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ABSTRACT 

The main objective of this work is the development of continuous crystalline microporous molecular 

sieve membranes to separate Kr/Xe and air/Xe gas mixtures. Specifically, for Kr/Xe separation we 

demonstrate that ZIF-8 and AlPO-18 membranes can effectively separate Kr/Xe gas mixtures. For air/Xe 

separation, we demonstrate the first examples of any porous crystalline membrane to separate air/Xe gas 

mixtures.  In the case of Kr/Xe separation, the best ZIF-8 membranes separated Kr/Xe mixtures with Kr 

permeances as high as 50.8 GPU and separation selectivities as high as 16.1. AlPO-18 membranes showed 

the highest Kr/Xe separation selectivity of 7.9 and an unprecedented Kr permeance as high as 940 GPU. For 

air/Xe separation we demonstrate that ZIF-8 and SAPO-34 membranes can separate this gas mixture 

effectively. Specifically, our best ZIF-8 membranes showed air permeances as high as 118 GPU and 

separation selectivities as high as 12.4 for air/Xe gas mixtures. SAPO-34 membranes’ air/Xe separation 

performance exceeded that of ZIF-8, showing air permeances as high as 690 GPU and separation 

selectivities of 30.1. Molecular sieving, competitive adsorption, and differences in diffusivities were 

identified as the separation mechanisms for both gas mixtures. Among these mechanisms, molecular sieving 

and differences in diffusivities were the dominant mechanisms leading to Kr and air selective membranes. 

This work represents one of the first known examples of microporous crystalline membranes with molecular 

sieving properties to separate Kr/Xe and air/Xe gas mixtures. The proposed separation technology represents 

an attractive alternative route to cryogenic distillation, typically employed to separate these gases. 
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CHAPTER 1 

 INTRODUCTION AND MAIN OBJECTIVES 

Objective 1 

The first central objective of this work is to develop crystalline microporous molecular sieve membranes 

that demonstrate effective separation performance for Kr/Xe gas mixtures.  The proposed work aims to 

elucidate basic structure-separation relationships and separation mechanisms of these membranes for 

Kr/Xe gas mixtures. A cost-effective method of separating Kr/Xe gas mixtures would be most usefully applied 

in treating radioactive waste resulting from nuclear power generation.   

1.1 Background and Motivation of Objective 1 

1.1.1 Nuclear energy generalities 

The world faces the challenge of providing sufficient energy to meet growing energy demands 

while minimizing human-caused climate change [1]. The U.S. Energy Information Administration's 

recently released International Energy Outlook 2016 (IEO2016) projects that world energy consumption 

will grow by 48% between 2012 and 2040 [2]. In the meantime, energy production, which primarily relies 

on fossil fuels, contributes to climate change.  In 2011, fossil fuel energy-production activities emitted 9,449 

million metric tons of carbon dioxide, the most ubiquitous greenhouse gas. These emissions are expected 

to increase at an average annual rate of 1.0% from 2012 to 2040 [3]. According to the Central Intelligence 

Agency data, climate change fears will be realized if fossil fuels continue to be used at current levels. To 

combat climate change and develop a more sustainable energy infrastructure, alternative sources of energy 

must be adopted. 

Nuclear power is already used as an alternative carbon-neutral energy source. Nuclear power is 

powerful, reliable, and emits very little CO2. A coal plant would emit more than one million tons of CO2 to 

produce the same amount of electricity that a nuclear power plant could with 22 tons of uranium [1]. The 

typical nuclear plant even emits fewer radioactive particles than a traditional coal-burning plant, suggesting 

other environmental benefits. In one aspect, nuclear power compares very favorably with other clean energy 

technologies. Unlike wind and solar, nuclear power can be produced continuously, regardless of weather. 
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Nuclear power provides 70% of the United States’ clean electricity. As of 2017, more than 440 commercial 

nuclear reactors supply 390,000 MWe worldwide [4]. More than 11% of the world’s electricity comes from 

continuous, reliable base-load nuclear power.  Nuclear power growth forecasts have greatly increased for 

China, India, and South Korea [5].  

1.1.2 Nuclear power waste storage and fuel reprocessing 

One of the greatest drawbacks of nuclear power is radioactive waste, which amounts to thousands 

of tons per year.  As fuels, uranium and plutonium have created 76,430 metric tons of radioactive nuclear 

waste in the U.S. over the last 40 years. [6].  

In recent years, disposing of nuclear waste in long-term storage has appeared infeasible. The U.S. 

government has unsuccessfully sought to create a repository for radioactive waste created by nuclear power 

generation. Starting in 1987, the Yucca Mountain site in Nevada was studied as a nuclear waste repository. 

The Department of Energy has spent around $15 billion studying the site [1]. Even after such enormous 

expenditures, political realities render storing nuclear waste in Yucca Mountain unlikely [7]. Regardless, 

geological repositories cannot solve the nuclear waste problem alone. Nuclear waste reprocessing is gaining 

support as a complement to nuclear waste repositories. Reprocessing reduces the amount of high-level 

waste, including plutonium and uranium, and enables more energy to be extracted from fuel. Non-usable 

low-level waste must still be sent to a repository. Some European countries, along with Russia, China, and 

Japan, have adopted policies to reprocess spent nuclear fuel [8]. Partnering with the International 

Framework for Nuclear Energy Cooperation (IFNEC), the United States is developing a closed nuclear fuel 

cycle that recycles nuclear waste and extracts additional energy and economic value [9].  

A main research focus in spent fuel reprocessing is capturing the volatile “radionuclides” in off-

gases, which are more difficult to manage than solid or liquid radionuclides. The off-gases from fuel 

reprocessing contain NO, NO2, 131I, Xe, 85Kr, 14CO2, tritium (as 3H2O) [10].  In the future, to meet likely 

U.S. regulatory requirements, reprocessing facilities must capture volatile radionuclides. Currently some 

commercially available technologies are applied in nuclear reprocessing plants in Europe, Russia and Japan 
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to capture radionuclides (131I and/or tritium), but the capture and separation of Kr and Xe is still a challenge 

in nuclear reprocessing plants [11].  

1.1.3 The purpose of Kr/Xe separation 

Krypton and xenon must be captured and separated from spent fuel during reprocessing due to the 

relatively long half-life of 85Kr (10.8 year), which accounts for 0.2% of the Kr isotopes and decays into 

rubidium-85. 85Kr emits beta radiation (99.6%) and gamma radiation (0.4%) [12], direct exposure to which 

harms human health and increases cancer risk [13, 14]. Xenon, however, does not pose the same radiation 

risks. After a relatively brief period, 135Xe (half-life of 9.2 hours) decays into stable isotope(s) [15]. However, 

as noble gases, Xe and 85Kr are difficult to separate and must be removed from spent fuel together.  

