should be noted that only sites II 

and III (SII and SIII) are accessible to the sorbate while SI (inside the double ring) and SII’ (within 

the beta cage) are inaccessible to the sorbate molecule. As mentioned, the electric field around the 

cations in the exposed sites are however, partially shielded (cation size dependent) by the 

surrounding oxygen atoms thereby significantly lowering the interactions between the sorbate 

molecule and the SII cations.  
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Figure 3.6 Experimental adsorption isotherms of O2 at 323 K and 101 kPa on representative sorbents. 
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For example, the small Li cation can sit crystallographically very low within the face of the single 

6-ring (SII), allowing the electric field to be nearly completely shielded by the six surrounding 

framework oxygen atoms thereby allowing the sorbate-sorbent energy to be entirely contributed 

by the Li cation sitting on SIII [2]. For a larger cation like Ca, its shielding can be substantially 

weaker due to its size. 

3.3.4 Pure component isotherms 

The equilibrium adsorption isotherms of N2 and O2 on the various sorbents in this study 

were fitted with the Langmuir-Freundlich (L-F) isotherm model. Figures 3.2 – 3.7 show just a few 

of the experimentally obtained isotherms. All others could be found in the supplementary material. 
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Figure 3.7 Experimental adsorption isotherms of O2 at 343 K and 101 kPa on representative sorbents. 
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The temperature dependence of the isotherms allowed calculation for the isosteric heats of 

adsorption, as to be discussed further below.  

Q =  
Qsat

∗ KCn

1 + KCn                                                                                                                                 (3.1) 

where Q is the adsorbed amount with the rest being fitting constants from experimental data. A 

fitting model is usually required to interpolate the measured values. Also, the interpolation of the 

said data is quite sensitive to the choice of the fitting model and minute deviations from the true 

value can cause significant errors in thermodynamic calculations [16, 19]. 

3.3.5 Heats of adsorption 

At near ambient temperature, there is a negligible (3RT/2) difference between the sorbate-

sorbent interaction energy and the experimental heats of adsorption [2]. For a basic understanding 

of the experimental results, the sorbate-sorbent interaction energies for the gas-sorbent pairs could 

be estimated by calculating the potential energies between the gas molecule and a free or isolated 

cation such as Ca2+, Li+, etc. A breakdown of the theoretical total sorbate-sorbent potential (ɸT) for 

physical adsorption is shown in our previous work [20]. It is worth noting that for the adsorption 

of gas molecules on zeolites, the main interaction energies are between the gas molecules and the 

metal cations on its surface. Though interaction energies between the gas molecules and the oxide 

atoms on the surface also exists, they are significantly weaker than those formed with the cations.  

Here-in, the isosteric heats of adsorption of the gas-sorbent pairings were estimated by the 

application of the Clausius-Clapeyron relation [17, 18, 21] as shown below: 

ln  (
𝑃1

𝑃2
) =  

𝛥𝐻𝑣𝑎𝑝

𝑅
(

1

𝑇2
−  

1

𝑇1
)                                                                        (3.2) 
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where ΔHvap is the heat of adsorption, R is the gas constant (8.3145 J/mol K), while P1 and P2 are 

the corresponding pressures at temperatures T1 and T2. Such calculations are very sensitive to 

errors in the equilibrium pressure. This means that interpolations can sometimes introduce 

significant uncertainties into the calculated isosteric heat determined by using fitted experimental 

data. 

Figures 3.8 and 3.9 shows the isosteric heats of adsorption for N2 and O2 on various 

representative sorbents at different coverages. The N2 experimental heats of adsorption followed 

the order:  Ca-LSX > Li2.5Ca46.75-LSX > Li4.2Ca45.9-LSX > Li-LSX > Na-LSX. 

 

The interaction energies for N2 are mainly from the electrostatic energies. The interactions 

of N2 with Ca2+ are significantly stronger than that with Li+. This is caused mainly by the higher 
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electric charge of Ca2+ that doubles the charge of Li+, while the ionic radii are similar (0.69 Å for 

Li+ and 1.0 Å for Ca2+). 

 

An almost similar trend is observed for the O2 experimental heats of adsorption Ca-LSX > 

Li4.2Ca45.9-LSX > Li2.5Ca46.75-LSX > Li-LSX > Na-LSX. As discussed in the foregoing, this trend 

was caused by the fact that Ca2+ has a higher polarizability than Li+ and the van der Waals 

interactions were the main interactions for adsorption of O2. 

3.3.6 Cation Site Location 

Table 3.1 shows the occupancy of cations in dehydrated X-type zeolites with pure cations. 

Several other studies have been employed to determine Li+ in the extra framework of types X, Y, 

and A zeolites [6, 22, 23] using solid state NMR and neutron diffraction methods. The Li cations 

Figure 3.9 O2 Heats of Adsorption on various sorbents. 
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were found to be evenly distributed with 32 cations each in SI’ (energetically preferred over SI for 

monovalent cations), SII, and SIII for the Li-LSX (Si/Al = 1) zeolite as opposed to 22 cations in 

SIII for the X-zeolite. Single Crystal XRD, Powder XRD, and Powder XRD & Neutron Diffraction 

have all been used to determine the location of Ca ions mostly in Ca-X zeolites. It was found that 

for a fully dehydrated Ca2+-exchanged FAU-type zeolite, the calcium cations were distributed 

among sites SI, SI’ and SII [24-36]. 

No Li+ and Ca2+ location and site distribution studies were carried out in this study for the 

mixed-cation samples. Knowing that the SI and SI’ sites are sterically inaccessible to the sorbate 

gases (N2 and O2), it is therefore expected that only the Ca cations in SII and Li+ in SIII are 

accessible to the sorbates.  

For N2 adsorption, as expected, the heats of adsorption followed the order: Ca2+ (42 kJ/mol) 

> Li+ (22 kJ/mol) > Na+ (20 kJ/mol). It is most interesting that the ΔH values for the mixed LiCa-

LSX samples fell between that of pure Ca-LSX and Li-LSX. This result was a strong indication 

that the N2 molecules were interacting with both exposed Ca and exposed Li cations. Furthermore, 

the intermediacy of the ΔH value (between Ca2+ and Li+) indicates that some N2 molecules were 

interacting with (or shared by) both Ca2+ and Li+ in possibly a bridged configuration.  

Further work has been done in our laboratory on the relationship between SIII occupancy 

of Li+ in mixed-cation LiNa-LSX zeolite and the heats of adsorption of N2. It is shown that the N2 

heats of adsorption can indeed be used as an indicator of the presence of the lithium ions in SIII 

for mixed-cation zeolites (to be published). 
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3.3.7 PSA (or VPSA) cycle description 

A standard, commercially used, five-step PSA (or vacuum pressure swing adsorption, 

VPSA) cycle similar to that described by Hutson et al. [37] was used in this study. The cycle 

configuration is shown in Figure 3.10 and the five steps are as follows: (step I) Pressurization with 

feed (air); (step II) High-pressure feed; (step III) Co-current depressurization; (step IV) 

Countercurrent blowdown; (step V) Low-pressure purge with the product. This standard PSA cycle 

and even more complicated cycles can be accomplished in a two-bed or four-bed systems with 

interconnections [38]. 

 

 

Figure 3.10 PSA cycle configuration. 
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Each of the above steps ran for a duration of 30 seconds, thus the time required for the 

complete cycle was 2.5 mins. The model assumed only two components (i.e. O2 and N2). Since Ar 

(Argon) and O2 both have similar adsorption capacities on LSX zeolites, the oxygen component 

was assumed to be 22% (21% O2 and 1% Ar) for the simulation. The product of each cycle was 

comprised of a volumetric mixture of the output stream from the feed step and the co-current 

depressurization step. A portion of this product stream was used to purge another bed 

countercurrently in step V. 

The performance of PSA for oxygen production is judged by three inter-related results: O2 

product purity, O2 product recovery, and O2 product throughput. When two of these are fixed, the 

other is also set provided the PSA operating conditions are optimized. To compare the performance 

of the sorbents developed in this work, the product throughputs of the sorbent were studied under 

several different cycle conditions. 

Similarly, to facilitate a fair comparison of each sorbent’s performance, the cycle 

conditions were optimized such that the product purity and product recovery obtained were the 

same for all sorbents in each simulation run. The product purity, product recovery, and product 

throughput in this study are defined as follows: 

Product Purity =
Amount of O2 from Steps II and III

Amount of N2  and O2 from Steps II and III
                                                                        (3.3) 

Product Recovery =
(O2 from Steps II and III)−(O2 from Step VI)

(O2 fed in Steps I and II)
                                                     (3.4) 

Product Throughput =
Amount of O2 produced per hour (t

h⁄ )

Amount of sorbent used in the bed (t)
                                                        (3.5)             

The mathematical model and the numerical method used for the PSA simulations have 

been explained in detail in an earlier work by Rege et al. [39]. Hence, only the basic assumptions 
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are listed here. The model used assumes the flow of a gaseous mixture of two components in a 

fixed bed packed with spherical adsorbent particles. The bed was considered to be adiabatic and 

the diffusional resistance is assumed to be negligible since the diffusion of O2 and N2 in the 

sorbents is relatively fast considering the long cycle time. Thus, local equilibrium existed between 

the gas and the solid phase for each gas component. Axial dispersion for mass and heat transfer 

was accounted for but dispersion in the radial direction is taken to be negligible. Axial pressure 

drop was neglected, and ideal gas law was assumed to hold since pressures involved were near 

atmospheric. Also, the gas was assumed to have constant viscosity and heat capacity. 

The pure component equilibrium amounts adsorbed on the respective adsorbents were fit 

using the well-known Langmuir-Freundlich isotherm with temperature-dependent constants. The 

equilibrium loading under mixture conditions were then predicted by the extended Langmuir-

Freundlich equation in the simulation model: 

𝑞𝑘
∗ =

𝑞𝑚𝑘
𝑏𝑘𝑝

𝑘

𝑛𝑘

1+∑ 𝑏𝑘𝑝
𝑘

𝑛𝑘𝑚
𝑗=1

    𝑘 = 1,2                                                                                                       (3.6) 

The Langmuir-Freundlich parameters were assumed to be as follows: 

𝑞𝑚 = 𝑘1𝑒(
𝑘2

𝑇⁄ )     𝑎𝑛𝑑   𝑏 = 𝑘3𝑒(
𝑘4

𝑇⁄ ) 

The Extended Langmuir model is one of the simplest and most practical models for the prediction 

of binary gas adsorption behavior from pure component isotherms [40]. Using the extended 

Langmuir-Freundlich model for binary mixtures, similar to the use of the extended Langmuir 

model, is also a simple yet reasonably good way of fitting binary experimental data, as shown by 

Mulgundmath et al.  [41].  
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Table 3.3 Temperature-Dependent parameters of Langmuir-Freundlich Isotherm of N2 and O2. 

Sorbent Sorbate k1 [mmol/g] k2  

[K] 

k3 

[atm-1] 

k4  

[K] 

n ΔH 

[kJ/mol] 

        

Li-LSX O2 0.4798 636.6 0.00948 500 1.08168 9.17 

Li-LSX N2 1.84559 139.68 2.19×10-4 2484.2 1.033 21.79 

Ca-LSX O2 0.01448 1385.97 0.12788 207.35 1.152 12 

Ca-LSX N2 0.2623 646.75 6.88×10-6 3785.11 0.931 43.39 

Li2.5Ca46.75-LSX O2 1.89933 145.55 6.20294×10-4 1609.13 1.021 15.63 

Li2.5Ca46.75-LSX N2 1.31846 104.23 1.9726×10-5 3489.63 0.958 31.47 

Li4.2Ca45.9-LSX O2 2.20255 179.35 4.02105×10-4 1525.38 0.992 15.09 

Li4.2Ca45.9-LSX N2 0.98863 149.34 4.67445×10-5 3243.35 0.999 28.72 

        

 

The values of the Langmuir-Freundlich equation fitting constants and the heats of adsorption are 

shown in Table 3.3 while Table 3.4 shows the PSA bed characteristics and the operating conditions 

used. 
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Table 3.4 Adsorption Bed Characteristics and Operating Conditions for PSA Simulations. 

  

Bed length 2.5 m 

Diameter of sorbent 1.0 m 

Bed external porosity 0.4 

Bed density 720 kg/m3 

Heat capacity of gases 28.72 J/mol/K 

Heat capacity of sorbent 1.17 kJ/kg/K 

Ambient temperature 298 K 

Feed gas temperature 298 K 

Feed gas composition 78% N2, 22% O2 

Axial dispersion coefficient (Dax) 5×10-5 m2/s 

Effective heat conductive  0.2 w/m/K 
  

 

3.3.8 VPSA simulation results 

The pressure ratio (ratio of the feed pressure PH to the desorption pressure PL) is an 

important operating parameter for PSA systems. In this study, the feed pressure of 120 kPa and 

150 kPa with different pressure ratios were investigated and the same pressure ratios were 

employed for comparison of the studied sorbents. 

A summary of the simulation conditions and separation results for the studied materials is 

given in Table S3.1 (Appendix B). The feed and purge velocities were optimized so as to obtain 

the same product purity (near 95%) and recovery (near 52%) for all sorbents. Thus, the VPSA 

performance was judged by the O2 productivities. Figures 3.11 and 3.12, which are both extracted 

from Table S3.1, shows the effect of pressure ratio on productivity for all four sorbents. 
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Figure 3.12 Comparison of O2 Productivity at 150 kPa pressure. 
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As can be seen from Figures 3.11 and 3.12, the higher the pressure ratio, the higher the 

productivity. It also shows that the O2 productivity follows the following trend: (Li-LSX > 

Li4.2Ca45.9-LSX > Li2.5Ca46.75-LSX > Ca-LSX). The above result also justifies that Li-LSX is better 

than Ca-LSX for O2 production and this is because the Ca-LSX zeolite has a higher heat of 

adsorption, higher O2 capacity, and a lower N2 working capacity. Upon comparison, the trend (Ca-

LSX > Li2.5Ca46.75-LSX > Li4.2Ca45.9-LSX > Li-LSX) for the N2 heats of adsorption for the four 

sorbents appears to be the reverse of the O2 productivity above. Since adsorption is an exothermic 

process, the temperature in the bed will increase in the high-pressure feed step thereby affecting 

the O2 separation results. It can be seen from the isotherms that the adsorption amount of N2 on 

Ca-LSX is higher than that of the Li-LSX at 298 K. However, when the temperature is higher than 

323 K, the adsorption amount of N2 on Ca-LSX is lower compared to Li-LSX. Hence, the working 

capacity decreases sharply with increasing temperature for N2 adsorption on Ca-LSX. A higher N2 

adsorption capacity could be achieved by employing a higher feed velocity at the same product 

purity and recovery. It is seen in Table S3.1 that Li-LSX has the highest feed velocity at the same 

simulation pressure. 

The adsorption capacity of O2 also has an important effect on PSA performance. When the 

Li+ is exchanged into the Ca-LSX zeolite, the oxygen adsorption capacity decreased in comparison 

with Ca-LSX. The decrease is beneficial because the lower the oxygen adsorption capacity, the 

better the PSA separation performance. In order to quantitatively study the effects of N2 heats of 

adsorption and O2 adsorption capacity on the separation results, the Ca-LSX zeolite was employed 

to simulate air separation by using, hypothetically, the N2 heats of adsorption and O2 isotherm of 

Li4.2Ca45.9-LSX, respectively. For simplicity purposes, Ca-LSX@1 and Ca-LSX@2 will be used 
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to denote the sorbent pairings of Ca-LSX with Li4.2Ca45.9-LSX N2 heats of adsorption and Ca-LSX 

with Li4.2Ca45.9-LSX O2 isotherm, respectively. 

All other simulation conditions were maintained except the high-pressure feed which was 

set at 120 kPa. The feed and purge velocities were also optimized so as to obtain the same product 

purity and recovery for both sorbents. Table 3.5 shows the simulation results while Figure 3.13 

shows the separation results in comparison with the Ca-LSX and Li4.2Ca45.9-LSX sorbents.  

Table 3.5  Effects of N2 heats of adsorption and O2 adsorption capacity on PSA performance. 

 

As can be seen from the result, the sorbent Li4.2Ca45.9-LSX has a higher O2 productivity. Also, 

CaLSX@1 has a higher productivity than CaLSX@2. When the pressure ratio is 3, the O2 

productivity for sorbents CaLSX@1 and CaLSX@2 are 0.0584 tO2/h/t and 0.0519 tO2/h/t 

respectively which are 27% and 13% higher than that of pure Ca-LSX. The result also shows that 

the decrease in the N2 heat of adsorption on Li+-exchanged Ca-LSX has more contribution than 

 

Sorbent 

 

PH 

[kPa] 

 

PCD 

[kPa] 

 

PL  

[kPa] 

 

UH  

[m/s] 

 

UL 

[m/s] 

O2 Product 

purity 

[%] 

O2 Product 

purity 

[%] 

Product 

productivity 

[tO2/h/t] 

         

 120 75 20 1.21 3.05 94.744 52.289 0.084 

 120 80 25 1.13 2.27 94.995 51.903 0.0759 

Ca-LSX@1 120 80 33 0.99 1.59 95.238 52.146 0.0659 

(See Text) 120 85 40 0.92 1.21 95.307 51.992 0.0584 

 120 90 50 0.802 0.85 94.971 51.821 0.0484 

 120 75 20 1.04 2.8 94.959 52.426 0.0749 

 120 80 25 0.99 2.1 95.225 52.718 0.0684 

Ca-LSX@2 120 80 33 0.87 1.45 95.255 52.464 0.0578 

(See Text) 120 85 40 0.835 1.13 95.316 52.293 0.0519 

 120 90 50 0.765 0.83 95.118 51.955 0.044 
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the decrease in O2 adsorption capacity to enhance O2 productivity. As can be seen from Table 3.2, 

the N2 heats of adsorption on Ca-LSX is 43.39 kJ/mol, which is much higher than that of 

Li4.2Ca45.9-LSX (28.72 kJ/mol). The detrimental effect of the heat of adsorption on the PSA 

performance is well illustrated by Lee et al. [42] in their development of heat-exchange PSA. 