The radioactive 85Kr must be stored for 110 years before atmospheric release [16]. After Xe and 

85Kr have been captured, they should be separated. Currently, the gases are not separated. Separating the 

gases will reduce storage costs since Xe is generally present at 10 times the concentration of Kr and will 

allow for the economic use of the gases, especially Xe, which has many applications.   

Separating Kr and Xe will allow for economic use of the gases. Xenon (Xe) is an expensive and 

important inert gas for many medical and commercial applications.  Recovered decontaminated Xe may be 

used in lighting, electrical, aerospace, and medical applications [17-24]. Xe makes long lived, high intensity 

light lamps with extremely short flash durations [17].  The first commercialized Xe flash lamps were 

produced by Sugawara Lab Inc. [17]. It also used in photographic flash lamps [18], arc-lamps in plasma 

display panels [19] and solar simulation [20], and blue headlights and anti-fog lights on vehicles/as 

automotive lightings [21]. As an easily-ionized inert gas with high atomic mass and cryogenic storage 

density, Xe is the most popular propellant used in ion thrusters for satellites in the aerospace field [22]. 

Xeon is also used as a nontoxic anesthetic [23] and scintillator and ionization-chamber material in X-ray 

machines for medical imaging applications [24].  Using Xe as a surgical anaesthetic material, with a short 

induction period, allows for a patient to regain alertness within minutes [25-27]. The value of Xe from spent 

fuel from a 1000 MW Nuclear plant for 1 year is $281,546 (5,322 grains, $9,050 per metric ton 

commercially) [28]. 
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Kr captured from off-gases can be used as a radionuclide owing the presence of 85Kr. Kr is used as 

self-luminescent light sources, and in leak detectors, thickness gauges, and static eliminators [29-32]. 

However, 85Kr can only be used in limited capacities due to the biological effects of radiation.  The value 

of Kr from spent fuel from 1000 MW Nuclear plant for 1 year is $19,164 (308.18 grains in total, 0.2 % 

isotope, $616 per metric ton commercially) [28]. 

As Figure 1.1 and Figure 1.2 show, the demand for both gases crashed after the 2008 financial crisis 

but was growing before [33]. After the crash, demand for both gases has been on an upward trajectory, 

especially for Xenon. For Xenon, demand outstripped supply in 2016. The wide use of Xenon in anesthetics 

is expected to further boost the demand of Xenon in future years [33]. 

 

 

 

Figure 1.1 Xenon demand and supply. [33] 
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Figure 1.2 Krypton demand and supply. [33] 

 

Objective 2 

The second central objective of this work is to develop crystalline microporous molecular sieve membranes 

that demonstrate effective recovery of Xe from air.  The work aims to elucidate basic structure-separation 

relationships and separation mechanisms of these membranes for Air/Xe gas mixtures. Membranes able to 

efficiently separate Xe from air could potentially reduce the cost of extracting Xe. 

1.2 Background and Motivation of Objective 2 

The prevailing method for separating Xe and air, cryogenic distillation, is very energy-intensive and 

expensive, as described in 1.2.2. Additionally, Xe has a low concentration in air of only 0.086 ppm. 

Cryogenic distillation requires cooling air below the boiling points of nitrogen and oxygen (N2: -196˚C, O2: 

-183˚C, Xe: -108˚C) [34] to separate the inert gas from the mixture. In a typical cryogenic air separation 

plant, intensive capital and energy costs are expended in a series of process units that involve air 

compression, air purification, heat exchanging, distillation, and product compression [35]. Because this 

process is so expensive, very little Xe is separated from air. Yearly world production Xe amounts to just 

80.7 metric tonnes (14 million liters) per year while Earth’s atmosphere contains 2 billion tonnes [33].  
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As mentioned in 1.1.3, Xe has important and varied commercial, medical, and scientific uses and is 

expensive. A decrease in market price for high quality Xe would benefit the medical and commercial 

industries and promote the development of new uses for Xe. As new applications of Xe develop, new 

opportunities for Xe separation can potentially be exploited. For instance, the use of Xe as an anaesthetic 

has recently been expanding. It could be economically advantageous to recycle Xe by separating it from the 

air exhaled by the patient following surgery [36]. 

The main hypothesis of both objectives is that microporous crystalline membranes with pore sizes 

lying between the sizes of the molecules to be separated will be able to effectively separate by size exclusion 

(molecular sieving) Kr form Xe and Air from Xe.  
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CHAPTER 2 

METHODS FOR SEPARATING XE FROM KR AND AIR 

2.1 Overview of current methods separating Kr and Xe 

Separating Kr from Xe is a challenging task and a highly relevant issue during the treatment of 

spent nuclear fuel. The physical properties of Kr and Xe are shown in Table 2.1.  The current sources of Xe 

and Kr are very limited, owing to the prevailing separation method. Currently, a ~ 12:1 mixture of Xe and 

Kr is captured from the liquefaction of air [37]. Cryogenic distillation is also used for separating Kr/Xe in 

nuclear off-gases. The benchmark technology to separate Kr and Xe is cryogenic distillation process. This 

method of producing Kr and Xe is extremely energy-intensive, making the products very expensive. Apart 

from the cryogenic method, physical adsorption and membrane separation methods are emerging. These 

conventional Xe/Kr separation methods are described in the next paragraphs. 

 

Table 2.1 Physical properties of Krypton and Xenon. [38] 

Physical properties Kr  Xe 

Kinetic diameter (nm) 0.366  0.405 

Polarizability (10−25 cm3) 24.84  40.44 

 
 
 
2.1.1 Cryogenic distillation  

Cryogenic distillation is the most mature noble gas separation technology [39]. The technique relies 

on the difference in boiling points between Xe and Kr (-108.12 °C for Xe, -153.22 °C for Kr) [11]. The 

cryogenic method can be applied to separate Xe and Kr from air or from spent nuclear fuel off-gases. For 

nuclear reprocessing plants, off-gases need to be pre-treated to remove impurities such as C2H2, NOX and 

O2 [40]. Commercially, 99.999% pure Kr and Xe can be obtained using cryogenic separation of Kr and Xe 

from air [39]. This method’s application in nuclear fuel reprocessing plants has been studied for several 
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decades in the US [41] and Japan [39]. To meet anticipated regulatory 85Kr emission requirements, the 

optimum Kr decontamination factor should reach 100-1000 [39]. 

Cryogenic distillation methods for both air distillation and nuclear reprocessing plants are highly 

developed. Abe, et al. reported the first cryogenic distillation system that can reach a concentration of Kr at 

10−12 mol/mol in Xe [11]. The Xe collection efficiency was 99%. However, the process speed of 0.6 kg Xe 

per hour limited the application on a ton-scale pilot. After several years’ work, the process speed was 

improved from 0.6kg/h [42] to 5kg/h [43] and 6.5kg/h [44]. The system designed by Aprile in 2017 was 

capable of processing 3.3 tons of Xe with an extremely low Kr contamination of 10-15 mol/mol [44].  

The cryogenic distillation process requires an expensive capital outlay and intensive energy inputs. 

The selling price of high-purity Xe from cryogenic distillation was $5,000/kg in 2014 [45] A safety concern 

with cryogenic distillation is the formation of ozone from oxygen at cryogenic temperatures caused by 85Kr 

radiation [46]. Due to high costs and ozone concerns, a safer, more cost-effective method for separating 

Xe/Kr from off-gas streams is necessary. The optimal process would separate the noble gases at ambient 

temperature and pressure.  

2.1.2 Dissolution in fluorocarbon solvent 

Dissolution in fluorocarbon separates through solubility rather than boiling point differences. The 

solubility of Kr/Xe varies by temperature and pressure based on the solvent. A selective adsorption process 

using CCl2F2 (commercial name: Freon-12 or R-12) as a solvent can reach Kr separation factors of up to 

1000 and removal efficiencies of 99.9% [47]. This technology requires capital equipment and operating 

costs similar to the cryogenic process [39]. However, the operating temperature is about −30°C, leading to 

lower refrigeration costs. The high operating pressure at around 2.8MPa increases potential solvent and 

product loss through process leakage, volatilization and radiolysis degradation [39]. Moreover, the usage 

of CCl2F2 was forbidden globally in 2010 owing to concerns about its atmospheric ozone depletion effects 

[48]. The technology has never been tested at a pilot scale [39]. 
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2.1.3 Physical adsorption through nanoporous materials overview 

Physical adsorption through nanoporous materials is difficult to achieve due to the lack of chemical 

reactivity and the small size difference between Kr (diameter = 0.366 nm) and Xe (0.405 nm) [38]. However, 

this method shows promise as physical adsorption through porous materials will require less capital outlay 

and can be done at ambient temperatures using pressure swing adsorption (PSA) or temperature swing 

adsorption (TSA).  Therefore, physical adsorption is an alternative, potentially energy- and cost-saving 

Xe/Kr separation process. A broad range of task-specific microporous MS materials containing micro-pores 

uniformly sized less than 2 nm are under investigation for Kr/Xe separation, including activated carbon [49-

57], zeolites [58-68], aluminophosphates [69, 70], metal-organic frameworks [71-88], and porous organic 

cages [89-93]. 

Activated Carbon 

 Selective adsorption of Kr and Xe on activated charcoal was researched beginning in the middle 

20th century and has been developed in recent years. Activated charcoal is a cheap carbon material with a 

high surface area [49]. Activated charcoal is suitable for application as an adsorbent. Its activation process 

produces abundant active sites beneficial to adsorption due to increased free suspended carbon bonds [50]. 

Unfortunately, additional processes are necessary to separate Kr from activated carbon, making activated 

carbon’s use as an off-gas adsorbent inefficient. Nevertheless, because of activated carbon’s 

inexpensiveness and adsorbent capacity, it is often used as a benchmark with which to compare the 

performance of other adsorbents [49].   

 In 1999, Munakata et al showed that activated charcoal has greater adsorption capacity for both Kr 

and Xe than the molecular sieve 5A (MS5A) adsorbents [51]. Munakata et al showed that some carbon-

based adsorbents, including Ambersorb 572, Ryujyo-Sirasagi G2x4/6-3 and Molsievon X2M4/6 have large 

adsorption capacities for Kr with PSA [52]. Compared to different zeolites and activated carbon adsorbents, 

the activated charcoal Ambersorb 572 was found to have the highest adsorbent capacity for Kr [53], reported 

at 2.2×10-6 mol/g [54] at 0 °C, and 30 Pa. They also found that the BET surface area reached 1100 m2/g 
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[55]. AUK porous carbon was reported with Kr capacity of 3.2×10-3 mol/g at 2981Pa at -96 °C, and 

separation decreased as temperature increased. [50] Unfortunately, activated carbon is susceptible to 

combustion with O2 or NOx in the feed stream [49]. 

Single-walled carbon nanotubes (SWCNTs) can act as adsorbents for Kr and Xe due to their high 

surface area, uniform pore size and thermal stability. Muris et al.  investigated the capture of methane and 

Kr on the inner channels and exterior walls of carbon nanotubes [56]. They found the Kr capacity of the 

inner channels was ~2.6 × 10−3 mol/g at Kr partial pressure of 10 Pa at 77.3 K, twice the capacity of graphite 

at the same conditions. Jalili studied Kr and Xe adsorption on SWCNTs using Molecular Dynamic (MD) 

simulations [57]. They also found the advanced adsorption capacity of SWCNTs was attributable to the 

inner channels of the opened CNTs. Xe has a heat of adsorption twice as large as that of Kr, facilitating 

selective adsorption of Xe on SWCNTs. SWCNTs may present a cost-effective option to remove Xe in 

preliminary adsorption steps if low-cost production techniques can be developed [49].  

Zeolites 

Zeolites are crystalline porous aluminosilicates composed of corner-sharing TO4 (T=Al, Si, P) 

tetrahedrals with cages, cavities, and channels that can capture molecules [58]. The molecular framework 

allows cation mobility [59]. Zeolites are considered superior adsorbents to activated carbon since zeolites 

do not combust with O2 or NOX. They are also chemically and physically stable at high temperatures. High 

surface areas allow greater storage capacities, and it is possible to fine-tune the adsorbate-adsorbent 

interactions to optimize selectivity. Zeolites are cost-effective adsorbents of noble gases since the adsorption 

can take place near ambient temperatures and moderate pressures. The size, shape, and structure of the 

zeolite pore, the cationic charge density, polarizability, and permanent polarity of the adsorbate molecules 

affect the selectivity and uptake of a gas on a zeolite. Smaller pores with a larger cation charge density will 

more selectively adsorb larger and more polar molecules [60]. In 2003, Sircar, et al. identified three factors 

that affect zeolite gas separation: (1) the size of molecular sieves or their steric exclusion prevents certain 

components of a gas mixture to enter pores whereas other components enter and are adsorbed; (2) the 

zeolite’s thermodynamic selectivity, which measures the preferential adsorption of some gas molecules 



11 

 

when all gas molecules can enter the pores; and (3) the zeolite’s kinetic selectivity, which measures and 

compares the relative speeds at which certain molecules enter the pores [61]. Table 2.2 shows the Kr 

adsorption capacity of several zeolites as compared to activated carbon adsorbents. 

 

Table 2.2 Krypton capacities of various adsorbents. [49]. a –zeolite and b-carbon 

Sorbent Surface 

Area (m2/ g) 

Pressure 

(Pa) 

Capacity of adsorbent 

(mol /g) 

Temp. (K) Ref. 