Where significant improvement was shown in the PSA performance by using a two-bed PSA 

system in a shell-and-tube configuration that allowed heat transfer between the two beds. The 

effects of heats of adsorption/desorption are further complicated by their effects on the mass 

transfer rates [43] which can be significant in rapid or kinetically controlled PSA.  

 

In the PSA system under consideration, as mentioned above, mass transfer resistance was 

neglected due to the relatively long cycle time. 
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In commercial operation of VPSA, the operating high and low pressures are normally set 

as 150 kPa and 50 kPa respectively for the production of O2 via VPSA. With a pressure ratio of 3, 

it can be seen from Table S3.1 that when the feed pressure is 150 kPa, the O2 productivity obtained 

using Li4.2Ca45.9-LSX is 0.0637 tO2/h/t-sorbent compared to the throughput of 0.046 tO2/h/t-

sorbent and 0.084 tO2/h/t-sorbent using Ca-LSX and Li-LSX respectively. The corresponding O2 

product purity and recovery were approximately 95% and 52%. This shows that using the 

Li4.2Ca45.9-LSX sample enhanced O2 productivity by 43% more than Ca-LSX, and only 25% lower 

than the productivity of Li-LSX. This is to say, in order to achieve the same O2 productivity from 

using the Li4.2Ca45.9-LSX sorbent, one only has to increase the bed size by 1.32 times (or 32%). A 

similar trend was observed when the feed pressure was set at 120 kPa. The use of the mixed-cation 

LiCa-LSX results in savings of 70% lithium. Knowing that most of the fixed investments in VPSA 

O2 production industry lies in the cost of the sorbent, these results present the possibility of 

considerable savings in capital and operating costs, especially with the steep rise in price (driven 

by the demand for rechargeable batteries) of lithium. On the other hand, increasing the bed size 

factor would require larger vessels and larger compressors/vacuum blowers which should also be 

considered. 

It should be noted that zeolitic sorbents used in industrial PSA/VSA processes are in the 

form of pellets that are formed with a clay binder, and the pelletized products need to be calcined 

in air at a high temperature. For example, in the improved sorbent (with high diffusion rates) of 

Ackley et al. [44], the Li-LSX crystals were mixed with a clay binder to form pelletized beads and 

the beads needed to be calcined in dry air at up to 866 K for 3 hours. Thus, for practical application 

of the LiCa-LSX zeolite, a modification of the sample preparation steps is required. Pelletization 

of Ca-LSX with a binder followed by high temperature calcination will be performed first, which 
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is to be followed by the Li+ ion exchange and mild calcination steps as described above. Ion 

exchange of zeolites in their pelletized form is practiced in laboratories [45] and, in fact, occurs in 

industrial wastewater treatment such as radioactive waste treatment [46]. 

3.4 Conclusion 

Mixed-cation LiCa-LSX with less than 5% Li were prepared by sequential exchange (with 

Li exchange as the last step) followed by mild and short-time dehydration. Comparisons of 

adsorption isotherms of N2 and O2 and heats of adsorption data for the LiCa-LSX samples with 

that for pure-cation Li-LSX and Ca-LSX provided strong evidence that significant fractions of 

these Li+ cations remained on the exposed exchange sites (SIII), thereby participating in adsorption 

of N2 and O2. 

The mixed-cation LiCa-LSX samples were compared against the pure-cation Ca-LSX and 

Li-LSX based on their performance for oxygen production by PSA, via PSA model simulation. 

The simulation results show that the Li4.2Ca45.9-LSX sorbent with only a few Li cations exchanged 

into the pure Ca-LSX sample, could lead to significant improvements in the PSA production of 

O2. This new exchange method shows a significant advantage over earlier research where more 

than 70% Li cations were exchanged with pure Na-LSX [3, 8, 10, 13]. 
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Chapter 4 

Desulfurization of Natural Gas Using Nitrogen Doped Carbon 

 

Abstract 

This work is aimed at expanding on the adsorption process for the removal of H2S from 

natural gas with Nitrogen Doped Carbon as the sorbent. The nitrogen doped carbon sample was 

prepared via the chemical vapor deposition with Na-Y zeolite as the hard template and acetonitrile 

as the carbon and nitrogen source. Surface area characterization showed a BET of 1375 m2/g while 

XPS analysis indicated a 7 wt% nitrogen content. Comparisons of adsorption isotherms for H2S 

and CH4 showed that the NDC sample adsorbs H2S 5 times more and adsorbs CH4 1.3 times less 

than commercial BPL 12x30 activated carbon respectively. The regeneration energy required for 

the synthesized NDC sample was very low as cyclic adsorption-desorption isotherms revealed 

complete H2S desorption in about 8 minutes on NDC at 333 K. 
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4.1 Introduction 

Desulfurization is the removal and processing of sulfur and sulfur compounds from sour 

gas (acid gas) containing systems and it is a very important part in the natural gas and shale gas 

processing industries [1]. Raw natural gas contains different levels of Hydrogen Sulfide (H2S) 

ranging from a few ppm up to 5%. For it to be considered “pipeline grade”, its H2S content has to 

be decreased to below 1 ppm although the US allowable limit is usually 4 ppm or 0.25 grain per 

100 standard cubic foot (scf) [2]. The removal of these acidic gases is extremely important in the 

oil and natural gas production operations, natural gas processing, liquefied natural gas (LNG) 

transport, crude oil refining, and transportation.  

H2S is an odorous pollutant and it is commonly regarded as toxic. In addition to its health 

effects, it is a corrosive gas, exerting adverse effects in many industrial processes. One of the many 

reasons why desulfurization is important is that H2S can be very destructive to process equipment 

and be very harmful to an organization’s ability to market high quality products. Once the acidic 

gases are removed and the hydrocarbon stream is processed, the handling is vastly improved, and 

the product’s value is increased. The current dominant commercial technology is plagued with 

numerous adverse effects (some of which will be discussed subsequently), so any positive results 

from this work will not only further the plight for a sustainable environment, but also bridge the 

existing gab in literature regarding the adsorption of H2S on Nitrogen-Doped carbon (NDC).   

4.2 Background 

There are numerous existing gas sweetening technologies available and the choice of 

preference depends on several factors. Some of the major factors include; the nature and number 

of contaminants in the feed gas, the amount of every contaminants present in feed gas and the 
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targeted removal capacity, amount of hydrocarbon in the gas, pipeline specification, capital and 

operating cost, amount of gas to be processed, desired selectivity, and conditions at which the feed 

gas is available for processing. These factors are extremely important because each technology has 

its advantages and limitations vis-à-vis the others. 

The conventional desulfurization process is accomplished by the solvent extraction (gas-

liquid adsorption/stripping processes) using aqueous solutions of alkanoamines (weak organic 

bases) such as Monoethanolamine (MEA), Diethanolamine (DEA), and Methyldiethanolamine 

(MDEA) [3-5]. The liquid adsorption process is technologically viable but has numerous 

disadvantages which includes high energy requirements for solvent regeneration, solvent loss, and 

corrosion of equipment [5]. Another technology for gas purification to surface during the last 

couple of decades is the membrane technology. As every technology, this approach also has its 

advantages (higher energy efficiency, ease of process scale-up, great operational flexibility, and 

environmental safety) and disadvantages (possible methane (CH4) losses and high costs) [6].  

The main reason for the continued use of the scrubbing technology has been its relatively 

low cost. One of its other strength is that it can also be used to remove acid gases from liquid 

hydrocarbons such as Liquefied Petroleum Gas (LPG) [7]. This technology just as any has quite a 

few weaknesses including the need for a high energy requirement for its solvent regeneration, 

equipment corrosion, and the ever-present solvent loss issue since all of the solvents cannot be 

recycled back to the absorber column, meaning the disposal of the solvents causes environmental 

hazards. Knowing that the gas/liquid absorption/stripping process is slow (slow gas-liquid 

reaction), this significantly introduces the domino effect by limiting the rate of the process 

throughput as a result.  
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The adsorption process is ideally suited for natural gas sweetening and its primary 

requirement for an economic adsorption separation process is an adsorbent with sufficient 

selectivity, capacity and service life. Selectivity is generally possible mainly with microporous 

adsorbents such as pelleted zeolites or carbon molecular sieves. Since adsorption is a surface 

phenomenon, an adsorbent should have a high surface area to volume ratio. The main advantage 

of physical adsorption methods is its low energy requirement for the regeneration of the sorbent 

material with short periods associated with the change in pressure. The widely used adsorption 

processes includes the metal oxide (metal organic frameworks) and molecular sieves (zeolites, 

activated carbon) [7]. Commercial adsorbents that show ultraporosity have been used for the 

selective separation of gases, and included activated carbons, charcoal, activated clays, silica gel, 

activated alumina, and crystalline aluminosilicate zeolites [7]. This process is quite simple to 

operate, its molecular sieve beds can withstand mechanical degradation, and the possibility of 

simultaneous dehydration of gases and acid removal are just a few of its many advantages. Once 

saturation of the adsorbent is attained, regeneration is conducted by either applying heat or by 

lowering the pressure.  

Gas purification by adsorption is mostly carried out either by Temperature Swing 

Adsorption (TSA) or Pressure Swing Adsorption (PSA). In TSA, desorption is achieved by 

increasing the temperature of the adsorption bed by applying heat to the fixed bed or more 

commonly by purging with a hot purge gas. At higher temperatures, the adsorption equilibrium 

constant is reduced so that even quite strongly adsorbed species can be removed with a 

comparatively small purge gas volume [7]. The main limitation of the TSA process is the 

adsorption cycle time required to cool down the bed. Other obstacles are the high energy 

requirements and large heat loss. The major advantages of the PSA system are low capital and 
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maintenance costs, high purity product, rapid shutdown and start-up characteristics, lack of 

corrosions problems, absence of heat requirement and pipe insulation and comparative straight 

forward operation. In contrast however, the PSA requires high pressure and vacuum pressure that 

contribute to high operating cost. 

The increased demand for natural gas in recent years has brought along the development 

of highly efficient and environmentally friendly methods for acidic gas removal with lower 

economic costs. The development of re-generable solid sorbents with high selectivities and high 

adsorption capacities for acidic gases is a potential alternative for natural gas purification because 

such materials are environmentally benign and easier to handle (solid). Most importantly, these 

materials could be regenerated under mild conditions and are thus more energy efficient [8]. 

Recent review of literature show that most of the solid sorbents studied for natural gas purification 

had at least one major issue that prevent their industrial application. For example, the two most 

widely studied solid sorbents are Activated Carbon which presents the problem of low selectivity 

toward acidic gases and zeolites showing a strong water inhibition effect [9-12].  

With the emergence of shale gas, adsorption technology could be the preferred process for 

natural gas sweetening especially for small to mid-sized production wells thereby replacing the 

solvent extraction process. Carbon-based sorbents have been evaluated for the removal of 

hydrogen sulfide due to the need to control odorous/acidic gases generated in sewer systems, 

wastewater treatment, and natural gas plants, at ambient conditions [13-15]. Those result showed 

that the surface area and pore volume are not the only factors contributing to H2S adsorption, and 

that surface chemistry played a significant role in the uptake of H2S. Mikhalovsky and Zaitsev [16] 

showed that H2S adsorption from an inert atmosphere on activated carbons resulted in the 
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formation of elemental sulfur, thereby suggesting that the adsorption of hydrogen sulfide on carbon 

surface may be dissociative. 

The widespread interest in developing high-surface-area solid sorbents has been mainly 

due to their exceptionally high surface areas, which allow binding to occur at a large number of 

highly dispersed active sites within the framework [8]. Silica and ordered mesoporous silica are 

ideal solid supports for the active functions because of their large surface areas and/or well-defined 

pore structures. More importantly, the hydroxyl groups on their surfaces are important for many 

surface phenomena, such as gas adsorption, surface modification, wetting, and so on [17-20]. Yang 

et al. [8] first reported the adsorption of CO2 and H2S (along with CH4 for comparison) on amine-

surface modified silica xerogels and MCM-48. Their results showed that both materials are 

excellent sorbents for selective removal of CO2 and H2S from natural gas.   

We are here-in focused on expanding on the adsorption process for the removal of H2S 

from natural gas using NDC as the sorbent. This interest was driven by the fact that there is very 

little work (literature) that details the adsorption of H2S on NDC on a wider temperature range. 

Hence, any positive results from this work would make a significant contribution to the natural gas 

purification process especially if it is economically tailored. We have so far synthesized (via 

chemical vapor deposition, CVD) a few NDC samples at various experimental conditions 

(temperature, ramp rate, hold times, etc.) to study the effect of not just the sample’s surface 

chemistry but also performed X-ray Photoelectron Spectroscopy (XPS) core scans to determine 

the various types of Nitrogen doped on the carbon framework. N2 adsorption analysis at Liquid 

Nitrogen temperature (77 K) were carried out to further characterize (Brunauer-Emmett-Teller, 

BET surface area, pore volume and distribution, rates of adsorption, etc…) each sample. We 

observed some interesting and positive preliminary results (some of which were expected) from 
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the H2S and CH4 adsorption isotherms on the sorbents (NDC and Calgon BPL 12x30 Activated 

Carbon) studied so far. 

4.3 Description of Research 

The main objectives of this research proposal were as follows: i) to synthesize a reliable, 

economical, and low temperature regenerable sorbent (NDC) for the desulfurization of natural gas; 

ii) to determine the adsorption capacity (mass of pollutant adsorbed per mass of adsorbent) of 

carbon(s) of interest; iii) to determine the sorbent’s (NDC) H2S/CH4 selectivity; iv) and further 

investigate whether the injection of ammonia increases the H2S adsorption capacity. Results 

obtained from this work will not only be compared with those of other commercial sorbents for 

H2S adsorption but also doubles to bridge the existing gap in literature regarding the adsorption of 

H2S on NDC. Knowing that the amine technology is highly suitable for larger production sites, the 

adsorption process, with NDC as its sorbent of choice, is envisioned to be perfectly suitable for 

the emerging shale gas industry with small to mid-sized (< 20 Mcf/day) production wells.  

Sorbents such as activated carbons (shows low H2S/CH4 selectivity), while zeolites and 

alkalized alumina (strongly adsorbs water vapor) are amongst some of the popular commercial 

sorbents being used in current adsorption processes [8]. Metal oxide-based sorbents have also been 

shown to reduce sulfur concentration from several thousand ppm to sub ppm levels [21-25]. 

However, metal oxide adsorbents for removal of H2S are used at high temperatures (573–973 K) 

and suffer from poor H2S adsorption selectivities in the presence of other species such as CO, CO2, 

and water vapor [21-25], whereas our NDC sample works best at the preferred lower temperatures 

and pressures. 
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4.4 General Plan of Work: 

The proposed work plan is structured as follows: i) preparation of sorbent(s); ii) sample 

characterization; iii) adsorption and breakthrough experiments; iv) preliminary results and 

discussion; v) and future work.  

4.4.1 Sorbent Preparation 

There are three popular methods for the introduction of carbon into the zeolite micropores. 

These include: (A) Polymer carbonization which consists of the introduction or organic monomers, 

followed by polymerization and carbonization, (B) the Chemical Vapor Deposition (CVD) method 

using small organic molecules as carbon/nitrogen sources and, (C) the Two-Step method which 

consists of the polymer carbonization followed by further CVD [26]. Here-in, we employed the 

CVD method with Acetonitrile (CH3CN) as our carbon and nitrogen source.  

A 2 g sample of NaY zeolite (2.40 Si/Al molar ratio, Strem Chemicals) was degassed in an 

oven for 12 h at 423 K to remove all moisture and other atmospheric gases. The dried sample was 

then placed in a vertical quartz tube and heated to 1,023 K under a He (or N2) flow. When the 

temperature reached 1,023 K (ramp rate of 279 K/min), the He flow is switched to Acetonitrile 

(CH3CN) (saturated in a He flow rate of 100 cm3/min) to pass through the NaY zeolite for 4 h. 

After the Chemical Vapor Deposition (CVD) treatment, the composite is further heated at 1,173 

K for 2 h under a flow of He.  
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The obtained NaY/Carbon composite was treated in a 48% hydrofluoric acid (HF) solution 

for 24 h (removal of silica) and subsequently refluxed by a concentrated HCl solution for 4 h 

(removal of alumina) to dissolve the NaY template. The resulting microporous carbon was 

collected by filtration, washed with deionized water and dried in an oven (393 K) for 24 h [27]. 

 

 

 

Figure 4.2. The pore entrance structure of NaY zeolite 

(a) before and (b) after carbon deposition. (b) a 

Polyaromatic structure showing a fragment of the 

molecular model of zeolite template carbon [28]. 