Natural 

mordenite a 

217 25 6.50E−07  [59] 

Cu-Mordenite a – 20 3.50E−07 273 [53] 

Hydrogen 

Mordenite a 

295 15 4.00E−05 273 [53] 

Silver Mordenite 
a 

109 15 2.30E−06 273 [54] 

MS-5A 415 30 2.70E−07 273 [53] 

Activated 

Charcoal b 

663 20 1.10E−06 273 [53] 

Ambersoeb 572 b 1100 30 2.20E−06 273 [53] 

Ambersoeb 563 b – 40 2.00E−06 273 [53] 

Molsievon 

X2M4/6 b 

– 20 1.70E−07 273 [53] 

Molsievon 3A b – 1000 2.00E−06 273 [53] 

Merck b – 10 5.00E−07 273 [53] 

AUK 

microporous 

carbon b 

– 2981 3.20E−03 177.7 [49] 

SWCNT b 371.5 10 2.60E−03  [55] 

 

 

Several research groups have studied the capacity of zeolites to act as noble gas adsorbents. 

Jameson et al. conducted nuclear magnetic resonance (NMR) studies to investigate the competitive 

adsorption of a Kr/Xe mixture using the zeolite NaA [62]. The team confirmed that after a measure of time, 

Kr and Xe were adsorbed in NaA zeolite and formed XenKrm clusters. In a different study, NaA and NaX 

zeolites selectively adsorb Xe over Kr with selectivities of approximately 4-6. However, these zeolites 

showed low adsorption capacities (20−30 wt. % at 100 kPa and 25 °C) [60, 63]. Munakata et al. employed 
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the zeolite molecular sieve 5A to adsorb Kr, Xe, N2, and binary component systems (Kr-Xe, Kr-N2) [51]. 

The adsorption isotherms for molecular sieve 5A were correlated by the Langmuir model. In this study, Xe 

and large amounts of N2 competitively inhibited the adsorption of Kr from the mixture of all three gases. 

Ianovsk and Munakata el al. fabricated the H-mordenite adsorbent from a natural mordenite by ion-

exchange with an HCl solution [54]. The zeolite was found to adsorb Kr almost as well as activated charcoal. 

This research group also found that Xe exhibits an unusually strong interaction with silver-exchanged X 

and Y zeolites, compared with their sodium-exchanged counterpart [55].  In Y zeolites, the isosteric heats 

of adsorption of Xe on Ag-exchanged and Na-exchanged materials were 31.0 and 18.5 kJ/mol, respectively 

[64]. The authors believed that the ion-exchange treatment may have changed the electrostatic potential on 

the surface of the natural mordenite, greatly enhancing the surface affinity to noble gases. Nguyen et al. 

showed Ag+ is the strongest binding site for Xe both in gas phase and on the chabazite surface with binding 

energies of 73.9 and 14.5 kJ/mol [65]. Although Ag+ appears necessary for zeolites to bind Xe, the nature 

of this unusually strong binding is controversial. Farrusseng’s group also investigated silver-exchanged 

adsorbents, including Na-ZSM-5, Na-ZSM-5, Na-Beta, NaX, and NaY and found that Ag-ZSM-5 shows 

high Xe adsorption capacities [66- 68]. They reported Ag-ZSM-5 has an outstanding Xe/Kr adsorption 

selectivity of 40 at 1 bar and 273-303 K, to our knowledge the highest value measured for any material, 

including activated carbon and different MOFs (MOF‐505, Ni/DOBDC, Co3(HCOO)6) [68]. The material 

can capture Xe even at very low concentrations (0.087 ppm to 0.1 %) with an adsorption capacity an order 

of magnitude greater than that of activated carbon or non‐exchanged zeolites [68]. Ag-ZSM-5 has Xe 

capacity of 3.5×10−4 mol /g and Xe isosteric heat of adsorption of 65 kJ mol−1 [68]. 

Aluminophosphates  

A class of microporous crystals, aluminophosphates (AlPOs) represent the first oxide family of 

molecular sieves synthesized without silica [69]. AlPOs consist of equimolar AlO4
− and PO4

+ tetrahedral 

units [70]. Some AlPO molecular sieve properties are similar to those of zeolites, and the material is 

commonly used for adsorbents, gas separation, and catalysts or catalyst supports [69]. 
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Metal-organic frameworks 

Metal-organic frameworks (MOFs) [71-88] have been identified as promising materials for noble 

gas separation. MOFs are made of self-assembling organic linkers (spacers) and metallic corners, forming 

stable crystalline frameworks under mild conditions [11, 72]. MOFs are generally synthesized at lower 

temperatures (<250 °C). Some MOFs may be synthesized below 100 °C. Above 100 °C, MOFs require 

solvothermal synthesis. Besides water (the most frequently used), the main solvents are alcohols, dialkyl 

formamides, and pyridine. MOFs can be made with di-, tri- or tetravalent cations [72]. The N and O 

coordination bonds may be altered, allowing for varied topologies [73]. Pore sizes may also be altered by 

the choice of organic linkers. The chemical structure of MOFs, which have a high surface area [74], can be 

tailored to fit different gas separation requirements. Several MOFs are considered suitable candidates for 

noble gas separation since the conditions of the separation do not occur at high temperatures. MOFs can 

store and separate Kr and Xe at ambient pressures, but typically they exhibit low adsorption capacity. 

Further research has uncovered MOFs with greater adsorption capacity, and additional research is expected 

to result in MOFs with increasingly high adsorption capacity.  

Computer modellers have begun to explore the potential of finely tuning MOFs as adsorbents of 

specific gases [73, 75-78]. To explore the optimal structural parameters of MOFs to separate noble gases 

and find suitable MOF candidates for noble gas separation, these researchers conducted computational 

Grand Canonical Monte Carlo Simulations (GCMS). Their studies accounted for pore-limiting diameters, 

largest cavity diameters and accessible void volume [75].  In 2012, Sikora et al. reported a GCMS of 

137,000 hypothetical MOFs, comparing Xe/Kr selectivity [75]. They compared several known MOFs to 

simulated MOFs and determined that significantly improved MOFs remained to be synthesized. The 

simulations showed a trade-off between selectivity and adsorption capacity. MOFs with pores just large 

enough to fit a single Xe atom and having morphologies with tubes of uniform width were predicted to be 

ideal to separate Xe from Kr. Heest et al. found that MOFs with polar functional groups tended to suggest 

higher Xe/Kr selectivities [79]. Table 2.3 indicates the simulated adsorption capacity of several MOFs and 

experimental results of zeolites and CC3 for noble gases (Kr and Xe). [68, 73, 75, 80-83] 
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Table 2.3 Xe/Kr selectivity for zeolite and CC3 crystals collected through experiments and simulated 
selectivity for MOFs at a pressure of 0.1MPA and temperature of 273K. Numbers in parentheses indicate 

data from breakthrough experiments 
CSKr – Capacity of adsorbent for Kr; CSXe – Capacity of adsorbent for Xe; S(Xe/Kr) – Selectivity of 

Xe/Kr. 
 