298 K 298 K 

1,023 K 

1,173 K 

He flow He flow 

4 h 2 h 

He flow CH
3
CN flow He flow 

Figure 4.1 Schematic of synthesis procedure of NaY-zeolite templated carbon composite using CH3CN as carbon and 

nitrogen precursor. 
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4.4.2 Sample Characterization 

The Brunauer-Emmett-Teller (BET) surface area and pore size distribution of the samples 

was measured by physical adsorption of N2 at 77 K using a Micromeritics ASAP 2020. Whereas 

Powder X-ray Diffraction (XRD) patterns were obtained from a Rigaku Miniflex diffractiometer 

at 40 kV and 100 mA for Cu Kα (λ = 0.1543 nm) radiation, with a step size of 0.02 degrees (slow 

scan) in 2θ. X-ray Photoelectron Spectroscopy was recorded using Kratos Axis Ultra XPS 

Spectrometer. The rates of adsorption (ROA) of H2S and CH4 on the adsorbents were determined 

using the D/R2 equation (Diffusion in a sphere). 

4.4.3 Experimental Setup 

 

 

 

 

 

 

Figure 4.3 shows the fixed bed reactor system used for the H2S adsorption studies. Single-

component H2S adsorption isotherms were measured using a standard gravimetric (Shimadzu 

TGA-50 automatic recording microbalance) approach at various temperatures (298 and 323 K) 

while desorption was carried out at 333 K. Thorough calibrations of the gas composition changes 

Figure 4.3. Experimental setup of H2S adsorption/desorption. [R = Rotameter; V = Valve; TGA = Thermogravimetric 

Analyzer]. 
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were employed to accurately account for differences in buoyancy. Ultrahigh purity He (UHP, 

99.999%) was used as the carrier gas pretreated in 3A zeolite to remove all traces of moisture. The 

H2S/He mixture (100 ppm H2S, balance He) was also passed through a 3A zeolite. The desired 

H2S concentrations were obtained by additional dilution of the H2S/He mixture with Helium at a 

flow rate of 100 cm3/min.  The desired concentrations were fed through a quartz reactor (holding 

the NDC sample) positioned vertically in the center of the heating chamber of the TGA. 

The samples (NDC and activated carbon) were each pretreated at 573 K in helium flow for 

2 h before each experimental run (to remove all moisture and atmospheric gases). Once the 

temperature of the sample was at the specified temperature (e.g. 298 K via natural convection), the 

feed gas is switched from the helium to the sample gas mixture with the desired H2S 

concentrations. There was a 20-minute wait time after each equilibrium concentration point. 

4.5 Results and Discussion 

 

Figure 4.4 Nitrogen Isotherm on Nitrogen-Doped Carbon @ 77K. 
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To characterize the surface area and porosity of the Nitrogen-doped carbon, N2 adsorption 

at 77 K was employed. Figure 4.4 shows the isotherm of NDC which exhibits a sharp rise in the 

low relative pressure (P/Po < 0.1) and a gradual rise in the high relative pressure, which indicates 

the presence of microporosity and some mesopores (due to incomplete infiltration of acetonitrile 

into the NaY zeolite’s channel). The BET surface areas were determined to be 1375 m2/g and 1050 

m2/g for NDC and AC respectively whereas the pore volumes for both adsorbents were found to 

be 1.43 cm3/g and 0.8 cm3/g respectively. The increased surface area of NDC correlates the 

prediction that the NaY zeolite is an excellent carbon template for NDC synthesis.  

           

 

 

The X-ray diffraction patterns shown in Figure 4.5 represent typical peaks for the zeolite 

template (NaY) and NDC. The spectrum in Figure 4.5a (NaY zeolite) depicts that of a FAU 
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structure while Figure 4.5b (NDC) shows a peak at 2θ = 6.3, an indication of the replication of the 

microstructure of the NaY zeolite.  

 

 

The success of NaY zeolite hard template Nitrogen doping was confirmed by the use of an 

X-ray Photoelectron Spectrometer (XPS) which showed 7 wt% nitrogen-content. The three sharp 

peaks in Figure 4.6 indicate the presence of C (88%), N (7%), and O (5%) elements. This again 

proves that the use of acetonitrile as a precursor for both carbon and Nitrogen in the NDC synthesis 

was plausible.  

Figure 4.5. X-ray diffraction (XRD) patterns: (a) NaY Zeolite (b) Nitrogen-Doped carbon. 
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These results are in conjunction with earlier studies on the use of acetonitrile for NDC 

synthesis [29-31]. It can also be confirmed that nitrogen doped through this approach are mostly 

in the pyridine-like nitrogen based on their binding energy. 

4.5.1 H2S adsorption isotherms 

 

Figure 4.6 X-ray Photoelectron Spectrum (XPS) of NDC sample. 
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Figure 4.7a. H
2
S adsorption isotherms of NDC and BPL 12x30 activated carbon at 298 

K and 101 kPa. 
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Figures 4.7a and 4.7b shows equilibrium isotherms of H2S on NDC and activated carbon 

(AC) at 298 K and 323 K respectively. The solid lines show the data fitted with the Tóth model 

isotherm shown in Equation 4.1 

𝑄 =  
𝑎𝑃

(𝑑+𝑃𝑘)
1
𝑘

                                                                                                                                       (4.1) 

The NDC sample adsorbs H2S almost 5 times more than the commercial BPL 12x30 

activated carbon at 298 K and about 2.5 times higher at 323 K. These results only reinforce our 

theory that NDC is an excellent H2S sorbent vis-à-vis the AC. 
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S adsorption isotherms of NDC and BPL 12x30 activated carbon at 323 

K and 101 kPa. 
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4.5.2 CH4 adsorption isotherms 
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Figure 4.8a. CH
4
 adsorption isotherms on NDC and BPL 12x30 activated carbon at 298 

K and 101 kPa. 
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Figures 4.8a and 4.8b shows equilibrium isotherms of CH4 on NDC and AC at 298 K and 

323 K respectively. The Toth Model isotherm given above was used to fit the experimental data 

and represented with the solid lines. The AC sample adsorbs CH4 almost 1.3 times more than the 

NDC at 298 K and about 1.2 times higher at 323 K. We still do not understand why AC adsorbs 

methane more than NDC. However, it is known that the higher the atomic polarizability of an 

atom, the greater its adsorption of organics. Since carbon has a higher atomic polarizability (11.67 

a.u) [32] than nitrogen (7.26 a.u) [32], this might explain why it adsorbs more CH4 than the 

nitrogen in the NDC sample. 

4.5.3 Isosteric heats of adsorption 
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Adsorption isotherm data for both adsorbates were used in conjunction with the Clausius-

Clapeyron equation (shown below) to determine the heats of adsorption.  

𝑑(ln 𝑃)

𝑑(1
𝑇⁄ )

=  −
∆𝐻

𝑅
                                                                                                                                       (4.2) 

As expected, the adsorption energy of H2S on NDC was greater than that of AC (Figure 4.9). Also, 

the adsorption energy of CH4 on AC was greater than that of NDC as shown in Figure 4.10. It 

should be noted that isosteric heats of adsorption is an important point to consider knowing that 

the sorbent’s regenerability will strongly depend on its interaction with the sorbate. This implies 

low adsorption energies would provide easier regeneration but lower adsorption capacities. On the 

contrary, high adsorption capacities are achieved when high energy adsorption processes are 

concerned, but with poor sorbent regeneration values. Finding the window of heat of adsorption 

that simultaneously optimizes both adsorption capacity and regenerability will be a goal for future 

work. 
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4.5.4 Adsorption cycle isotherms 

 

Adsorption cycle experiments were conducted to investigate the regeneration temperature 

of the NDC sample. The results presented in Figure 4.11 shows that the NDC sample can be fully 

regenerated at 333 K in helium flow making it a highly desirable material for natural gas 

desulfurization.  

These TGA results show that the adsorption-desorption reactions of H2S are thermally 

reversible.  The regenerated sample also shows an adsorption performance similar to that of the 

fresh sample even after five regeneration cycles. It was also observed that H2S completely 

desorbed in about 8 minutes at the desorption temperature of 333 K. 
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4.6 Conclusion 

The nitrogen-doped carbon was prepared via the CVD process with NaY zeolite as the hard 

template and CH3CN (34.1 wt% nitrogen) as both the carbon and nitrogen sources. The CVD 

synthesis scheme led to the successful doping of 7 wt% nitrogen on the carbon structure. 

Characterization of the NDC sample also confirmed that the starting hard template was an ideal 

choice based on the resulting high pore volume and BET surface area of the final sample, meaning 

more active sites for adsorption. The preliminary results from this work also justified our initial 

theory that nitrogen-doped carbon is a comparatively better natural gas desulfurization sorbent 

than the commercially used activated carbon as the H2S amount adsorbed on NDC was found to 

be significantly higher than that of activated carbon. This work also showed NDC’s low methane 

adsorption thereby reinforcing its adsorption selectivity to acidic gases (primarily due to the 

chemical interactions between the basic groups and the acidic gases) from natural gas streams. It 

can also be added that the success of the sorbent is dependent on the successful doping of nitrogen 

on to the material’s carbon matrix and that it can be completely regenerated at temperatures as low 

as 333 K. 

 

4.7 Future Work 

The preliminary results presented in this work are quite satisfactory but there is still much 

to be done to completely bridge the existing literature gap on H2S adsorption on NDC. The next 

phase includes but not limited to i) the chemical vapor deposition of other nitrogen-containing 

compounds; ii) further increasing the nitrogen-content by post ammonia treatment; iii) as well as 

performing fixed bed breakthrough experiments. 
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4.7.1 CVD of other Nitrogen-containing compounds 

Our results on CVD of CH3CN on microporous zeolite (NaY) showed that acetonitrile 

(works efficiently as both carbon and nitrogen precursors) is an effective precursor for N doping. 

As expected, our NDC exhibited a high H2S capacity and a high H2S/CH4 selectivity. Our group’s 

results [33] also indicated that by adjusting the concentration of CH3CN vapor and CVD 

temperature, we can further increase the N content and control the N type in the final N-doped 

carbon. This will allow us to prepare the desired basic nitrogen functional groups for enhanced 

H2S adsorption. 

Similarly, other N-containing compounds including but not limited to acrylonitrilen[34], 

melamine [35], amino acid L-lysine [36], will also be used as precursors for N-substituted carbons. 

These different doping precursors will allow us to prepare N-substituted carbon sorbents with 

different N contents and N types. We will employ the templating approach to enhance the surface 

area of N-doped carbon and as shown in previous studies [37-38], porous plain carbons templated 

from zeolite or silica have high surface areas (1000–3800 m2/g). There is no doubt that this will 

also be the case for synthesis of N-doped templated carbon using these hard templates. 

4.7.2 Post ammonia treatment to further increase N-content 

Starting from the carbon sorbents with the highest surface areas and highest N-dopings 

obtained via the template approach [37-38], we will exploit the amination approach for N-doping 

of Jansen & Bekkum [39] by using the vapor of NH3 and/or HCN. Our templated carbon has shown 

the highest hydrogen storage capacity at room temperature due to its large amount of adsorption 

sites, which can also be modified as H2S adsorption sites. Its highly porous textures are favorable 

for gas treatment and adsorption. It is known that ammonia decomposes at high temperatures to 

form radicals, such as NH2, NH and H [39] which reacts with the carbon surface to form functional 
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groups, such as –NH2–, –CN, pyridinic, pyrrolic, and quaternary nitrogen. Because of the much 

smaller size of NH3 molecule and its radicals relative to the pore sizes of our templated carbon, 

they can penetrate or infiltrate easily into the pores. The templated carbon will be subjected to 

ammonia at temperatures between 473–693 K. Since at the relatively low reaction temperatures, 

the pore structure of templated carbon will be well preserved. The low amination temperature will 

allow us to form imide-, amide-, and lactam-type surface species on the carbon sorbent. These 

groups will increase the interactions with H2S molecules but not decrease the uptake rates 

significantly.  

An alternative route is to react the high-surface-area carbon with NH3 (and/or HCN) 

between 873 K and 1,173 K. By controlling the temperature and other synthesis conditions, we 

can obtain amine groups and nitrile and/or pyridine-like nitrogen on the carbons as well as higher 

nitrogen contents. 

4.7.3 Fixed bed breakthrough experiments 

The best sorbents (i.e. with the highest H2S capacities, H2S/CH4 selectivities and with high 

rates of uptake) will be subjected to fixed bed breakthrough analysis using controlled H2S/CH4 

mixtures to mimic natural gas streams environments. We will study the effects of initial 

concentration, flow rate, and bed height on the breakthrough curves using H2S (ppm level) and 

H2S/CH4 mixtures. These studies will not only give us a better idea of the sorbents adsorption 

capacities but also tell us if they can desulfurize natural gas lines to or below the required H2S 

limit (4 ppm, US). 
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Chapter 5 

Air Separation Sorbents: Mixed-Cation Zeolites with Minimum Lithium and Silver 

Abstract 

Mixed-cation LiSr-LSX, AgCa-LSX and AgSr-LSX containing minimum lithium and silver were 

prepared by exchanging small fractions of Li+ into Sr-LSX and Ag+ into Sr-LSX and Ca-LSX. To 

avoid diffusion of the Li+ into the inaccessible sites, the LiSr-LSX sample was exposed to a 

specifically derived dehydration condition. Similarly, the mixed-silver cation samples were treated 

to the selected condition post-ion-exchange to allow the Ag+ to migrate into SII*. Strong evidences 

were provided that significant fractions of the exchanged Li+ and Ag+ remained in SIII and SII* 

respectively after comparisons of the N2/O2 adsorption isotherms and isosteric heats of adsorption 

of the mixed-cation and pure-cation samples. Furthermore, the mixed-cation LiSr-LSX, AgCa-

LSX and AgSr-LSX samples were compared against the pure Li-LSX sample based on their O2 

productivity performance via a PSA simulation model. 
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5.1 Introduction 

In each gas’ purest form, the components of air have numerous applications in research 

and in the industry. Ambient air is constituted by ~78.1% Nitrogen, ~21% Oxygen, ~0.9% Argon 

and all its trace constituents (Helium, Neon, Krypton and Xenon) amount to less than 1%. There 

is also small fractions of Water Vapor and Carbon Dioxide in ambient air, but these are usually 

removed during the pre-purification phase of the air separation process. 

Air separation processes employ two basic technologies in principle: cryogenic and 

noncryogenic (membrane, pressure swing adsorption and vacuum pressure swing adsorption) 

process. The choice of technology applied hinges on the demand and quality (purity) of the final 

products. For large scale and high purity oxygen and nitrogen production, cryogenic air separation 

processes has  been the technology of choice though quite energy intensive and requires a high 

capital cost. The adsorptive processes and specifically, the PSA system operates at near-

atmospheric temperatures and are suited for low-to-medium scale production of O2 and N2 at 

relatively high purities [1]. Adsorptive processes have become more efficient and as such, more 

effective adsorbents are being developed to make them competitive. 

 A major breakthrough in the development of adsorbents occurred in 1989 with the 

invention of the Li-LSX zeolite by Chen Chao [2]. It was found after conventionally ion-

exchanging Na-LSX by Li+ that below approximately 70% lithium exchange, the N2 capacity of 

Li-LSX remained unchanged as shown in Figure 5.1. However, between 70 to 100% lithium 

exchange, the N2 capacity increased linearly [3]. Different cations crystallographically sit in 

different cation sites [4-6] as seen in Table 5.1 and has been used to explain the above 

phenomenon. Basically, sorbates (N2 or O2 in this case) can only interact and adsorb to cations in 

the exposed sites and for the case of Li-X, only site III (SIII) as shown in Figure 5.2 are accessible 
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to the sorbates while lithium cations in the lower sites (SI and SII) are inaccessible to N2 or O2. 

This is due to the electron shielding effect of oxygen in the surrounding framework and the small 

size of the lithium ion. 

Table 5.1 Cation site occupancies in dehydrated X zeolites (maximum = 96 monovalent cations per unit cell for 

Si/Al = 1). 

 

Zeolite 

 

Al / Unit 

Cell 

Sites 

I I’ II II’ III 

       

Li-LSX [4] 95.8  27.2 33.9  32.4 

Li-LSX [5] 96  33 34  29 

Na-X (13X) [29] 81 3.8 32.3 30.8  7.9 

K-X [30]  87 9 13 26  38 

Ca-X [31] 86 7.5 17.3 17.3 9.0  

       

 

Pure and mixed-cation Zeolites are required to be thermally treated prior to isotherm 

measurements not just to get rid of adsorbed atmospheric gases but also to allow the exchanged 

cations to diffuse to their preferred equilibrium sites. The treatment conditions can vary with 

different sorbents between 623 to 723 K and a minimum of four hours for pure samples. Hutson 

et. al. [7] for example, showed that heating Ag-X to 723 K allowed the silver cations to migrate 

from the conventional site SII location to a novel and more sorbate accessible SII* site. In the case 

of mixed-cation zeolites such as CeNaCa-X, LiNa-LSX, and NaSr-X zeolites, it has been observed 

that the smaller or lighter cations tend to diffuse to the lower numbered sites i.e. SI, SI’, SII” and 

SII. For the mixed-cation examples above, Na+, Ca2+ will migrate to the lower sites while Ce3+ and 

Sr2+ are at the outer sites [8].  
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Figure 5.1 Dependence of nitrogen adsorption at 296 K and 101 kPa on 

fractional Na
+
 exchange by Li

+
 in LSX. 

Figure 5.2 Unit cell of faujasite-type (X and Y) zeolites, including cation sites. 
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Li-LSX, since its invention, is has been the preferred sorbent for air separation in PSA or 

vacuum pressure swing adsorption processes (VPSA). Mixed-cation LSX zeolites containing 

alkali-earth metal cations have exhaustively been investigated as potential alternatives over the 

last few decades [9-14]. Since alkali-earth metal cations are divalent, they form strong electrostatic 

interactions with the sorbates of interest (N2 and O2). Besides the alkali-earth metal cations, silver 

has also shown to strongly affect the adsorptive properties of zeolites [15-16] as was seen in the 

synthesis of mixed LiAg-LSX. Hutson et al. [17], showed that by merely adding small amounts of 

silver coupled with specific treatment conditions results in a sample with enhanced adsorptive 

characteristics for air separation. However, the most  studied binary exchanged X-zeolites has been 

lithium-calcium and lithium-strontium mixtures. Coe et al. [9-12], Sircar et al. [13], and Chao et 

al. [14], all conducted impactful studies on the above samples containing varying degrees of the 

binary mixtures. The results all showed increased N2 adsorption capacities, but the mixed-cation 

zeolites required over  70 mol% lithium cations to see the lithium effect.   

Until a few years ago, the main source of lithium demand came from the glass-ceramics 

industry as an added agent to enhance the mechanical strength . However, with the high demand 

of lithium for lithium-ion batteries (energy storage) and its dwindling reserves worldwide, the price 

of lithium has seen a steady rise and is projected to maintain the trend for the foreseeable future. 

It is hence imperative to develop efficient zeolites for air separation with significantly lower 

lithium content or completely replace it with abundant and low-cost alkali-earth metal cations such 

as Sr2+ or Ca2+. In the binary mixtures developed and studied by Coe et al., Sircar et al., and Chao 

et al., Li-LSX was first prepared then followed by the alkali-earth metal cation exchange. As 

mentioned earlier, well over 70% lithium cation was needed to see the effect of lithium. The ion-

exchange strategy in this work for the preparation of LiSr-LSX for example was designed to limit 
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the amount of lithium cations that sits in the lower-numbered sites (SI, SI’ SII’ and SII). The 

procedure employed here was to exchange the as-synthesized Na-LSX to a fully-exchanged Sr-

LSX, followed by exchanging a small fraction of the Sr2+ by Li+ in an aqueous phase [18]. As 

opposed to pretreating the mixed-cation sample for a minimum of four hours as required for 

zeolites, the ion-exchanged LiSr-LSX was dehydrated at the lowest possible temperature and at a 

relatively short time to allow the Li+ to stay in site III (SIII) and hence, avoid migration and 

equilibration of the Li+ to the lower-numbered sites. 

 Ten synthetic zeolites in total were studied in this work that include four pure samples 

(Ca-LSX, Li-LSX, Sr-LSX and Ag-LSX) and six mixed-cation samples (Ag2.0Ca47.0-LSX, 

Ag3.0Ca46.5-LSX, Ag2.0Sr47.0-LSX, Ag3.0Sr46.5-LSX, Li2.74Sr46.63-LSX, Li3.13Sr46.44-LSX) where for 

example, Ag2.0Ca47.0-LSX represents 2.0 mol% Ag and 47.0 mol% Ca. The N2/O2 capacities of 

these zeolites will be compared along with their PSA/VPSA separation performance via a PSA 

simulation model. 

5.2 Experimental Section 

5.2.1 Materials 

 All analysis gases: Helium (99.995%, prepurified), Nitrogen (99.998%, prepurified), and 

Oxygen (99.6%, extra dry) were obtained from Cryogenic Gases. The as-synthesized Na-LSX 

(powder form) was supplied by Luoyang Jianlong Micro-Nano New Materials Co., Ltd., China. 

The Na-LSX sample had a Na exchange extent of 99.5% (Na/(Na + K)) and a Si/Al ratio of 1.005. 

Calcium Dihydrate 99% and Lithium Chloride 99% were obtained from Sigma Aldrich while 

Strontium Nitrate Anhydrous (ACS) and Silver Nitrate 99.9% were obtained from Fisher Chemical 

and Strem Chemicals respectively. 
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5.2.2 Preparation of Ca-LSX Zeolite 

Ca-LSX was obtained by ion-exchanging Na-LSX with a 1.0 M solution of calcium 

chloride (CaCl2) at ambient conditions and stirred for a minimum of 6 h. The solution contained 

~3 equivalent excess of Ca2+ to Na+ and was decanted after each ion-exchange and repeated six 

times. After the final exchange, the sample was vacuum filtered, washed with copious amounts of 

deionized water and air dried at 298 K for 24 h. 

5.2.3 Preparation of Sr-LSX Zeolite 

 A 1.0 M Strontium Nitrate, Sr(NO3)2 solution with a 3.8-fold equivalent excess was used 

to prepare Sr-LSX by ion-exchanging with Na-LSX at mild temperature conditions. The Sr(NO3)2 

solution was adjusted to a pH of 7 using Sr(OH)2 which helps to prevent hydrolysis and the 

collapsing of the zeolite crystal structure during the ion-exchange process. A total of six ion-

exchanges were carried out and the solution was decanted after each exchange procedure and 

refilled with a fresh strontium nitrate solution. After the final exchange, the sample was vacuum 

filtered, washed with copious amounts of deionized water and air dried at 298 K for 24 h. 

5.2.4 Preparation of Ag-LSX Zeolite 

 The pure Ag-LSX zeolite sample was prepared after two consecutive ion-exchanges using 

a 1.0 M Silver Nitrate (AgNO3) solution containing 2.4-folds equivalent excess required for a 100 

% exchange. The AgNO3 ion-exchange solution was heated to a mild boil and immediately allowed 

to cool and decanted. After the second exchange, the solution was vacuum filtered, washed with 

copious amounts of DI water, and dried at atmospheric conditions in a dark environment however. 

The final product was then stored in a dark area until prior to isotherm measurements.  

5.2.5 Preparation of Mixed-Cation LiSr-LSX Zeolite 
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 A similar procedure as that used by Epiepang et al. [18] was applied here for the preparation 

of LiSr-LSX. A predetermined equivalent amount of Li+ enough to exchange a desired target Sr2+ 

in the pure Sr-LSX zeolite - with the hypothetical assumption that all the Li+ would undergo ion-

exchange - was used to prepare the mixed-cation LiSr-LSX. To do so, a 0.1 M Lithium Chloride 

(LiCl), with Li+ equivalents of 0.15 and 0.3 solution were used to exchange with 1.5 g of Sr-LSX. 

The mixtures were stirred for 1 h at 298 K followed by vacuum filtration without washing and 

dried in an oven at atmospheric conditions for 24 h. Since the Li+ is significantly smaller than Ca2+, 

it is worth noting that the actual amount of Li+ exchanged was significantly less than the targeted 

estimate in the aqueous phase. 

5.2.6 Preparation of Mixed-Cation AgCa-LSX and AgSr-LSX Zeolites 

 The AgCa-LSX and AgSr-LSX were prepared by ion-exchanging the pure Ca-LSX and 

Sr-LSX zeolites with a 0.025 M solution of AgNO3. The silver nitrate solution contained a cation 

content with an equivalent to the targeted amounts. The silver solution was heated to mild boil 

while stirring for 2 h mainly because the silver cation quickly and easily exchanges [19]. After 

allowing the resulting mixture to cool and settle, it was vacuum filtered and washed with copious 

amounts of DI water. The mixed-cation zeolites were eventually dried at atmospheric conditions 

and stored in a dark area until being dehydrated in vacuo prior to isotherm measurements and 

sample characterizations. 

5.2.7 Sample Characterization 

 The compositional characteristics of the prepared samples were done by inductively 

coupled plasma – optical emission (ICP-OES) system at the University of Science and Technology 

- School of Energy and Environment Engineering in Beijing, China. The mixed-cation samples 
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were specifically analyzed for Li and Ag content and results of these analyses are given in Table 

5.2. The samples will be identified henceforth with respect to the number of charge-compensating 

cations present in the zeolite’s unit cell. The six mixed-cation zeolite samples studied are as 

follows: Li2.74Sr46.63-LSX, Li3.13Sr46.44-LSX, Ag2.0Ca47.0-LSX, Ag3.0Ca46.5-LSX, Ag2.0Sr47.0-LSX, 

and Ag3.0Sr46.5-LSX. For example, the sample Li2.74Sr46.63-LSX refers to low-silica X-type zeolite 

containing on average, 2.74 Li+ and 46.63 Sr2+ per unit cell. 

5.2.8 Sample Dehydration and Isotherm Measurements 

 Micromeritics ASAP 2020 sorptometer which uses a volumetric measurement technique 

was used to carry out all pure gas adsorption equilibrium analyses on the studied samples. Prior to 

isotherm measurements, in vacuo sample dehydration was done as expected for the removal of all 

adsorbed atmospheric gases and moisture.  

 The dehydration conditions varied per studied sample and were chosen for reasons to be 

explained next in the results and discussion section. The pretreatment conditions were as follows: 

6 h at 623 K for Ca-LSX, Li-LSX, and Sr-LSX; 5 h at 723 K for Ag-LSX, Ag2.0Ca47.0-LSX, 

Ag3.0Ca46.5-LSX, Ag2.0Sr47.0-LSX, and Ag3.0Sr46.5-LSX; and 1 h at 623 K for Li2.74Sr46.63-LSX and  

Li3.13Sr46.44-LSX. The ramp rate for all pretreatment conditions was 283 K/min under vacuum of 

30 µmHg for the samples dehydrated for a minimum of 5 h and 60 µmHg for samples dehydrated 

for 1 h. It has been shown [20] that Li-LSX fully dehydrates at 623 K hence the same conditions 

were applied to Ca-LSX and Sr-LSX. The 1 h 623 K condition was chosen for the LiSr-LSX 

samples allowed most of the exchanged Li+ to remain in SIII and avoid diffusion to the lower-

numbered or inaccessible sites. Hutson et al. [7], showed that pretreating Ag-LSX at 723 K allowed 

Ag+ to migrate into a new site called SII* which in combination with the silver in SIII, improved 

the overall N2 adsorption capacity of the sample. It was observed that dehydrating the Ag-LSX 
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zeolite at 723 K displayed a deep yellow color while the mixed-cation AgSr-LSX and AgCa-LSX 

samples turned into a dark grey upon treatment at the stated conditions above. The changes in color 

are related to an autoreductive (reduction of the transition metal ion and the oxidation of H2O or 

lattice O2) process that involves oxygen [21]. 

5.3 Results and Discussion 

5.3.1 Analytical Sample Characterization 

Table 5.2 Elemental Composition of Sorbents 

Mole Ratio 

Zeolite Si/Al Li/Al Ca/Al Ag/Al Sr/Al Na/Al 

       

Na-LSX 1.005 -- -- -- -- 0.995 

Ca-LSX 1.005 -- 0.991 -- -- -- 

Sr-LSX 1.005 -- -- -- 0.995 -- 

Ag2.0Ca47.0-LSX 1.005 -- -- 0.02 0.47 -- 

Ag3.0Ca46.5-LSX 1.005 -- -- 0.03 0.465 -- 

Ag2.0Sr47.0-LSX 1.005 -- -- 0.02 0.47 -- 

Ag3.0Sr46.5-LSX 1.005 -- -- 0.03 0.465 -- 

Li2.74Sr46.63-LSX 1.005 0.0274 -- -- 0.4663 -- 

Li3.13Sr46.44-LSX 1.005 0.0313 -- -- 0.4644 -- 

       

 

The results obtained from ICP-OES are reported in Table 5.2 and are given on a mole 

percent and on a dry basis. The six mixed-cation zeolite samples Li2.74Sr46.63-LSX, Li3.13Sr46.44-

LSX, Ag2.0Ca47.0-LSX, Ag3.0Ca46.5-LSX, Ag2.0Sr47.0-LSX, and Ag3.0Sr46.5-LSX were analyzed for 

the Li+ and Ag+ contents respectively and will henceforth be referred to as stated above unless 

otherwise stated. 
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5.3.2 Nitrogen Adsorption Isotherms 

Micromeritics ASAP 2020 uses the volumetric technique for the measurements of 

adsorption capacities at pressures up to 101 kPa. Prior to the equilibrium adsorption measurements, 

all samples were dehydrated in vacuo at their specific pretreating conditions. Pure N2 gas 

adsorption isotherms were measured at three temperatures – 298, 323 and 343 K as shown in 

Figures 5.3 – 5.5 respectively. Comparison of the isotherms in Figure 5.3 (N2 adsorption at 298 K 

and 101 kPa) shows that the exchange of very small amounts of Ag+ and Li+ with the pure Ca-

LSX and Sr-LSX samples, improves their N2 adsorption capacities. The higher N2 capacities of 

the  mixed-cation samples (outperforming their pure precursors) makes them very attractive 

materials for air separation via PSA or VPSA. The boost in the N2 adsorption capacities for the 

mixed-cation (Silver-alkali earth metal cations) is a result of the combination of the Ag+ in SII* 

and SIII whereas the capacity boost for the LiSr-LSX samples is solely based on the presence of 

some Li+ in SIII. 
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Figure 5.4 N2 adsorption isotherms measured  at 323 K and 101  kPa on representative sorbents. 
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Figure 5.3 N2 adsorption isotherms measured  at 298 K and 101  kPa on representative sorbents. 
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5.3.3 Oxygen Adsorption Isotherms 

O2 experimental adsorption isotherms are presented in Figures 5.6 – 5.8. These show 

combined isotherms at 298, 323 and 343 K respectively. Upon inspection of the O2 adsorption 

isotherms, it can be seen that Ca-LSX with Ca2+ having a higher polarizability than Sr2+, Li+ and 

Ag+, adsorbed significantly more oxygen than all the studied sorbents. The lower the O2 capacities, 

the more favorable they are for PSA air separation. This thereby makes the mixed-cation samples 

quite interesting materials for the PSA system. These results also indicates the presence of Li+ in 

SIII and Ag+ in SII* and SIII in the respective mixed-cation samples. 
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Figure 5.5 N2 adsorption isotherms measured  at 343 K and 101  kPa on representative sorbents. 
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Figure 5.6 O2 adsorption isotherms measured  at 298 K and 101  kPa on representative sorbents. 
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Figure 5.7 O2 adsorption isotherms measured  at 323 K and 101  kPa on representative sorbents. 
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The location of these cations in the zeolite’s framework is key to the observed results for 

both gases simply because interactions between the cations and the sorbate strictly dictates the 

magnitude of the adsorbed capacities. Although cations in SII (as well as SIII) participate in 

adsorption, smaller cations such as Li+, witnesses partial shielding which is as a result of the 

electric field around the cation from the surrounding oxygen. The shielding, which is cation size 

dependent, significantly lowers interactions between the SII cations and the sorbate molecules. 

Cations such as calcium and strontium have significantly less shielding due to their size and hence 

contacts more sorbate molecules. 
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Figure 5.8 O2 adsorption isotherms measured  at 343 K and 101  kPa on representative sorbents. 



116 
 

5.3.4 Pure Isotherm Fitting Model 

The Freundlich-Langmuir (F-L) isotherm model shown in Equation (5.1) was used as the 

base model to fit all  experimental equilibrium adsorption data for both sorbates. A good fitting 

model is quite important for the derivation of the heats of adsorption [22-23]. Due to the sensitivity 

of the fitting models, failure to apply the best choice can significantly affect thermodynamic 

calculations. The fitted data can be found in the supplementary material. 

Q =  
Qsat

∗ KCn

1 + KCn                                                                                                                                       (5.1) 

Where Q is the equilibrium amount adsorbed, Qsat
∗  is the adsorption capacity of the system, K is 

the affinity constant for adsorption, C is the equilibrium aqueous phase concentration while n is 

the index of heterogeneity. 

5.3.5 Heats of adsorption 

ln  (
𝑃1

𝑃2
) =  

𝛥𝐻𝑣𝑎𝑝

𝑅
(

1

𝑇2
−  

1

𝑇1
)                                                                                                                (5.2) 

Where 𝛥𝐻𝑣𝑎𝑝  is the heat of adsorption, with R being the gas constant (8.3145 J/mol.K), P1 and P2 

are the corresponding pressures at temperatures T1 and T2. The Clausius -Clapeyron relation [24-

26] shown in Equation (5.2) above is commonly used (and was the tool of choice here as well) for 

the estimation of the isosteric heats of adsorption of the studied gas-sorbent pairings. Another great 

tool for the estimation of physical adsorption is the Theoretical Total  Sorbate-Sorbent Potential 

(ϕT) [27]. It should however be noted that the sorbate-sorbent potential calculation estimates only 

for a gas molecule and a free isolated cation. 
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The N2 and O2 isosteric heats of adsorption on various sorbents are shown in Figures 5.9 

and 5.10 respectively. Ca-LSX as expected, has significantly stronger interactions with N2 as 

opposed to the other cations as it shows the highest heats of adsorption in the following order: Ca-

LSX > Ag2.0Ca47.0-LSX > Ag3.0Ca46.5-LSX > Ag-LSX > Ag3.0Sr46.5-LSX > Ag2.0Sr47.0-LSX > Sr-

LSX > Li2.74Sr46.63-LSX > Li3.13Sr46.44-LSX > Li-LSX. This clearly shows that the incorporation 

(ion-exchange) of Ag+ and Li+ in the pure precursors lowers the heats of adsorption which makes 

it an attractive property for air separation by PSA. Another important observation is that all the 

heats of adsorption of the mixed-cation samples are between their respective pure precursors which 

is an indication that the sorbate molecules were interacting with both exposed cations in the mixed-

cation zeolites. 
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Figure 5.9 N2 heats of adsorption on representative sorbents. 
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For the O2 heats of adsorption, van der Waals interactions were the main cause for 

adsorption.  Ca2+ and Sr2+ both have higher polarizabilities than the other cations hence their 

stronger adsorption energies. The trend observed for O2 is almost identical to that of N2 besides 

the switch of position between Sr-LSX and Ag-LSX zeolites. 