MOFs Surface 

Area (m2/g) 

Pressure 

(kPa) 

CSKr 

(mol/kg) 

CSXe 

(mol/kg) 

S(Xe/Kr

) 

Temp 

(K) 

Ref. 

NiDOBDC – 100 1.69 3.83 2.3 298 [80] 

IRMOF-1 – 100 – – 3.7 273 [75] 

ZIF-8 2851 600 1.1 – – 

6.8 

308 [78] 

[75] 

NiDOBDC     7.3  [81] 

HKUST-1 2770 100 1.3 4.9 8.1 273 [75] 

MOF-505 3100 100 – – 11.2 273 [75] 

Co3(HCOO

)6 

    13  [73] 

SBMOF-1     16  [82] 

Pd- MOF     19.4  [73] 

CC3     20.4  [83] 

Ag@ZSM

‐5 

    40 

(>100) 

 [68] 

 

 

MOF adsorbents, such as IRMOF-1, HKUST-1, MOF-505, Ni-DOBDC, Co-formate, FMOF-Cu, 

MOF-Cu-H, Pd-MOF and SBMOF-1 have shown good potential for separating Kr and Xe from air.  Mueller 

et al. investigated IRMOF-1, a MOF with tetranuclear Zn4O(BDC)3-based secondary building units (SBUs) 

to form channels with dimensions of ∼1.5 nm [84]. The team was the first to investigate PSA performance 

for Xe/Kr (and Ar) at room temperature. The results showed strong preferential adsorptions for gases with 
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higher polarizability (Xe > Kr > Ar). The simulated selectivity was only 3.7 for Ryan et al. [73], and thus, 

IRMOF-1 does not make a strong candidate for industrial Xe/Kr separation. 

    HKUST-1 is a Cu-BTC MOF with cavities sized 1.3, 1.1, and 0.5 nm.  At low pressures, HKUST-

1 showed relatively high selectivity (8.1 at 0.1 mPa), but at higher pressures, selectivity dropped off 

significantly, likely due to the presence of larger pores [73]. This demonstrated to the researchers that MOFs 

should have uniformly small pore sizes for selectivity to persist at higher pressures. 

M-DOBDC (M-MOF-74) (M = Mg, Mn, Fe, Co, Ni, Cu, Zn; dobdc4– = 2,5-dioxido-1,4-

benzenedicarboxylate) contains regular, hexagonal unidimensional pores sized at 1.1 nm [84]. At room 

temperature and 0.1 MPa, Ni-DOBDC was shown to have 12% higher selectivity than benchmark activated 

carbon [81]. Ni-DOBDC was also shown to have a Xe/Kr uptake ratio of 5 – 6 for most of the pressure 

range, compared to 3.8 for charcoal. At 0.1 MPa, the uptake rate of Ni-DOBCD was twice that of MOF-5 

[81]. Fernandez et al. found that Ni-DOBDC could separate 400 ppm Xe from 40 ppm Kr in air with a 

Xe/Kr selectivity of 7.3, making DOBDC a potential adsorbent for use in processing radioactive waste off-

gases [85].  

MOF-505 is a 3-periodic MOF with copper paddlewheel SBUs and pore diameters of 0.48, 0.71, 

and 0.95 nm. Bae et al. measured Xe/Kr adsorption selectivity of 9 – 10 [86]. The authors attribute the 

higher selectivity to the presence of smaller pore diameters compared to those of HKUST-1.  

Li et al. and Xiong et al. investigated the Xe/Kr adsorption selectivity of Co-formate, a flexible zinc 

tetrazolate framework with effective pore size of ~ 0.5 – 0.6 nm [80, 87]. Xiong et al. measured the highest 

adsorption selectivity of 15.5 in a PSA process [87]. The pore size matches well with Xe, and along with 

the high adsorption enthalpy for Xe and Xe’s high polarizability, Co-formate may be a good candidate for 

Xe-Kr separation applications.   

MOF-Cu-H (also known as NJU-Bai7), a (3, 6)-connected microporous MOF, was reported by 

Xiong et al. to have desirable morphological properties, including a pore size (0.63 nm) matching the atomic 

diameter of xenon, to separate Xe/Kr [88]. MOF-Cu-H test results revealed the highest Xe Henry coefficient 

(39.74 mmol/g∙bar) and the second highest thermodynamic Xe/Kr selectivity (15.8) at low concentrations 
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among MOFs tested to that date (2018). Column breakthrough experiments conducted with a representative 

gas mixture of air (350 ppm Xe, 35 ppm Kr in air) demonstrated MOF-Cu-H maintains a high Xe adsorption 

capacity of 13.0 mmol/kg under dilute conditions common in nuclear fuel reprocessing [88]. 

SBMOF-1 is a calcium-based MOF, also known as CaSDB, SDB=4, 4 –sulfonyldibenzoate 

[89].  Banerjee et al. performed computational simulations of SBMOF-1 and predicted that SBMOF-1 

would have significantly greater selectivity than all other known MOFs in conditions similar to those 

encountered during nuclear fuel reprocessing. The prediction was experimentally confirmed [82]. They 

found a simulated selectivity 70.6 and largest included sphere diameter of 5.1 Å. They showed SBMOF has 

a high Xe adsorption capacity and a remarkable Xe/Kr selectivity of ~ 16 at 55 K. They calculated the 

potential energy of a Xe atom adsorbed in the pore (surface 1: −32 kJ mol−1; surface 2: −15 kJ mol−1) [82]. 

Using single-crystal diffraction, the authors found that the adsorption selectivity may be attributed to the 

pore geometry with polar –OH groups, which served as adsorption sites for polarizable Xe. The capacity 

and adsorption selectivity of SBMOF-1 are comparable to Co-formate, which makes SBMOF-1 one of the 

leading Xe-selective MOF adsorbents [82]. 

Pd-MOF is a MOF with sodalite structure that contains Pd2+ bonded to 2-hydroxypyrimidinolate 

linkers. The Pd atoms are incorporated in a square planar. This MOF has pore sizes of ∼0.22, 0.49, and 

0.58 nm [73]. Ryan et al. investigated Pd-MOF to test MOFs with even smaller pores [73]. The authors 

found that Xe/Kr selectivity was ~19 for the entire pressure range from 0.01 to 3 MPa. But Pd-MOF has 

remarkably lower adsorption capacities of both Xe and Kr than the other MOFs. It had the lowest void 

fraction (0.348) among all investigated MOFs.  

All the above MOFs are Xe-selective. FMOF-Cu is composed of self-assembling flexible V-shaped 

organic building blocks with a 2-fold interpenetrated framework populated with dimethylformamide and 

ethanol molecules coordinated with the Cu centers to form a porous framework [85]. FMOFCu cages have 

a larger pore size (0.51 nm × 0.51 nm) than Kr’s and Xe’s kinetic diameters (0.36 nm and 0.40 nm). However, 

the connecting windows are sized (0.35 nm × 0.32 nm) close to the kinetic diameter of Kr and much smaller 
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than that of Xe, thus restricting Xe diffusion [85]. FMOFCu also exhibits Kr/Xe selective adsorption at 

temperatures below 0 °C. Overall FMOF-Cu has a Kr/Xe selectivity of ~ 36 at 0.1 MPa and -70 °C [85]. 