5.3.6 Cation Site Location 

Solid State NMR and Neutron Diffraction methods have been used to determine the lithium 

cations in the extraframework of type A, X and Y zeolites [5-6]. It was found that the 96 Li+ 

available in Li-LSX were evenly distributed across SI’, SII and SIII with 32 cations in each site as 

opposed to 22 cations in SIII for the X type zeolite. Table 5.1 for example, shows the occupancy 
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Figure 5.10 O2 heats of adsorption on representative sorbents. 
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of cations in dehydrated X Type zeolites with pure cations. Yang et al. [28] showed the relationship 

between SIII Li+ occupancy in mixed-cation LiNa-LSX zeolite and the heats of adsorption of N2. 

It clearly shows that N2 heats of adsorption can indeed be used to indicate the presence of Li ions 

in SIII for mixed-cation zeolites. Other analytic and characterization techniques such as Single 

Crystal XRD, Powder XRD, and Powder XRD & Neutron Diffraction have long been used to 

locate calcium ions in Ca-X zeolites. Results from these methods showed that a fully dehydrated 

calcium-exchanged faujasite-type sample had Ca2+ distributed among sites SI, SI’ and SII [32-43].   

 The characterization of strontium exchanged faujasite (Sr-X) has only been done by X-ray 

diffraction methods (Single Crystal, Powder and Anomalous XRD) [44-46]. The strontium cations 

are mostly distributed between SI, SI’ and SII. In comparison with other cations, SI in Sr-X 

occupies more cations. SII is also relatively populated due to its electrostatic repulsion minimum 

[47]. It must be noted that the more dehydrated the sample, the more cations migrate to SI because 

it offers an octahedral interaction using six neighboring oxygen atoms. 

 Powder, Single Crystal, Anomalous Powder XRD and Powder Neutron Diffraction are all 

techniques that have been used to determine cation distribution in Ag-X, Ag-Y, Ag-LSX and 

silver-containing mixed-cation zeolites [4,7,48]. Silver among the few cations that basically 

occupy almost all sites in the zeolite except SIII and like potassium cations, do not respect the rule 

stating that SI and SI’ can not be simultaneously occupied in the same hexagonal prism. As 

mentioned earlier, Figure 5.11 shows the position of extraframework sites and of great interest is 

the novel SII* when the sample is pretreated at 723 K. 
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It should be noted that no site distribution studies were carried out for the samples in this 

work. It is however expected that only the SII and SII* Ag cations and Ca2+ and Sr2+ in the AgCa-

, AgSr-LSX mixed-cation samples interact with the sorbates. Likewise, the SIII Li+ and the SII 

Sr2+ in the LiSr-LSX mixed-cation zeolites are accessible to the sorbates. 

5.3.7 PSA (VPSA) Simulation 

  Figure 5.12 shows a standard and commercially used five-step PSA or VPSA cycle similar 

to that described by Epiepang et al. [18] Step I of the five-step cycle is the Feed (air) Pressurization 

step, Step II is the High-pressure Feed, Step III is the Co-current Depressurization step, while Steps 

IV and V are the Countercurrent Blowdown and the Low Pressure Purge. 

Figure 5.11 Extraframework sites for Ag+ in the faujasite structure. 
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The completion time for the entire cycle was set at 2.5 minutes with each step running for 

an equal duration of 30 seconds. Since Argon (Ar) and O2 have similar adsorption capacities on 

LSX zeolites, the O2 component was approximated to be 22% (i.e. 21% O2 and 1% Ar) hence, 

only O2 and N2 were assumed as the basic component of the simulation model. Figure 5.12 also 

shows that the product of each cycle comprised of a volumetric mixture of the output stream from 

the feed and co-current depressurization steps. In addition, a fraction of the product stream was 

used as a countercurrent purge for the bed in Step V. 

 PSA systems are specifically judged on three inter-related results which sums up its 

performance for oxygen production. The three results defined in Equations 5.3 – 5.5 are i) O2 

Figure 5.12 PSA cycle configuration. 
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product purity, ii) O2 product recovery, and iii) O2 product throughput respectively. In principle, 

fixing two of the inter-related results sets the third provided the PSA conditions are optimized. 

Product Purity =
Amount of O2 from Steps II and III

Amount of N2  and O2 from Steps II and III
                                                                    (5.3) 

Product Recovery =
(O2 from Steps II and III)−(O2 from Step VI)

(O2 fed in Steps I and II)
                                                           (5.4) 

Product Throughput =
Amount of O2 produced per hour (t

h⁄ )

Amount of sorbent used in the bed (t)
                                                        (5.5) 

 The product throughputs of the sorbents developed in this work were studied under various cycle 

conditions in order to compare their performances. It must be noted that for a fair performance 

comparison, cycle conditions were optimized such that two of the inter-related results, in this case, 

the obtained product purity and product recovery were held the same in every simulation run. 

 A detailed explanation of both the numerical methods and mathematical model used for 

this PSA simulation model was presented by Rege et al. [49] The major assumptions made for this 

model include a two-component gas mixture flowing through a fixed adiabatic bed packed with 

spherical adsorbent particle; the diffusional resistance was assumed to be negligible since diffusion 

of the sorbates is relatively fast considering the long cycle time; the axial dispersion of heat and 

mass transfer was accounted for but dispersion in the radial direction was assumed negligible as 

well; local equilibrium existed between the gas and solid phases for each gas component; the gas 

was assumed to have constant viscosity and heat capacity while the axial pressure drop was 

neglected and the ideal gas law was assumed because the pressures involved were at atmospheric 

conditions. 

 Tables 5.3 and 5.4 shows the Langmuir-Freundlich fitting constants including the sample’s 

heats of adsorption and the PSA bed characteristics and the applied operating conditions 
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respectively. The constants shown in Table 5.3 were obtained using the Langmuir-Freundlich 

isotherm with temperature dependence on the experimental pure component equilibrium 

isotherms. Under mixture conditions, the equilibrium loadings were predicted by the Extended 

Langmuir-Freundlich (Equation 5.6) in the simulation model while the Langmuir-Freundlich 

parameters assumed are given in Equation 5.7. The Langmuir-type model is simple yet a 

reasonably good way of fitting binary experimental data, as shown by Mulgundmath et al. [50]. 

𝑞𝑘
∗ =

𝑞𝑚𝑘
𝑏𝑘𝑝

𝑘

𝑛𝑘

1+∑ 𝑏𝑘𝑝
𝑘

𝑛𝑘𝑚
𝑗=1

    𝑘 = 1,2                                                                                                             (5.6) 

𝑞𝑚 = 𝑘1𝑒(
𝑘2

𝑇⁄ )     𝑎𝑛𝑑   𝑏 = 𝑘3𝑒(
𝑘4

𝑇⁄ )                                                                                               (5.7) 

5.3.8 Simulation Results 

The feed pressures, PH, of 120 and 150 kPa with various pressure ratios (PH/PL with PL 

being the desorption pressure) were investigated. It must also be noted that the same pressure ratios 

were employed for the comparison of the studied adsorbents and a summary of the simulation 

conditions and separation results are given in Table 5.5. Here-in, the feed and purge velocities 

were optimized to achieve the same product purity and recovery near 95% and 52% for all sorbents 

respectively. 
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Table 5.3 Temperature-Dependent parameters for Langmuir-Freundlich Isotherm of N2 and O2 

Sorbent Sorbate 
k1 

(mmol/g) 

k2 

(K) 

k3 

(atm-1) 

k4 

(K) 

n ΔH 

(kcal/mol) 

Ag2.0Ca47.0-LSX O2 2.28007 78.83 2.01E-04 1952.57806 0.99607 3.858 

Ag2.0Ca47.0-LSX N2 1.63201 98.0495 1.29E-05 3690.92116 0.97852 8.431 

Ag3.0Ca46.5-LSX O2 4.21151 117.80771 5.36E-04 1292.48613 0.9859 3.459 

Ag3.0Ca46.5-LSX N2 1.84434 62.1356 2.13E-05 3501.69557 0.97608 7.447 

Ag3.0Sr46.5-LSX O2 0.52991 1492.8597 0.00165 275.35234 0.96207 3.203 

Ag3.0Sr46.5-LSX N2 2.1373 871.5279 0.00221 836.21744 0.80513 6.287 

Ag2.0Sr47.0-LSX O2 0.88625 1602.17714 0.00117 74.03769 0.98061 3.227 

Ag2.0Sr47.0-LSX N2 7.70095 1106.65628 1.06E-04 1113.96336 0.9045 6.206 

Li3.13Sr46.44-LSX O2 1.56223 2.735 0.00106 1697.27728 1.09953 2.759 

Li3.13Sr46.44-LSX N2 1.38733 214.4702 8.83E-05 2708.9239 0.99472 5.734 

Li2.74Sr46.63-LSX O2 0.89403 703.1392 0.00119 927.37 1.00103 2.900 

Li2.74Sr46.63-LSX N2 1.7834 1040.3929 6.82E-04 1039.2506 0.9765 6.074 

 

Figures 5.13 and 5.14, which shows the effects of pressure ratio on O2 productivity for the 

various sorbents, are extracts from Tables S5.3 through S5.8 in the supplementary Information 

while Table 5.4 shows the PSA bed characteristics and operating conditions used. Interpretation 

of the results show the same O2 product purity and recovery of almost 95% and 52% respectively 

while the O2 productivity increases with increasing pressure ratio. Li-LSX show the best VPSA 

performance, outperforming Ag3.0Ca46.5-LSX which had the highest N2 adsorption capacity.  
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Table 5.4 Adsorption Bed Characteristics and Operating Conditions for PSA Simulations. 

  

Bed length 2.5 m 

Diameter of sorbent 1.0 m 

Bed external porosity 0.4 

Bed density 720 kg/m3 
Heat capacity of gases 28.72 J/mol/K 

Heat capacity of sorbent 1.17 kJ/kg/K 

Ambient temperature 298 K 
Feed gas temperature 298 K 

Feed gas composition 78% N2, 22% O2 

Axial dispersion coefficient (Dax) 5×10-5 m2/s 
Effective heat conductive  0.2 w/m/K 

  

 

 

 

 

 

Figure 5.13 Comparison of O2 productivity at 150 kPa pressure. 
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The N2 adsorption isotherm of Li-LSX is quite linear which favors PSA-VPSA air 

separation due to its large working capacity. As mentioned earlier, Ag3.0Ca46.5-LSX has a higher 

N2 capacity the Li-LSX at 298 K. However, Ag3.0Ca46.5-LSX has a far higher O2 capacity and heats 

of adsorption, both of which are detrimental to PSA/VPSA performance. The detrimental effect of 

the heat of adsorption on the PSA performance is well illustrated by Lee et al. [51] in their 

development of heat-exchange PSA. Recall that the adsorption capacity of O2 has an important 

effect on the PSA performance because the lower the O2 capacity, the better the PSA separation 

capacity. The advantage of Li-LSX over Ag3.0Ca46.5-LSX becomes more visible at low pressures 

ratios as seen in Figures 5.13 and 5.14. At adsorption pressure of 150 kPa and pressure ratio of 3, 

the O2 productivities of Li-LSX and Ag3.0Ca46.5-LSX are 0.084 and 0.0769 tO2/h/t while at pressure 

ratio of 6, the O2 productivities are 0.113 and 0.109 tO2/h/t respectively. 
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Figure 5.14 Comparison of O2 productivity at 120 kPa pressure. 
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In the current commercial operations of VPSA O2 generators, the adsorption pressures are 

not higher than 150 kPa, while the desorption pressures are not lower than 50 kPa (i.e., using 

blowers). Under these conditions, Li-LSX is the best sorbent. However, with the strictly surging 

cost of lithium, this work shows that Ag3.0Ca46.5-LSX (along with some of the other mentioned 

mixed-cation samples) may be desirable alternatives due to the abundance of calcium and 

strontium and the minimal silver and lithium used in their development. 

5.4 Conclusion 

The mixed-cation samples developed in this work with less than 4% Li+ and Ag+ shows a 

significant advantage over previous published literature where almost 70% Li cations were 

exchanged with pure Na-LSX [2,9,11,14]. Both the Li and Ag cations were exchanged as the last 

step followed by a mild and short-time dehydration for the LiSr-LSX samples and a 5 h, 723 K 

dehydration temperature for the AgCa-, AgSr-LSX samples. Comparisons of the experimental O2 

and N2 adsorption isotherms and isosteric heats of adsorption of the mixed-cation samples against 

that of the pure samples provided strong evidence of significant amounts of the exchanged Li+ 

residing in SIII and Ag+ in SII*. 

Additionally, the mixed-cations were compared against the pure-cation Li-LSX based on 

their O2 productivity performance by PSA simulation model. The simulated results show that with 

only a few Li+ and Ag+ exchanged into the pure Sr-LSX and Ca-LSX samples could lead to 

significant  advancement in the production of O2 via PSA. 
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Chapter 6 

Sr-LSX Zeolite for Air Separation 

Significance 

Due to the surging demand of lithium for lithium-ion batteries, the price of lithium has seen 

a steep rise and is projected to maintain the trend for the foreseeable future. With Li-LSX being 

the sorbent of choice in pressure swing adsorption systems for air separation, it is imperative to 

develop efficient adsorbents with significantly lower lithium content (mixed-cations zeolites) or 

completely replace it with abundant and low-cost alkali-earth metal cations such as Sr2+. This 

article presents promising results for pure Sr-LSX zeolite for O2 productivity performance via PSA 

and the possibility of completely replacing Li-LSX with Sr-LSX. 
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6.1 Introduction 

Air separation is key to the successful operation of numerous engineering and 

manufacturing industries. It is the separation of ambient air (composed of ~78.1% Nitrogen, ~21% 

Oxygen, ~0.9% Argon and less than 1% of its trace constituents (Helium, Neon, Krypton and 

Xenon)), into the pure forms of the Oxygen, Nitrogen and in some cases, Argon. The application 

of these pure components ranges from the medical field to the mass production of steel, the 

manufacture of semiconductors and microchips to the petroleum and chemicals industries, just to 

name a few.  

The separation of ambient air into its pure components is accomplished by cryogenic and 

non-cryogenic processes in principle. The energy intensive cryogenic process, which is suitable 

for high volume and high purity (>99.5%) nitrogen, oxygen and argon production, separates air 

through liquefaction by cooling and selectively distilling its constituents at their various boiling 

points. The cooling (energy intensive) requirement of the cryogenic process drives its high capital 

cost. On the other hand, various technologies fall under the non-cryogenic process including the 

membrane, pressure swing adsorption (PSA) and the vacuum pressure swing adsorption (VPSA) 

processes. The PSA for example, is preferred for low-to-medium scale production of O2 and N2 at 

relatively high purities [1] (>94%) and operates at near atmospheric temperatures. The success of 

the adsorptive processes lies in the effectiveness of the sorbents used and the continuous 

development of more effective sorbents over the years have made this technology quite 

competitive. 

This work is aimed towards the optimization and development of sorbents for the 

adsorptive processes and more specifically the PSA (VPSA) system. Chao’s 1989 [2] invention of 

the Li-LSX zeolite was the breakthrough in sorbent development. Though Li-LSX has been the 
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preferred sorbent for air separation in PSA systems, there has been exhaustive investigations for 

the development of potentially better alternatives over the years [3-8]. These includes pure (single-

cation) and binary mixtures (mixed-cation zeolites). For example, pure Ca-LSX was investigated 

and although it comparatively showed higher N2 adsorption capacities than Li-LSX, its simulated 

O2 productivity performance fell short (68%) to that of Li-LSX [9]. Coe et al. [3-6] investigated 

other pure zeolites such Zn-LSX, Li-LSX, and Ca-LSX; Although most of the mixed-cation 

zeolites investigated have centered around alkali-earth metal cations, some transition metals have 

also been studied as in the case of silver. Chao et al., [8] investigated Sr-A, Li-A, Ca-A; Yang et 

al. [10] studied Li-A and Ag-X; Sircar et al. [11] investigated pure Ca-X and Ca-LSX; while 

Hutson et al. [12] studied Ag-Y, Ag-X and Ag-LSX. There has also been extensive study of mixed-

cation zeolites for air separation and amongst them are LiSr-LSX, [3] LiZn-LSX, [6] LiCa-LSX, 

[3,9] LiSr-A, [7] NaCe-X, [13] as well as LiAg-LSX [14-16] with silver proving to strongly affect 

the adsorptive properties of zeolites [17-18]. Another interesting invention, Li-ZSM-2, by Weigel 

et al. [19], was the development of a selective adsorptive method for separating nitrogen from 

oxygen using a crystalline metallosilicate having a ZSM-2 structure with a Si-Al ratio of 1.6 and 

a lithium cation exchange of at least 50%. These are all impactful contributions to the field but 

most of the Li-alkali-earth metal cation binary mixtures required >70% Li+ to see the effect of 

lithium on the increased N2 adsorption capacities. 

Lithium has been the preferred sorbent in adsorptive processes but the last few years have 

seen the demand of lithium for Li-ion battery (energy storage) drive up the price of Lithium 

Carbonate. With the increasing demand and higher lithium cost, adsorptive processes such as PSA 

and VPSA would find it difficult to compete even at the low-to-medium scale O2 production level 

and let alone the cryogenic process.  In this work, we aim to address this issue with the alkali-earth 
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metal cation Sr-LSX in combination with a specific treatment scheme that optimizes its N2 

adsorptive properties. Its O2 productivity performance in connection with its N2/O2 capacities are 

compared vis-à-vis Li-LSX via PSA simulation and adsorption isotherms respectively. 

6.2 Methods 

6.2.1 Materials 

Powder Li-LSX (Si/Al = 1.0) and the precursor as-synthesized Na-LSX (extent of 

exchange of 99.5, Si/Al = 1.005) were obtained from Luoyang Jianlong Micro-Nano New 

Materials Co., Ltd., China. Strontium Nitrate Anhydrous (ACS) was purchased from Fisher 

Chemical while Helium (99.995%, prepurified), Nitrogen (99.998%, prepurified), and Oxygen 

(99.6%, extra dry) were all obtained from Cryogenic Gases. 