The pore size of FMOF-Cu is larger than the kinetic diameters of both Xe and Kr. However, the 

MOF is selective because the connecting windows are comparably sized to Kr and smaller than Xe. This 

restricts the diffusion of Xe into the cavities. This property makes FMOF-Cu one excellent Kr-selective 

material candidate. 

Porous organic cages 

Porous organic cages (POC) are covalently bonded organic cages that assemble into crystalline 

microporous structures [90, 91]. The porosity is intrinsic to the structure, rather than formed by non-covalent 

nonporous sub-units. POCs are solution-processable and may achieve the atomic-scale pore-size control of 

MOFs. POCs have been reported with surface areas greater than 1500 m2/g and been shown to separate 

molecules based on size and shape [92, 93]. The accessible surface area of POCs results from the 

interconnection of porous structures and empty spaces around the cages due to inefficient packing, also 

called extrinsic porosity.  

Recently, Chen et al studied the adsorption properties of CC3, a porous organic cage [83]. The 

molecular structure of CC3 consists of repeating organic building blocks that form three-dimensional cages. 

After computer simulations, the authors conducted experiments and found that CC3 has excellent 

performance in the solid state for Xe/Kr gas separation. At the pressure range of 2×10-3−5×10-1 bar, the 

capacity for Xe was 10-30 times higher than the uptake for Kr, which is better than most of MOFs but worse 

than Ag-ZSM-5 [68].  CC3 has Xe isosteric heat of adsorption of 31.3 kJ mol−1, which is half that of Ag-

ZSM-5 [68, 83]. 

Overall, Ag-ZSM-5, MOF, and POC adsorbents have demonstrated great potential to separate Kr 

and Xe. Figure 2.1 shows Xe/Kr selectivity for selected adsorbents [68]. Ag-ZSM-5, SBMOF-1, MOF-Cu-

H, Pd-MOF and CC3 are the current leading Xe-selective materials. FMOF-Cu is the current leading Kr-

selective material.  
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Figure 2.1 Selectivity SXe/Kr for a Xe/Kr mixture (20 %/80 %) of selected adsorbents reported in the 
literature. The yellow and blue columns respectively indicate selectivities measured through breakthrough 

experiments and IAST. [68] 
 

 
 
2.1.4 Membrane separation 

Membrane separation technology offers a low-energy alternative to other gas separation processes. 

It has great potential for applications in industrial separation processes. Kr/Xe separation performance must 

be improved before membrane separation can be commercially applied to separate the gases. In this 

application, membranes exhibit a selectivity of either Kr/Xe (Kr-selective) or Xe/Kr (Xe-selective). We 

focus on Kr-selective membranes. Although the potential of FMOF-Cu as adsorbents to separate Kr/Xe has 

been demonstrated [85], for materials in the membrane form, there are relatively limited reports, which are 

discussed below. 

SAPO-34, a chabazite (CHA) silicoaluminophosphate zeolite, was the first successful example of 

any inorganic membrane for Kr/Xe separation, which was reported by our group [94]. This membrane 

composition has been widely studied for diverse industrially relevant gas separation, such as Kr/Xe [94-96] 

CO2/CH4 [97-104], CO2/N2, [104-106], N2/CH4 [106-108], CO2/butane [106], and H2 purification [109]. 

SAPO-34 displays average pore size of 0.38 nm, which is between the kinetic diameters of Kr (0.37nm) 
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and Xe (0.41nm) [38]. In 2016, our research group reported SAPO-34 membranes that could separate Kr 

and Xe with permeance up to 1.2 × 10–7 mol/m2 s Pa and selectivity up to 44 at room temperature and 

transmembrane pressure of 138 kPa [94]. Kwon et al. reported SAPO-34 membranes applied to Kr and Xe 

separation with permeability around 50 Barrer and mixture selectivity of 25–30 for Kr at ambient or slightly 

sub-ambient conditions [95]. Later on, they reduced membrane thickness and applied ion exchange with 

alkali metal cations to improve performance [96]. Kr permeance improved from 7.5 to 26.3 gas permeation 

units (GPU) while ideal Kr/Xe selectivities exceeded 20 at 298 K. Selectivity in cation-exchanged 

membranes significantly increased (> 50%) under ambient and slightly subambient conditions [96]. Figure 

2.2 shows SAPO-34’s CHA framework structure including ring openings with pore opening of 0.38 nm 

[97]. 

 

 

 

Figure 2.2 SAPO-34 CHA framework ([0 0 1] view) [97]. 

 

In this work, our initial research efforts focused on a subfamily of MOFs, zeolitic imidazolate 

frameworks (ZIFs). ZIFs are crystalline microporous materials resulting from the coordination of either 

CoN4 or ZnN4 tetrahedra with imidazolate-type linkers [110].  In particular, ZIF-8 has attracted great 

scientific interest due to its molecular sieving properties, high surface areas, and enhanced chemical and 
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thermal stability [110].  ZIF-8 consists of Zn2+ and 2-methyl-imidazolate (mIm) in 1:2 stoichiometry, 

forming a sodalite (SOD) topology [110-114]. Pan et al. reported BET and Langmuir surface areas of 1079 

and 1173 m2/g respectively [114]. This particular MOF has been chosen mainly based on its potential to 

molecularly sieve Kr over Xe. Based on the kinetic diameter of Kr (∼0.37 nm) and Xe (0.41 nm), and the 

effective aperture size of ZIF-8 in the range of 0.4–0.42 nm, [115], ZIF-8 is an ideal candidate to molecular 

sieve Kr over Xe. In principle, Kr molecules would diffuse rapidly through the pores, while Xe, at most, 

will diffuse slowly, meaning that high Kr selectivities could be potentially achieved, based on differences 

in molecular diffusion. The molecular sieving properties of ZIF-8 membranes have been demonstrated for 

several binary gas mixtures [116–121]. Figure 2.3 shows ZIF-8’s SOD framework structure displaying six-

membered ring openings with a predicted size of 0.34nm [119]. 