6.2.2 Preparation of Sr-LSX Zeolite 

 A few grams of Na-LSX was used to prepare Sr-LSX by ion-exchanging in a 1.0 M 

Strontium Nitrate, Sr(NO3)2 solution with a 3.8-fold equivalent excess at mild temperature 

conditions and stirring. To prevent hydrolysis and hence the collapse of the zeolite structure during 

the ion exchange procedure, the Sr(NO3)2 solution was adjusted to a pH of 7 using Sr(OH)2. Six 

total ion-exchanges were carried out and the solution was decanted after each exchange step and 

refilled with a fresh Sr(NO3)2 solution. After the final exchange, the sample was vacuum filtered, 

washed with copious amounts of deionized water and air dried for 24 h at  298 K. 

6.2.3 Sample characterization, dehydration, and isotherm measurements 

The Li-LSX zeolite sample was dehydrated at 623 K for 5 h and will be referred henceforth 

as Li-LSX. The above conditions had shown that Li-LSX fully dehydrates at 623 K [20]. Similarly, 

the Sr-LSX sample (Sr/Al = 0.995) was pre-treated for 5 h at five different temperatures namely 

623, 648, 673, 698, and 723 K. The five Sr-LSX samples are labeled as follows: Sr-LSX-623, Sr-
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LSX-648, Sr-LSX-673, Sr-LSX-698, and Sr-LSX-723. The ramp rate for all pretreatment 

conditions was 10K/min under a vacuum of 30 µmHg. 

The pure gas adsorption equilibrium analyses were measured using the Micromeritics 

ASAP 2020 sorptometer which employs the volumetric technique. All samples were dehydrated 

in vacuo prior to isotherm measurements. 

6.3 Results and Discussions 

6.3.1 Nitrogen and Oxygen adsorption isotherms. 

Pure sorbate (N2 and O2) adsorption isotherms were measured at three different 

temperatures – 298, 323, and 343 K and to pressures up to 101 kPa. However, only isotherms 

measured at 298 K on both sorbates for all samples are shown here and all others can be found in 

Figures S6.1 and S6.2 in the supplementary material in appendix E. Figure 6.1 shows the 

equilibrium isotherms at 298 K for the various samples. Close inspection of the N2 results in Figure 

6.1 show that the Sr-LSX-673 and Sr-LSX-648 have better N2 capacities than pure Li-LSX treated 

at 623 K followed by Sr-LSX-698, Sr-LSX-723 and Sr-LSX-623. It can also be concluded that 

673 K is the optimal pre-treatment temperature for the pure Sr-LSX sample as further increasing 

the dehydration temperature to 723 K saw a decline in N2 capacity. The increases observed in the 

N2 capacities of Sr-LSX-673 and Sr-LSX-648 are favorable characteristics for air separation via 

PSA (VPSA). 

Figure 6.1 also shows O2 experimental adsorption isotherms at the same three temperatures 

mentioned above. As expected, the strontium sample pre-treated at various temperatures all 

measure higher O2 capacities than the Li-LSX zeolite and should be attributed to the higher 

polarizability of Sr2+ over Li+. Partial shielding of the Li cations by the electric field from the 

surrounding framework oxygen also limits interactions between SII cations and sorbate molecules 
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resulting in lower O2 capacities. In other words, larger cations like Sr2+ experiences less shielding 

effect and hence, interacts more and easily with the sorbates. It is noted that cationic locations in 

the framework of the zeolite plays a vital role in determining the magnitude of the adsorbed 

capacities of both sorbates. 

 

 

 

6.3.2 Dehydration temperature effects and cation site analysis 

 To evaluate the dehydration effects on the Sr-LSX zeolite, the sample was exposed to five 

sets of dehydration temperatures ranging between 623 and 723 K while holding the pre-treatment 

time constant (5 h in this case). The base case, extracted from the 298 K isotherms, is shown in 

Figure 6.2 which is the capacity (mmol/g) vs dehydration temperature (K). It can clearly be seen 

here that, maximum N2 capacity and hence, an optimal treatment temperature is at 673 K. A similar 

Figure 6.1 Combined N2 and O
2
 adsorption isotherms at 323 K and 101 kPa on sorbents 

dehydrated at various temperatures. 
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trend was observed with the obviously lower O2 capacity curve. There is a considerable increase 

in N2 capacity between 673 K and the commonly used 623 K dehydration temperature. The 

observed increase cannot be attributed solely to water loss during dehydration because even the 

most tenaciously held water would be lost at 623 K. The increase is rather due to the migration of 

the Sr cations in response to the treatment temperature.  

 

 

A review of past studies showed that the strontium cations (as with all cations) migrate and 

redistribute themselves across sites SI, SI’ and SII based on the dehydration conditions.21 It was 

also noticed that the extent of cationic exchange as well as the level of vacuum during sample 

dehydration both affect the cation site distribution [21].  

 The characterization of the structure of strontium exchanged FAU have only been studied 

by X-ray diffraction (Powder XRD, Single Crystral XRD, and Anomalous XRD) methods [21-

620 640 660 680 700 720 740

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

Q
 [

m
m

o
l/
g

]

Dehydration Temperature [K]

 Sr-LSX N
2
 capacity at various dehydration temps.

 Sr-LSX O
2
 capacity at various dehydration temps.

Figure 6.2 N2 and O
2
 adsorption capacity (at 1 atm and 298K) on Sr-LSX at 

various dehydration temperatures. 
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24]. These studies were carried out on Sr-Y, Sr-X and Sr-LSX. In most cases, SII which in these 

samples is the most exposed to the sorbates, is always relatively populated due to the fact that it 

offers an electrostatic repulsion minimum. SI’ on the other hand, seems always less occupied 

which might in fact be as a result of a high repulsion which exists between SI and SI’. Figure S6.1 

shows  the powder XRD patterns for the studied sorbents and it was concluded that the temperature 

at which the X-ray diffraction measurement is carried out does not have any or much influence on 

the cation distribution considering they were properly dehydrated prior to the measurements. No 

site distribution analysis were carried out in this work for the studied samples taking into 

consideration the breadth of analysis in literature. 

6.3.3 Pure isotherm fitting model and heats of adsorption 

 Equation 6.1, which represents the Freundlich-Langmuir (F-L) isotherm model was used 

to fit all equilibrium adsorption isotherms for both sorbates as seen in Figure 6.1. 

Q =  
Qsat

∗ KCn

1 + KCn                                                                                                                                      (6.1) 

ln  (
𝑃1

𝑃2
) =  

𝛥𝐻𝑣𝑎𝑝

𝑅
(

1

𝑇2
−  

1

𝑇1
)                                                                                                                (6.2) 

Where Q is the equilibrium amount adsorbed, Q*
sat is the adsorption capacity of the system, C is 

the equilibrium aqueous phase concentration, n is the index of heterogeneity, K is the affinity 

constant of adsorption, 𝛥𝐻𝑣𝑎𝑝  is the isosteric heats of adsorption, R is the gas constant (8.3145 

J/mol.K), while P1 and P2 are the corresponding pressures at temperatures T1 and T2. The heats of 

adsorption for the studied gas-sorbate pairings were determined using the L-F fitted isotherms and 

the Clausius-Clapeyron equation (Equation 6.2). 

 Figure 6.3 shows the N2 and O2 heats of adsorption on the studied sorbents. The observed 

trend for both sorbates which seems a mirror reflection of the equilibrium adsorption isotherms, is 

almost identical from high to low: Sr-LSX-673 > Sr-LSx-648 > Sr-LSX-698 > Sr-LSX-723 > Sr-
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LSX-623 > Li-LSX-623. A theoretical total sorbate-sorbent potential calculation [25] would show 

a similar though it only estimates for a single gas molecule and a free isolated cation. The higher 

heats of adsorption of the Sr-LSX samples are simply due to their higher polarizabilities in relation 

to Li-LSX i.e. polarizability of Sr2+ > Li+. 

 

 

 

6.3.4 PSA simulation and results 

 A comprehensive analysis for sorbent selection for PSA/VSA separation has been given 

recently by Marine and Webley [26], which includes caveats as well as factors that are favorable 

and unfavorable for PSA/VSA performance. In this work, the sorbents were assessed and 

compared by model simulation using a commercial five-step PSA cycle that had a cycle time set 

at 2.5 minutes (30 seconds per step). For clarification purposes, the schematics of the five-step 
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cycle is given in Figure S6.4 and as described by Epiepang et al. [27], Step I is the Feed (air) 

Pressurization step, Step II is the High-pressure Feed, Step III is the Co-current Depressurization 

step, while Steps IV and V are the Countercurrent Blowdown and the Low Pressure Purge. The 

basic components employed in this simulation were N2 (78%) and O2 (22% i.e. 21% O2 and 1% 

Ar). 

 The O2 product purity, O2 product recovery and O2 product throughput, given in Equations 

6.3 – 6.5, are the three inter-related results with which the PSA performance is evaluated. Fixing 

any two of the above results sets the third in principle.  

Product Purity =
Amount of O2 from Steps II and III

Amount of N2  and O2 from Steps II and III
                                                              (6.3) 

Product Recovery =
(O2 from Steps II and III)−(O2 from Step VI)

(O2 fed in Steps I and II)
                                                     (6.4) 

Product Throughput =
Amount of O2 produced per hour (t

h⁄ )

Amount of sorbent used in the bed (t)
                                                        (6.5) 

Rege et al. [28], presented a detailed explanation of the numerical and mathematical methods used 

for this simulation. Assumptions made for this model include a two-component gas mixture 

flowing through a fixed adiabatic bed packed with spherical adsorbent particle; the axial dispersion 

of heat and mass transfer was accounted for but dispersion in the radial direction was assumed 

negligible as well; the diffusional resistance was assumed to be negligible since diffusion of the 

sorbates is relatively fast considering the long cycle time; the gas was assumed to have constant 

viscosity and heat capacity; local equilibrium existed between the gas and solid phases for each 

gas component while the axial pressure drop was neglected and the ideal gas law was assumed 

because the pressures involved were at atmospheric conditions. Also, the throughputs of the 

sorbents were studied under various cycle conditions to compare their performances. 
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 Table S6.1 shows the PSA bed characteristics and the applied operating conditions while 

Table S6.2 gives the L-F isotherm with temperature dependent fitting constants including the heats 

of adsorption. The Extended L-F model given in Equation 6.6 was used to predict equilibrium 

loadings under mixture conditions while Equation 6.7 gives the L-F parameters. 

𝑞𝑘
∗ =

𝑞𝑚𝑘
𝑏𝑘𝑝

𝑘

𝑛𝑘

1+∑ 𝑏𝑘𝑝
𝑘

𝑛𝑘𝑚
𝑗=1

    𝑘 = 1,2                                                                                                             (6.6) 

𝑞𝑚 = 𝑘1𝑒(
𝑘2

𝑇⁄ )     𝑎𝑛𝑑   𝑏 = 𝑘3𝑒(
𝑘4

𝑇⁄ )                                                                                               (6.7) 

Mulgundmath et al. [29], also showed that the Langmuir-type, though simple, is a reasonable 

method for fitting binary mixtures. 

 

The simulation results shown in Figure 6.4 were achieved at a feed pressure of 150 kPa at 

various pressure ratios. The same pressure ratios, PH/PL (where PH and PL are the feed pressure 

Figure 6.4 Comparison of O
2
 productivity at 150 kPa pressure. 
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and desorption pressure respectively) were maintained for a fair comparison of the different 

sorbents. The feed and purge velocities for all sorbents were optimized to obtain the same O2 

product purity and recovery at approximately 95% and 52% respectively. Tables S6.3 through S6.8 

which summarizes the simulation conditions, were used to extract the results shown in Figures 

S6.4 and S6.5 (comparison of O
2
 productivity at PH = 120 kPa pressure on various sorbents). 

 The results show that the O2 productivity increases with increasing PH/PL (Figure 6.4) as 

well as O2 product purity and recovery of ~95% and ~52% respectively. With the conclusion that 

673 K was the optimal dehydration temperature, the sample Sr-LSX-673 had an almost identical 

VPSA performance at Li-LSX which is an excellent development satisfying the primary objective 

of this work. 

 At 298 K, and as with the other temperatures, it can be seen that the isotherms of the studied 

sorbents are similar in the sense that they are all almost linear. This linearity is highly favorable 

for the PSA (VPSA) separation systems due to their large working capacities. It should also be 

recalled that Sr-LSX-673 had an almost 13.5% higher N2 adsorption capacity than Li-LSX-623 

but forfeits that positive with its higher O2 capacity relative to Li-LSX-623. Higher O2 capacities 

and heats of adsorption are two key variables that are detrimental to PSA (VPSA) performance. 

To further investigate the similarities between Li-LSX-623 and Sr-LSX-673, one can see that at 

adsorption pressure of 150 kPa and PH/PL = 3.0, the O2 productivities of both samples are 0.084 

and 0.0844 respectively. At the same feed pressure and PH/PL = 6.0, the productivities are 0.113 

and 0.111 respectively which makes Sr-LSX-673 a viable replacement for Li-LSX in adsorptive 

(specifically, PSA) processes. The extra energy requirement which comes from dehydrating the 

sorbents at 673 K instead of its usual 623 K is an option that is compensated by the Sr-LSX-673 

sample’s PSA performance.  
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 The PH and PL of 150 kPa and 50 kPa are respectively the range within with current 

commercial VPSA O2 generators operate and it had seen Li-LSX as its sorbent of choice. However, 

with the results uncovered in this work and the present and projected rise in lithium demand and 

cost, the abundant alkali-earth metal cation, strontium-exchanged faujasite appears to be a 

promising alternative. 

6.4 Conclusion 

 The investigation into the effect of dehydration temperature on Sr-LSX led to the 

conclusion that 5 h and 673 K are the optimal treatment conditions for Sr-LSX zeolites. 

Comparison of the N2 adsorption isotherms at 298 K show highly linear isotherms which are 

attractive characteristics for PSA systems. By comparison, the Sr-LSX-673 not only show an 

almost 13.5% higher N2 adsorption capacity than Li-LSX-623, but also matches the O2 

productivity performance from the simulated PSA model. With the projected increasing demand 

and cost of Lithium, the abundant strontium-exchanged LSX zeolite is a promising replacement 

for Li-LSX. 
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Figure S2.1a Tὸth fit model to experimental adsorption Isotherms of CO2 at 298 K on representative adsorbents. 
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Figure S2.1b Tὸth fit model to experimental adsorption Isotherms of CO2 at 298 K on representative adsorbents. 
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Figure S2.2a Tὸth fit model to experimental adsorption Isotherms of CO2 at 323 K on representative adsorbents. 
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Figure S2.2b Tὸth fit model to experimental adsorption Isotherms of CO2 at 323 K on representative adsorbents. 
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Figure S2.3a Tὸth fit model to experimental adsorption Isotherms of CO2 at 343 K on representative adsorbents. 
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Figure S2.3b Tὸth fit model to experimental adsorption Isotherms of CO2 at 343 K on representative adsorbents. 
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Figure S2.4b D-A fit model to experimental adsorption Isotherms of CO2 at 298 K on representative adsorbents. 
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Figure S2.4a D-A fit model to experimental adsorption Isotherms of CO2 at 298 K on representative adsorbents. 



155 
 

 

1E-6 1E-5 1E-4 1E-3 0.01 0.1 1

1E-4

1E-3

0.01

0.1

1

10

 CO
2
 / Li-LSX @ 323 K

 CO
2
 / 13X @ 323 K

 CO
2
 / K-LSX @ 323 K

 CO
2
 / Ca-LSX @ 323 K

 D-A

Q
 [

m
m

o
l/
g

]

Pressure [atm]

Figure S2.5a D-A fit model to experimental adsorption Isotherms of CO2 at 323 K on representative adsorbents. 
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Figure S2.5b D-A fit model to experimental adsorption Isotherms of CO2 at 323 K on representative adsorbents. 
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Figure S2.6a D-A fit model to experimental adsorption Isotherms of CO2 at 343 K on representative adsorbents. 
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Figure S2.6a D-A fit model to experimental adsorption Isotherms of CO2 at 343 K on representative adsorbents. 
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Figure S2.7a L-F fit model to experimental adsorption Isotherms of CO2 at 298 K on representative adsorbents. 
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Figure S2.7b L-F fit model to experimental adsorption Isotherms of CO2 at 298 K on representative adsorbents. 
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Figure S2.8a L-F fit model to experimental adsorption Isotherms of CO2 at 323 K on representative adsorbents. 
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Figure S2.8b L-F fit model to experimental adsorption Isotherms of CO2 at 323 K on representative adsorbents. 
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Figure S2.9a L-F fit model to experimental adsorption Isotherms of CO2 at 343 K on representative adsorbents. 
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Figure S2.9b L-F fit model to experimental adsorption Isotherms of CO2 at 343 K on representative adsorbents. 
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Figure S2.10a Tὸth fit model to experimental adsorption Isotherms of CH4 at 298 K on representative adsorbents. 
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Figure S2.10b Tὸth fit model to experimental adsorption Isotherms of CH4 at 298 K on representative adsorbents. 
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Figure S2.11a Tὸth fit model to experimental adsorption Isotherms of CH4 at 323 K on representative adsorbents. 
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Figure S2.11b Tὸth fit model to experimental adsorption Isotherms of CH4 at 323 K on representative adsorbents. 
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Figure S2.12a Tὸth fit model to experimental adsorption Isotherms of CH4 at 343 K on representative adsorbents. 

0.0 0.2 0.4 0.6 0.8 1.0

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0
 CH

4
 / Li-LSX @ 343 K

 CH
4
 / 13X @ 343 K

 CH
4
 / K-LSX @ 343 K

 CH
4
 / Ca-LSX @ 343 K

 Toth

Q
 [

m
m

o
l/
g

]

Pressure [atm]

Figure S2.12a Tὸth fit model to experimental adsorption Isotherms of CH4 at 343 K on representative adsorbents. 
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Figure S2.13a D-A fit model to experimental adsorption Isotherms of CH4 at 298 K on representative adsorbents. 
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Figure S2.13b D-A fit model to experimental adsorption Isotherms of CH4 at 298 K on representative adsorbents. 
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Figure S2.14a D-A fit model to experimental adsorption Isotherms of CH4 at 323 K on representative adsorbents. 
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Figure S2.14b D-A fit model to experimental adsorption Isotherms of CH4 at 323 K on representative adsorbents. 
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Figure S2.15a D-A fit model to experimental adsorption Isotherms of CH4 at 343 K on representative adsorbents. 
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Figure S2.15b D-A fit model to experimental adsorption Isotherms of CH4 at 343 K on representative adsorbents. 
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Figure S2.16a L-F fit model to experimental adsorption Isotherms of CH4 at 298 K on representative adsorbents. 
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Figure S2.16b L-F fit model to experimental adsorption Isotherms of CH4 at 298 K on representative adsorbents. 
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Figure S2.17a L-F fit model to experimental adsorption Isotherms of CH4 at 323 K on representative adsorbents. 
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Figure S2.17b L-F fit model to experimental adsorption Isotherms of CH4 at 323 K on representative adsorbents. 
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Figure S2.18a L-F fit model to experimental adsorption Isotherms of CH4 at 343 K on representative adsorbents. 
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Figure S2.18b L-F fit model to experimental adsorption Isotherms of CH4 at 343 K on representative adsorbents. 
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Table S2.1 Representative values of model parameters fit to experimental adsorption data at 323 K. 

 
 

Tὸth 
 

 Dubinin-Astakhov  Langmuir-Freundlich 

 
a 

[mmol/g] 
d       

[atmk] 
k  

no 
[mmol/g] 

C m  
Qsat 

[mmol/g] 
K     

[atm-n] 
n 

            
CO2 / Li-LSX 4.62 0.0023 0.84  13.80 0.22 0.81  89.34 0.07 0.19 

CO2 / 13X 4.13 0.015 0.76  7.45 0.15 2.22  8.47 1.64 0.5 

CO2 / K-LSX 3.32 0.007 0.884  5.49 0.13 1.71  7.31 1.15 0.31 

CO2 / Ca-LSX 3.06 0.001 0.75  6.49 0.16 1.67  8.66 0.86 0.37 

CH4 / Li-LSX 2.64 2.93 0.73  10.76 0.48 1.36  5.41 0.21 0.97 

CH4 / 13X 4.05 14.51 0.52  19.53 0.84 1.07  17.97 0.03 0.99 

CH4 / K-LSX 0.94 6.28 0.29  17.68 0.85 1.06  35.61 0.013 0.97 

CH4 / Ca-LSX 1.06 0.51 0.74  2.65 0.25 2.02  2.16 0.79 0.87 

            

 

 

Table S2.2 Representative values of model parameters fit to experimental adsorption data at 343 K. 

 
 

Tὸth 
 

 Dubinin-Astakhov  Langmuir-Freundlich 

 
a 

[mmol/g] 

d       

[atmk] 
k  

no 

[mmol/g] 
C m  

Qsat 

[mmol/g] 

K     

[atm-n] 
n 

            
CO2 / Li-LSX 4.14 0.005 0.82  6.09 0.13 2.34  26.28 0.24 0.23 

CO2 / 13X 3.58 0.032 0.73  7.43 0.17 2.14  9.28 1.03 0.51 

CO2 / K-LSX 2.75 0.015 0.82  3.94 0.14 2.71  6.52 1.00 0.35 

CO2 / Ca-LSX 2.06 0.003 0.73  6.07 0.20 1.31  11.37 0.325 0.33 

CH4 / Li-LSX 1.86 4.17 0.57  12.82 0.62 1.20  6.88 0.10 0.97 

CH4 / 13X 5.3E-6 1.74 8.2E-6  20.05 1.23 0.93  7975 2.97E-5 1.00 

CH4 / K-LSX 0.03 1.96 0.04  16.51 0.99 0.99  2441 1.22E-4 0.99 

CH4 / Ca-LSX 2.71 2.1 1.23  2.21 0.26 2.24  1.59 0.81 1.09 
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Figure S3.1 Experimental adsorption isotherms of N2 on Li2.5Ca46.75-LSX at various temperatures and at 101 kPa. 
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Figure S3.2 Experimental adsorption isotherms of N2 on Li4.2Ca45.9-LSX at various temperatures and at 101 kPa. 
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Figure S3.3 Experimental adsorption isotherms of N2 on Ca-LSX at various temperatures and at 101 kPa. 

0.0 0.2 0.4 0.6 0.8 1.0

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0
 N

2
 / Li-LSX @ 298 K

 N
2
 / Li-LSX @ 323 K

 N
2
 / Li-LSX @ 343 K

Q
 [

m
m

o
l/
g

]

Pressure [atm]

Figure S3.4 Experimental adsorption isotherms of N2 on Li-LSX at various temperatures and at 101 kPa. 
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Figure S3.5 Experimental adsorption isotherms of O2 on Li2.5Ca46.75-LSX at various temperatures and at 101 kPa. 
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Figure S3.6 Experimental adsorption isotherms of O2 on Li4.2Ca45.9-LSX at various temperatures and at 101 kPa. 
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Figure S3.7 Experimental adsorption isotherms of O2 on Ca-LSX at various temperatures and at 101 kPa. 
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Figure S3.8 Experimental adsorption isotherms of O2 on Li-LSX at various temperatures and at 101 kPa. 
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Table S3.1 VPSA Simulation Operating Conditions and Results. 

Sorbent 
PH 

[kPa] 

PCD 

[kPa] 

PL 

[kPa] 

UH 

[m/s] 

UL 

[m/s] 

O2 Product 

purity    

[%] 

O2 Product 

recovery 

[%] 

Product 

productivity 

[tO2/h/t] 

Ca-LSX 120 80 25 0.79 1.82 95.254 51.582 0.062 

Ca-LSX 120 80 33 0.68 1.28 95.123 51.653 0.053 

Ca-LSX 120 85 40 0.625 0.961 95.177 51.572 0.06 

Ca-LSX 120 90 50 0.5 0.63 95.33 52.101 0.037 

Li2.5Ca46.75-LSX 120 90 50 0.82 0.99 95.101 51.834 0.05 

Li2.5Ca46.75-LSX 120 85 40 0.9 1.34 94.923 52.665 0.06 

Li2.5Ca46.75-LSX 120 85 33 0.981 1.7 95.467 52.336 0.067 

Li2.5Ca46.75-LSX 120 80 25 1.05 2.39 95.326 51.794 0.074 

Li4.2Ca45.9-LSX 120 90 50 1.05 1.03 95.169 51.796 0.054 

Li4.2Ca45.9-LSX 120 85 40 1.16 1.42 95.604 52.474 0.064 

Li4.2Ca45.9-LSX 120 80 33 1.24 1.87 95.417 52.154 0.070 

Li4.2Ca45.9-LSX 120 80 25 1.395 2.67 95.465 52.59 0.082 

Li-LSX 120 80 25 1.58 3.12 95.084 52.4 0.102 

Li-LSX 120 80 33 1.5 2.34 95.441 52.021 0.093 

Li-LSX 120 85 40 1.385 1.695 95.02 52.698 0.081 

Li-LSX 120 90 50 1.3 1.26 95.471 52.137 0.071 

Ca-LSX 150 110 60 1.07 1.15 95.394 52.093 0.077 

Ca-LSX 150 110 60 0.312 0.494 95.126 51.573 0.035 

Ca-LSX 150 105 50 0.4 0.707 95.118 52.391 0.044 

Ca-LSX 150 100 40 0.455 0.982 95.403 52.168 0.051 

Ca-LSX 150 95 33 0.488 1.284 95.21 51.725 0.056 

Ca-LSX 150 95 25 0.574 1.81 94.811 52.219 0.066 

Li2.5Ca46.75-LSX 150 110 60 0.61 0.85 94.943 52.309 0.051 

Li2.5Ca46.75-LSX 150 105 50 0.66 1.1 95.575 52.183 0.058 

Li2.5Ca46.75-LSX 150 100 40 0.71 1.46 95.267 52.334 0.067 

Li2.5Ca46.75-LSX 150 95 33 0.735 1.85 95.062 52.167 0.073 

Li2.5Ca46.75-LSX 150 95 25 0.801 2.5 95.248 52.443 0.082 
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Li4.2Ca45.9-LSX 150 110 60 0.79 0.88 95.334 52.471 0.055 

Li4.2Ca45.9-LSX 150 105 50 0.87 1.16 95.164 52.111 0.063 

Li4.2Ca45.9-LSX 150 100 40 0.95 1.58 95.245 51.848 0.071 

Li4.2Ca45.9-LSX 150 95 33 1 2.02 94.98 52.114 0.078 

Li4.2Ca45.9-LSX 150 95 25 1.105 2.85 95.206 52.086 0.089 

Li-LSX 150 105 50 1.12 1.45 94.826 52.215 0.084 

Li-LSX 150 100 40 1.134 1.86 94.911 52.335 0.091 

Li-LSX 150 95 33 1.173 2.41 95.623 52.293 0.100 

Li-LSX 150 95 26 1.278 3.26 95.53 52.252 0.113 
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Appendix C – Supplementary Material for Chapter 4 
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Figure S4.1 Experimental adsorption isotherms of H2S on NDC at various temperatures and at 101 kPa. 
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Figure S4.2 Experimental adsorption isotherms of H2S on AC at various temperatures and at 101 kPa. 
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Figure S4.3 Experimental adsorption isotherms of CH4 on NDC at various temperatures and at 101 kPa. 
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Figure S4.4 Experimental adsorption isotherms of CH4 on AC at various temperatures and at 101 kPa. 
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Figure S4.5 Experimental adsorption isotherms of H2S on NDC and AC at various temperatures and at 101 kPa. 
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Figure S4.6 Experimental adsorption isotherms of CH4 on NDC and AC at various temperatures and at 101 kPa. 
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Table S4.1 Representative values of model parameters fit to experimental adsorption data at 298 and 323K. 

Sorbent 

 

Tóth at 298 K 
 

 Tóth at 323 K 

 
a 

[mmol/g] 
d       

[atmk] 
k  

a     
[mmol/g] 

d       
[atmk] 

k 

        
H2S / NDC 0.11 591.90 1.79  0.05 57.24 1.03 

H2S / AC 0.02 8.28E16 8.78  0.01 2.75E23 12.18 

        

CH4 / NDC 30.06 3.59 0.40  6.61 5.62 0.70 

CH4 / AC 7.73 2.00 0.53  4.92 3.14 0.67 
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Appendix D – Supplementary Material for Chapter 5 
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Figure S5.1 N2 Experimental adsorption Isotherms on Ag2.0Ca47.0-LSX at various temperatures and 101 kPa. 
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Figure S5.2 N2 Experimental adsorption Isotherms on Ag3.0Ca46.5-LSX at various temperatures and 101 kPa. 
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Figure S5.3 N2 Experimental adsorption Isotherms on Ag2.0Sr47.0-LSX at various temperatures and 101 kPa. 
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Figure S5.4 N2 Experimental adsorption Isotherms on Ag3.0Sr46.5-LSX at various temperatures and 101 kPa. 
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Figure S5.5 N2 Experimental adsorption Isotherms on Li2.74Sr46-63-LSX at various temperatures and 101 kPa. 
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Figure S5.6 N2 Experimental adsorption Isotherms on Li3.13Sr46-44-LSX at various temperatures and 101 kPa. 
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Figure S5.7 N2 Experimental adsorption Isotherms on Ca-LSX at various temperatures and 101 kPa. 
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Figure S5.8 N2 Experimental adsorption Isotherms on Li-LSX at various temperatures and 101 kPa. 
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Figure S5.9 N2 Experimental adsorption Isotherms on Sr-LSX at various temperatures and 101 kPa. 
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Figure S5.10 N2 Experimental adsorption Isotherms on Ag-LSX at various temperatures and 101 kPa. 
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Figure S5.11 O2 Experimental adsorption Isotherms on Ag2.0Ca47.0-LSX at various temperatures and 101 kPa. 
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Figure S5.12 O2 Experimental adsorption Isotherms on Ag3.0Ca46.5-LSX at various temperatures and 101 kPa. 
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Figure S5.13 O2 Experimental adsorption Isotherms on Ag2.0Sr47.0-LSX at various temperatures and 101 kPa. 
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Figure S5.14 O2 Experimental adsorption Isotherms on Ag3.0Sr46.5-LSX at various temperatures and 101 kPa. 
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Figure S5.15 O2 Experimental adsorption Isotherms on Li2.74Sr46-63-LSX at various temperatures and 101 kPa. 

0.0 0.2 0.4 0.6 0.8 1.0

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0
 O

2
 / Li

3.13
Sr

46.44
-LSX @ 298 K

 O
2
 / Li

3.13
Sr

46.44
-LSX @ 323 K

 O
2
 / Li

3.13
Sr

46.44
-LSX @ 343 K

Q
 [

m
m

o
l/
g

]

Pressure [atm]

Figure S5.16 O2 Experimental adsorption Isotherms on Li3.13Sr46-44-LSX at various temperatures and 101 kPa. 
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Figure S5.17 O2 Experimental adsorption Isotherms on Ca-LSX at various temperatures and 101 kPa. 
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Figure S5.18 O2 Experimental adsorption Isotherms on Li-LSX at various temperatures and 101 kPa. 
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Figure S5.19. O2 Experimental adsorption Isotherms on Sr-LSX at various temperatures and 101 kPa. 
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Figure S5.20 O2 Experimental adsorption Isotherms on Ag-LSX at various temperatures and 101 kPa. 
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Table S5.1 Representative parameters of Langmuir-Freundlich Isotherm of N2 and O2 at 298 K. 

 

Sorbent 
Langmuir-Freundlich 

Qsat [mmol/g] K     [atm-n] n 

    
N2 / Ca-LSX 2.32 2.18 0.92 

N2 / Li-LSX 3.08 0.84 1.01 

N2 / Sr-LSX 2.40 0.96 0.99 

N2 / Ag-LSX 1.17 4.08 0.77 

N2 / Ag2.0Ca47.0-LSX 2.33 2.83 0.95 

N2 / Ag3.0Ca46.5-LSX 2.34 2.43 0.94 

N2 / Ag2.0Sr47.0-LSX 3.18 0.72 0.98 

N2 / Ag3.0Sr46.5-LSX 3.43 0.72 0.98 

N2 / Li2.74Sr46.63-LSX 2.75 0.77 0.98 

N2 / Li3.13Sr46.44-LSX 2.88 0.77 0.99 

O2 / Ca-LSX 10298.03 3.82E-5 0.95 

O2 / Li-LSX 32951.23 7.40E-6 0.98 

O2 / Sr-LSX 20.93 0.01 0.99 

O2 / Ag-LSX 169790.65 1.40E-6 0.95 

O2 / Ag2.0Ca47.0-LSX 6.81 0.06 0.95 

O2 / Ag3.0Ca46.5-LSX 20.07 0.01 0.95 

O2 / Ag2.0Sr47.0-LSX 140540.48 2.05E-6 0.97 

O2 / Ag3.0Sr46.5-LSX 3208.26 1.02E-4 0.95 

O2 / Li2.74Sr46.63-LSX 60553.11 4.11E-6 0.99 

O2 / Li3.13Sr46.44-LSX 27268.78 1.37E-5 0.96 
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Table S5.2 Representative parameters of Langmuir-Freundlich Isotherm of N2 and O2 at 323 K and 343 K. 