 

 

Figure 2.3 ZIF-8 SOD topology (left) and narrow six-membered-ring opening with predicted pore size of 
0.34 nm (right). [119] 

 

 

Later, our research focused on AlPO-18, a microporous aluminophosphate (Al0.25P0.25O2) consisting 

of AlPO4- and PO4- tetrahedral units [122]. AlPO-18 exhibits a crystalline structure with AEI topology and 

a pore size of ~0.38 nm [123], larger than the kinetic diameter of Kr (~0.37 nm) and smaller than that of Xe 

(~0.41 nm), and therefore, it is a highly suitable candidate to molecular sieve Kr from Xe. Our group 
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reported the first example of continuous AlPO-18 membranes exhibiting high separation performance for 

CO2/CH4 gas mixtures [124] Zhou’s group also demonstrated AlPO-18 membrane separation properties for 

CO2/CH4, CO2/N2, and H2/CH4 binary gas mixtures [70, 125]. Recently we reported AlPO-18 membranes 

for separating N2/CH4 mixtures [126]. In addition to its highly appealing molecular sieving properties, 

AlPO-18 shows remarkable chemical and thermal stability [70]. Figure 2.4 illustrates AlPO-18’s AEI 

framework structure with a pore size of 0.38 nm [127]. 

 

 

 

  

 

 

 

 

 

Figure 2.4 AlPO-18 AEI framework structure including openings with size of 0.38 nm indicated by arrow 

[127]. 

 

 

2.2 Overview of current methods separating Air and Xe 

Several adsorbents have been proposed to recover Xe from air as a potentially cheaper production 

method compared to cryogenic distillation [64, 128-132].  

2.2.1 Cryogenic distillation and physical adsorption overview 

This technology relies on the adsorption capacity difference between Xe, Kr, and other atoms and 

molecules in air rather than on phase change differences. In some these reports, carbon, zeolite, and metal 
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organic frameworks (MOFs) have been used to capture noble gases from air [76, 129-132]. Shino et al. 

reported an approach to produce highly pure Xe by cooling air to liquefy oxygen and using a main condenser 

filled with an adsorbent to capture Xe condensate [128]. One 2018 patent describes a process whereby Xe 

is recovered from a cryogenic liquid or gas stream. The envisioned process includes bed of adsorbent 

contacting the xenon-containing liquid or gas stream that selectively adsorbs Xe. Regeneration occurs 

through the temperature swing method [129]. Golden et al. employed Li- and Ag-exchange zeolites with 

periodic thermal regeneration as absorbents to recover Xe and Kr from an oxygen-containing gas derived 

from a liquid oxygen stream in a cryogenic air separation plant [130]. Bazan et al. studied the adsorption 

difference between gaseous O2, Kr, Xe, and Ar over activated carbon and zeolites, finding that Xe was the 

most strongly adsorbed gas [131]. Parkes et al. screened MOFs for adsorbing noble gases in air based on 

the effect of pore sizes and framework topologies [76]. Specifically, the authors found that some MOFs 

displayed Xe/N2 selectivity up to 26:1 [76]. Thallapally et al. demonstrated that NiDOBDC, a popular MOF, 

has higher Xe/N2 adsorption selectivity than activated carbon [132].  

2.2.2 Membrane separation overview 

Although adsorbents for Xe recovery from air are documented, to our best knowledge, no research 

into recovering Xe from air based on membrane technology besides this thesis work. Figure 2.5 shows a 

general schematic illustrating the use of these crystalline microporous molecular sieve (MS) membranes for 

the separation of Kr/Xe and Air/Xe gas mixtures. ZIF-8 and SAPO-34 are suitable candidates to molecular 

sieve air (N2, O2, CO2 and Ar) over Xe. ZIF-8 has effective pore size range of (0.4–0.42 nm) [133] while the 

kinetic diameter of O2, N2, CO2, Ar and Xe are ~0.35 nm, ~0.36 nm, 0.33nm [134], 0.34nm [135] and 0.41 

nm [38] respectively. Therefore, in principle molecular sieving of air over Xe should be expected over ZIF-

8 membranes. Furthermore, the lighter weights of O2 and N2 (as compared to Xe) should promote faster air 

molecules diffusion [136].  
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Figure 2.5 Scheme of Air-selective membranes for Xe/air separation. 

 

2.3 Thesis Overview  

The main goal of this work is rational design of crystalline microporous molecular sieve 

membranes, which offer the possibility of demonstrating high separation performance for Kr/Xe and air/Xe 

mixtures.  

The specific scientific objectives are to:  

1. Develop continuous microporous crystalline molecular sieve membranes, including ZIF-8, 
AlPO-18, and SAPO-34. 

2. Elucidate the governing separation mechanisms of these membranes for Kr/Xe and air/Xe 
mixtures. 

3. Establish the basic structure/separation relationships of these membranes.  

2.4 Thesis Organization 

The thesis is organized as follows. Chapter 1 states the two main objective of this work and 

describes a brief background and relevance on the targeted separations. Chapter 2 provides an overview of 

current, alternative, and developing methods for Kr/Xe and Air/Xe separation, including emerging 

membrane separation technology.  
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In Chapter 3, we demonstrate that continuous ZIF-8 membranes display separation ability for 92:8 

Kr/Xe gas mixtures, the first example of such separation with a metal organic framework membrane 

composition. In Chapter 4, we demonstrate AlPO-18 membranes’ separation ability for 92:8 Kr/Xe gas 

mixture and also compare the separation performance of AlPO-18 membranes versus two other types of 

microporous crystalline membranes, namely SAPO-34 and ZIF-8. The key factors affecting both the 

separation selectivity and permeance were identified. In Chapter 5, we demonstrate continuous ZIF-8 

membranes can effectively separate 9:1 air/Xe gas mixtures. In Chapter 6, we demonstrate continuous 

SAPO-34 membranes exhibit superior performance separating air/Xe gas mixtures. In Chapter 7, we present 

the synthesis of SAPO-56 crystals with controlled size distribution as well as preliminary results of SAPO-

56 membrane fabrication. Each of Chapters 3-7 include an introduction of the literature, a materials and 

methods section describing membrane synthesis conditions and parameters, and a results and discussion 

section. Finally, in section 8, we summarize this work and envision future work.  
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CHAPTER 3 

ZEOLITIC IMIDAZOLATE FRAMEWORK-8 (ZIF-8) MEMBRANES FOR KR/XE SEPARATION 

Modified from a paper published in Industrial & Engineering Chemistry Research 1 

Wu, T.2, Feng, X.3, Elsaidi, S.  K.4, Thallapally, P. K.5, & Carreon, M. A.6 

Abstract 

In this chapter, we demonstrate that a prototypical type of metal organic framework, zeolitic 

imidazolate framework-8 (ZIF-8), in membrane form, can effectively separate Kr/Xe gas mixtures at 

industrially relevant compositions. The best membranes separated Kr/Xe mixtures with average Kr 

permeances as high as 1.5 × 10–8 ± 0.2 mol/m2 s Pa and average separation selectivities of 14.2 ± 1.9 for 

molar feed compositions corresponding to Kr/Xe ratio encountered typically in air. Molecular sieving, 

competitive adsorption, and differences in diffusivities were identified as the prevailing separation 

mechanisms. These membranes potentially represent a less-energy-intensive alternative to cryogenic 

distillation, which is the benchmark technology used to separate this challenging gas mixture. To our best 

knowledge, this is the first example of any metal organic membrane composition displaying separation 

ability for Kr/Xe gas mixtures. 