Sorbent 

 

Langmuir-Freundlich at 323 K 
 

 Langmuir-Freundlich at 343 K 

Qsat [mmol/g] 
K       

[atm-n] 
n  Qsat [mmol/g] K     [atm-n] n 

        
N2 / Ca-LSX 1.87 0.91 0.95  1.45 0.55 0.98 

N2 / Li-LSX 3.24 0.40 1.03  3.23 0.19 0.99 

N2 / Sr-LSX 3.26 0.27 0.99  2.94 0.23 1.00 

N2 / Ag-LSX 1.18 2.17 0.83  1.09 1.61 0.91 

N2 / Ag2.0Ca47.0-LSX 2.25 1.13 0.99  2.34 0.56 0.99 

N2 / Ag3.0Ca46.5-LSX 2.28 1.05 0.98  2.22 0.58 0.99 

N2 / Ag2.0Sr47.0-LSX 3.20 0.33 0.98  3.32 0.18 0.98 

N2 / Ag3.0Sr46.5-LSX 3.39 0.34 0.99  3.92 0.17 0.98 

N2 / Li2.74Sr46.63-LSX 2.91 0.33 0.98  2.88 0.20 0.99 

N2 / Li3.13Sr46.44-LSX 2.88 0.35 0.99  5.83 0.10 0.95 

O2 / Ca-LSX 13613.24 1.77E-5 0.99  35110.71 4.40E-6 0.96 

O2 / Li-LSX 34082.95 5.19E-6 0.98  1381.44 1.14E-4 0.99 

O2 / Sr-LSX 107.05 0.002 1.03  714.95 1.73E-4 1.05 

O2 / Ag-LSX 127652.83 1.26E-6 0.96  4617.63 2.63E-5 0.97 

O2 / Ag2.0Ca47.0-LSX 216.76 0.001 0.96  8460.21 1.89E-5 0.97 

O2 / Ag3.0Ca46.5-LSX 9241.74 1.78E-5 0.99  4997.82 2.83E-5 0.99 

O2 / Ag2.0Sr47.0-LSX 14875.73 1.24E-5 0.99  21475.44 6.50E-6 0.99 

O2 / Ag3.0Sr46.5-LSX 113.16 0.002 0.96  12290.97 1.26E-5 0.99 

O2 / Li2.74Sr46.63-LSX 17948.23 8.41E-6 0.96  28968.68 4.48E-6 1.01 

O2 / Li3.13Sr46.44-LSX 3.51 0.09 1.05  23947.65 7.37E-6 0.99 
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Table S5.3 Simulation result for Ag2.0Ca47.0-LSX 

PH 

[atm] 

PCD 

[atm] 

PL 

[atm] 

Vin 

[m/s] 

Vpurge 

[m/s] 
O2 Purity [%] O2 Recovery [%] 

Productivity 

[tO2/h/t] 

1.5 1.1 0.6 0.85 1 94.962 52.125 0.0595 

1.5 1.05 0.5 0.915 1.28 95.421 52.503 0.0681 

1.5 1 0.4 0.995 1.72 95.093 52.503 0.0777 

1.5 0.95 0.33 1.04 2.2 95.446 52.25 0.0845 

1.5 0.95 0.25 1.135 3.05 95.269 52.414 0.0961 

1.2 0.9 0.5 1.1 1.1 1.14 95.263 52.503 

1.2 0.85 0.4 1.23 1.23 1.59 95.093 52.353 

1.2 0.85 0.33 1.35 1.35 2.06 95.504 52.003 

1.2 0.8 0.25 1.45 1.45 2.93 95.277 52.313 

1.2 0.75 0.2 1.49 1.49 3.85 95.52 52.307 

 

 

Table S5.4 Simulation results for Ag3.0Ca46.5-LSX 

PH 

[atm] 

PCD 

[atm] 

PL 

[atm] 

Vin 

[m/s] 

Vpurge 

[m/s] 
O2 Purity [%] O2 Recovery [%] 

Productivity 

[tO2/h/t] 

1.5 1.1 0.6 1.055 1.04 95.042 52.207 0.0671 

1.5 1.05 0.5 1.15 1.37 95.448 52.218 0.0769 

1.5 1 0.4 1.26 1.87 95.439 52.192 0.0881 

1.5 0.95 0.33 1.326 2.4 95.059 52.161 0.0962 

1.5 0.95 0.25 1.42 3.28 95.543 52.853 0.1090 

1.2 0.9 0.5 1.38 1.2 95.046 52.347 0.0663 

1.2 0.85 0.4 1.56 1.7 94.989 52.289 0.0785 

1.2 0.85 0.33 1.7 2.2 95.214 52.068 0.0877 

1.2 0.8 0.25 1.812 3.1 95.005 52.58 0.0996 

1.2 0.75 0.2 1.86 4.05 95.066 52.358 0.1070 
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Table S5.5 Simulation result for Ag2.0Sr47.0-LSX 

PH 

[atm] 

PCD 

[atm] 

PL 

[atm] 

Vin 

[m/s] 

Vpurge 

[m/s] 
O2 Purity [%] O2 Recovery [%] 

Productivity 

[tO2/h/t] 

1.5 1.1 0.6 0.848 1.04 94.824 52.128 0.0693 

1.5 1.05 0.5 0.85 1.32 95.385 51.902 0.0715 

1.5 1 0.4 0.849 1.66 94.782 52.052 0.0810 

1.5 0.95 0.33 0.845 2.1 94.705 52.196 0.0881 

1.5 0.95 0.25 0.847 2.75 95.446 52.279 0.0940 

1.2 0.9 0.5 1.02 1.12 94.984 51.819 0.0619 

1.2 0.85 0.4 1.02 1.45 94.913 51.915 0.0673 

1.2 0.85 0.33 1.04 1.73 95.566 52.601 0.0728 

1.2 0.8 0.25 1.04 2.4 94.877 51.826 0.0783 

1.2 0.75 0.2 1.005 3.12 95.428 51.879 0.0840 

 

 

Table S5.6 Simulation result for Ag3.0Sr46.5-LSX 

PH 

[atm] 
PCD 

[atm] 
PL 

[atm] 
Vin 

[m/s] 
Vpurge 

[m/s] 
O2 Purity [%] O2 Recovery [%] 

Productivity 

[tO2/h/t] 

1.5 1.1 0.6 0.916 1.12 95.178 52.506 0.0741 

1.5 1.05 0.5 0.925 1.38 95.194 51.861 0.0775 

1.5 1 0.4 0.903 1.72 94.909 51.977 0.0820 

1.5 0.95 0.33 0.856 2.095 94.915 52.379 0.0859 

1.5 0.95 0.25 0.872 2.73 95.669 52.285 0.0935 

1.2 0.9 0.5 1.087 1.2 95.522 52.189 0.0660 

1.2 0.85 0.4 1.11 1.56 94.928 52.444 0.0725 

1.2 0.85 0.33 1.14 1.86 95.128 52.67 0.0772 

1.2 0.8 0.25 1.09 2.48 95.136 51.992 0.0809 

1.2 0.75 0.2 1.05 3.17 95.106 51.964 0.0867 
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Table S5.7 Simulation result for Li2.74Sr46.63-LSX 

PH 

[atm] 
PCD 

[atm] 
PL 

[atm] 
Vin 

[m/s] 
Vpurge 

[m/s] 
O2 Purity [%] O2 Recovery [%] 

Productivity 

[tO2/h/t] 

1.5 1.1 0.6 0.95 1.05 94.974 51.999 0.0700 

1.5 1.05 0.5 0.93 1.28 94.494 52.232 0.0738 

1.5 1 0.4 0.91 1.63 95.425 95.031 0.0788 

1.5 0.95 0.33 0.92 2.1 95.514 52.293 0.0868 

1.5 0.95 0.25 0.92 2.7 95.187 52.053 0.0913 

1.2 0.9 0.5 1.1 1.11 95.083 52.533 0.0627 

1.2 0.85 0.4 1.09 1.44 95.098 51.949 0.0665 

1.2 0.85 0.33 1.13 1.75 95.258 52.639 0.0728 

1.2 0.8 0.25 1.15 2.2 95.523 52.002 0.0773 

1.2 0.75 0.2 1.13 2.98 95.203 52.255 0.0830 

 

 

Table S5.8 Simulation result for Li-LSX 

PH 

[atm] 
PCD 

[atm] 
PL 

[atm] 
Vin 

[m/s] 
Vpurge 

[m/s] O2 Purity [%] O2 Recovery [%] Productivity 

[tO2/h/t] 

1 0.8 0.5 1.4 1.06 95.056 52.156 0.0596 

1 0.65 0.33 1.7 2.5 95.506 51.926 0.0828 

1 0.65 0.25 1.79 3 95.232 51.758 0.0888 

1.2 0.8 0.25 1.58 3.12 95.084 52.4 0.102 

1.2 0.8 0.33 1.5 2.34 95.441 52.021 0.0926 

1.2 0.85 0.4 1.385 1.695 95.02 52.698 0.0812 

1.2 0.9 0.5 1.3 1.26 95.471 52.137 0.0712 

1.5 1.1 0.6 1.07 1.15 95.394 52.093 0.077 

1.5 1.05 0.5 1.12 1.45 94.826 52.215 0.084 

1.5 1 0.4 1.134 1.86 94.911 52.335 0.091 

1.5 0.95 0.33 1.173 2.41 95.623 52.293 0.100 

1.5 0.95 0.26 1.278 3.26 95.53 52.252 0.113 

 



198 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix E – Supplementary Material for Chapter 6 

 

 

 

 

 

 

 

 

 

 

 

 



199 
 

 

 

0.0 0.2 0.4 0.6 0.8 1.0

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0
 N

2
 / Sr-LSX-673 at 323 K

 N
2
 / Li-LSX-623 at 323 K

 N
2
 / Sr-LSX-648 at 323 K

 N
2
 / Sr-LSX-698 at 323 K

 N
2
 / Sr-LSX-723 at 323 K

 N
2
 / Sr-LSX-623 at 323 K

 O
2
 / Sr-LSX-698 at 323 K

 O
2
 / Sr-LSX-673 at 323 K

 O
2
 / Sr-LSX-648 at 323 K

 O
2
 / Sr-LSX-723 at 323 K

 O
2
 / Li-LSX-623 at 323 K

 O
2
 / Sr-LSX-623 at 323 K

Q
 [

m
m

o
l/
g

]

Pressure [atm]

Figure S6.1 Combined N2 and O
2
 adsorption isotherms at 323 K and 101 kPa on sorbents dehydrated at various temperatures. 
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Figure S6.2 Combined N2 and O
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 adsorption isotherms at 343 K and 101 kPa on sorbents dehydrated at various temperatures. 
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Figure S6.3 Powder XRD pattern for Sr-LSX. The patterns were collected at 303 K with 
no thermal treatment. The higher temperature patterns (623 – 723 K) were collected by 
heating to the pictured temperatures in vacuo. 



201 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S6.4 Five-Step PSA cycle configuration. 
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Figure S6.5 Comparison of O
2
 productivity at 120 kPa pressure on various sorbents. 
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Table S6.1 Adsorption Bed Characteristics and Operating Conditions for PSA Simulations 

 

Bed length 2.5 m 

Diameter of sorbent 1.0 m 

Bed external porosity 0.4 

Bed density 720 kg/m3 

Heat capacity of gases 28.72 J/mol/K 

Heat capacity of sorbent 1.17 kJ/kg/K 

Ambient temperature 298 K 

Feed gas temperature 298 K 

Feed gas composition 78% N2, 22% O2 

Axial dispersion coefficient (Dax) 5×10-5 m2/s 

Effective heat conductive 0.2 w/m/K 

 

 

 

Table S6.2 Temperature-Dependent parameters for Langmuir-Freundlich Isotherm of N2 and O2. 

 

Sorbent Sorbate 
k1 

(mmol/g) 

k2 

(K) 

k3 

(atm-1) 

k4 

(K) 
n 

ΔH 

(kcal/mol) 

Sr-LSX-623 O2 2.61952 37.274 2.19E-04 1819.73228 1.04983 3.336 

Sr-LSX-623 N2 0.13797 849.94655 2.65E-03 1754.75503 1.01946 5.8063 

Sr-LSX-648 O2 0.15133 1292.06258 0.00865 325.92443 0.9845 3.624 

Sr-LSX-648 N2 1.11372 324.1435 9.11E-05 2702.4184 1.00054 6.071 

Sr-LSX-673 O2 26.78802 1583.05276 4.64E-05 70.26803 0.97131 3.642 

Sr-LSX-673 N2 1.46797 264.59369 8.80E-05 2725.16958 0.99864 6.0814 

Sr-LSX-698 O2 5.05846 1330.62087 2.72E-04 337.83683 0.96168 3.649 

Sr-LSX-698 N2 2.42687 40.2314 3.21E-05 3092.04537 1.03223 5.8458 

Sr-LSX-723 O2 2.20101 1488.64192 2.70E-04 380.59954 0.95633 3.522 

Sr-LSX-723 N2 0.932 322.28712 7.54E-05 2766.67657 0.99484 5.922 
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Table S6.3 Simulation results for Sr-LSX-623 

PH 

[kPa] 

PCD 

[kPa] 

PL 

[kPa] 

Vin 

[m/s] 

Vpurge 

[m/s] 

O2 Purity 

[%] 

O2 Recovery 

[%] 

Productivity 

[tO2/h/t] 

150 110 60 0.91 1.04 95.028 52.31 0.0659 

150 105 50 0.945 1.31 95.214 52.299 0.0722 

150 100 40 0.967 1.7 95.442 52.149 0.0784 

150 95 33 1 2.18 95.281 52.498 0.0870 

150 95 25 1.042 2.9 95.042 52.123 0.0929 

120 90 50 1.1 1.1 1.14 95.263 0.0620 

120 85 40 1.23 1.23 1.59 95.093 0.0679 

120 85 33 1.35 1.35 2.06 95.504 0.0747 

120 80 25 1.45 1.45 2.93 95.277 0.0804 

120 75 20 1.49 1.49 3.85 95.52 0.0840 

 

Table S6.4 Simulation results for Sr-LSX-648 

PH 

[kPa] 

PCD 

[kPa] 

PL 

[kPa] 

Vin 

[m/s] 

Vpurge 

[m/s] 

O2 Purity 

[%] 

O2 Recovery 

[%] 

Productivity 

[tO2/h/t] 

150 110 60 1.02 1.145 94.913 52.529 0.0738 

150 105 50 1.05 1.44 95.168 52.263 0.0798 

150 100 40 1.08 1.87 94.829 52.257 0.0869 

150 95 33 1.11 2.4 95.331 51.788 0.0935 

150 95 25 1.17 3.22 95.341 51.893 0.1020 

120 90 50 1.25 1.25 95.123 52.431 0.0681 

120 85 40 1.29 1.65 95.444 52.398 0.0748 

120 85 33 1.33 2.01 95.303 52.31 0.0793 

120 80 25 1.35 2.75 95.261 52.484 0.0861 

120 75 20 1.374 3.63 95.33 52.201 0.0918 
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Table S6.5 Simulation results for Sr-LSX-673 

PH 

[kPa] 

PCD 

[kPa] 

PL 

[kPa] 

Vin 

[m/s] 

Vpurge 

[m/s] 

O2 Purity 

[%] 

O2 Recovery 

[%] 

Productivity 

[tO2/h/t] 

150 110 60 1.12 1.255 95.266 52.25 0.0792 

150 105 50 1.14 1.555 95.106 51.974 0.0844 

150 100 40 1.152 1.98 94.659 52.156 0.0908 

150 95 33 1.205 2.57 95.134 52.25 0.1010 

150 95 25 1.29 3.5 94.915 52.28 0.1110 

120 90 50 1.25 1.37 1.37 95.563 52.028 

120 85 40 1.29 1.44 1.82 94.567 52.08 

120 85 33 1.33 1.59 2.38 95.377 52.111 

120 80 25 1.35 1.65 3.33 95.445 52.342 

120 75 20 1.374 1.63 4.25 95.127 52.262 

 

Table S6.6 Simulation results for Sr-LSX-698 

PH 

[kPa] 

PCD 

[kPa] 

PL 

[kPa] 

Vin 

[m/s] 

Vpurge 

[m/s] 

O2 Purity 

[%] 

O2 Recovery 

[%] 

Productivity 

[tO2/h/t] 

150 110 60 0.958 1.23 94.909 52.115 0.0738 

150 105 50 0.962 1.51 95.424 52.189 0.0795 

150 100 40 0.967 1.92 94.856 52.106 0.0857 

150 95 33 0.96 2.4 95.568 51.866 0.0914 

150 95 25 0.97 3.05 94.997 52.478 0.0980 

120 90 50 1.175 1.34 95.351 51.948 0.0680 

120 85 40 1.19 1.73 95.189 52.059 0.0743 

120 85 33 1.21 2.07 95.25 52.087 0.0788 

120 80 25 1.217 2.835 95.267 51.743 0.0854 

120 75 20 1.22 3.68 95.504 51.753 0.0915 
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Table S6.7 Simulation results for Sr-LSX-723 

PH 

[kPa] 

PCD 

[kPa] 

PL 

[kPa] 

Vin 

[m/s] 

Vpurge 

[m/s] 

O2 Purity 

[%] 

O2 Recovery 

[%] 

Productivity 

[tO2/h/t] 

150 110 60 0.865 1.11 94.98 51.955 0.0666 

150 105 50 0.88 1.37 94.963 51.971 0.0721 

150 100 40 0.89 1.755 94.932 52.176 0.0790 

150 95 33 0.91 2.25 95.138 52.642 0.0885 

150 95 25 0.94 2.95 95.203 52.293 0.0944 

120 90 50 1.06 1.2 95.112 52.302 0.0619 

120 85 40 1.09 1.575 95.563 52.427 0.0689 

120 85 33 1.17 1.99 95.309 51.685 0.0751 

120 80 25 1.15 2.65 95.331 51.93 0.0805 

120 75 20 1.13 3.4 95.216 52.025 0.0855 

 

Table S6.8 Simulation results for Li-LSX-623 

PH 

[kPa] 

PCD 

[kPa] 

PL 

[kPa] 

Vin 

[m/s] 

Vpurge 

[m/s] 

O2 Purity 

[%] 

O2 Recovery 

[%] 

Productivity 

[tO2/h/t] 

100 80 50 1.4 1.06 95.056 52.156 0.0596 

100 65 33 1.7 2.5 95.506 51.926 0.0828 

100 65 25 1.79 3 95.232 51.758 0.0888 

120 80 25 1.58 3.12 95.084 52.4 0.102 

120 80 33 1.5 2.34 95.441 52.021 0.0926 

120 85 40 1.385 1.695 95.02 52.698 0.0812 

120 90 50 1.3 1.26 95.471 52.137 0.0712 

150 110 60 1.07 1.15 95.394 52.093 0.077 

150 105 50 1.12 1.45 94.826 52.215 0.084 

150 100 40 1.134 1.86 94.911 52.335 0.091 

150 95 33 1.173 2.41 95.623 52.293 0.100 

150 95 26 1.278 3.26 95.53 52.252 0.113 

 