3.1 Art of the Work: ZIF-8 membranes for Kr/Xe separation 

ZIF-8, a highly suitable candidate to molecular sieve Kr from Xe. For more details regarding ZIF-

8’s suitability to separate Kr/Xe gas mixtures, see section 2.1.4 herein. 

                                                        
1 Reuse with permission of Industrial & Engineering Chemistry Research, 2017, 56(6), 1682-1686 [137]. 

2 Contributed ZIF-8 membrane preparation and permeation test 

3 Contributing researcher 

4 Contributed adsorption and breakthrough test 

5 Author for correspondence 

6 Author for correspondence 
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3.2 Materials and Methods 

3.2.1 Preparation of gel for membrane growth  

The gel for membrane synthesis was prepared using two solutions: Solution A and Solution B.  

Solution A which contained 0.2 g of zinc chloride (Acros, 97%) and 0.3 g of sodium formate (Sigma, > 

99%) was dissolved in 10 g of methanol (Fisher scientific, 99.9%). Solution B, which contained 0.96 g of 

2-methylimidazole (mIm) (Sigma-Aldrich, 99%), was dissolved in 10 g of methanol. Each solution was 

stirred separately for 15 minutes at room temperature. Then both solutions were mixed and vigorously 

stirred for 30 minutes. The resultant gel was used for membrane preparation.  

3.2.2 Preparation of ZIF-8 membranes  

Porous alumina tubes (Inopor GmbH, inside diameter of 0.7 cm and outside diameter of 1.0 cm, 

and are asymmetric within the inner layer, which has a pore size of 100 nm) were used as supports to grow 

ZIF-8 membranes. The support tubes were cut into 10 cm long pieces and glazed on either end. These were 

calcined at 950 °C for 10 min with heating and cooling rates of 1 °C/min. The supports were left in boiling 

water for 30 min three times and dried at 150 °C for 8-10 h.  

The outer surface of the support was wrapped with Teflon tape to prevent membrane growth on the 

outside surface. The effective permeation area of the support was ~7.5 cm2. The support and resultant gel 

were then placed in a stainless-steel autoclave (4713 General Purpose Pressure Vessel, 45 mL, Parr 

Instrument) and solvothermally treated in a conventional oven at 120 °C for 4-10 hours. The gel covered 

the supports that were placed vertically in the autoclave.  The general approach to prepare ZIF-8 membranes 

is shown in Figure 3.1. 
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Figure 3.1 ZIF-8 membranes preparation process [137] 

 

A heating rate of 25 ˚C/min and cooling rate of 0.5 ˚C /min was employed during the solvothermal 

treatment. After the autoclave was cooled, the support was removed, the Teflon tape was removed, and the 

support with the grown membrane was washed with methanol. For activation, the resultant 1-layered 

membrane was immersed in 25 mL of methanol for 1 day. A second and third layer (if needed) were applied 

following the same procedure described above. The resultant membranes were stored at ~ 80 °C before gas 

permeation testing. Table 3.1 shows the detailed synthesis conditions for the membranes.   

 

Table 3.1 General synthesis conditions of ZIF-8 membranes of this study [137]. 

Membrane 
ID 

Number of 
layers 

General synthesis conditions 

1A 2 
1st layer:  120˚C for 6 hours 
2nd layer: 120˚C for 6 hours 

1B 2 
1st layer:  120˚C for 6 hours 
2nd layer: 120˚C for 6 hours 

25 

120
o
C, 4-10 hours  

0.5 
Membrane 

Transfer to steel 

autoclave with 

solution 

Wrap support 

with Teflon 
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Table 3.1 continued 

2A 2 
1st layer:  120˚C for 10 hours 
2nd layer: 120˚C for 4 hours 

2B 2 
1st layer:  120˚C for 10 hours 
2nd layer: 120˚C for 4 hours 

3 3 
1st layer:  120˚C for 10 hours 
2nd layer: 120˚C for 4 hours 
3rd layer:  120˚C for 4 hours 

  

3.2.3 Characterization  

Powder X-ray diffraction (PXRD) analysis was conducted on the crystals collected from the bottom 

of the support tubes during membrane preparation with an X'Pert PRO MPD X-Ray Diffraction System 

operated at 45 kV and 40 mA with Cu Kα1 radiation (λ=1.54059 Å). ZIF-8 membranes were broken for 

SEM analysis on a JEOL JSM-7000F scanning electron microscope.   

3.2.4 Gas Permeation Measurement  

Gas mixture permeations were measured in a continuous flow system. For mixture separation, a 

premixed Kr/Xe=92:8 mixture molar composition (Advanced Specialty Gases, 99.999%) was used as feed 

gas. The total feed flow rate was 70 mL/min. The detailed process is described in Appendix.   

Specifically, the permeance of the component i,  was calculated using: 

                                      (3.1) 

where  is the flux through the membrane for component i. For the cross-flow configuration, one 

component preferentially permeates through the membrane, so the partial pressures in the feed and retentive 

sides are quite different. Therefore, a log-mean pressure drop,  was calculated by: 
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where , , and  are partial pressures for component i, in feed, retentate, and permeate sides, 

respectively. The permeability is defined as the permeance multiplied by membrane thickness. The 

separation selectivity, , is the ratio of the permeances of components i and j in the mixture. 

3.2.5 Column breakthrough experiment for Kr/Xe gas mixture: 

Experimental column breakthrough measurements were conducted by packing ZIF-8 sample in a 

6.35-cm long and 0.5-cm diameter column. The sample was activated at a proper temperature. Pressurization 

of the column-containing MOM was accomplished by syringe pump (Teledyne ISCO) directly connected 

to the system. An inline pressure transducer was used to verify column pressure. The column was cooled to 

room temperature and the pure He gas was initially flowed to a Stanford Research Residual Gas Analyzer 

(RGA) for first three minutes, after which the flow of He is stopped and flow of the Kr/Xe gas mixture is 

introduced to the fixed bed column containing ZIF-8 sample with flow rate of 5 ml/min and total pressure 

of 1.4 bar at room temperature. Effluent gases were thereby tracked with the RGA, while the gases breaking 

through the column were indicated by an increase in the pressure. This ran for the next 6 hours. The 

experimental set-up of the column breakthrough experiment is presented in Figure 3.2. 

 

Figure 3.2 Schematic representation of the column breakthrough experiment set-up combined with the 
mass spectrophotometer. [137] 

 

ifp , irp , ipp ,

sep

ji /α
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3.3 Results and Discussion 

 

 

Figure 3.3 XRD patterns of ZIF-8 powders collected from the bottom of the membrane gel. Simulated 
ZIF-8 pattern is shown for comparison. [137] 

 
 

 
The XRD patterns of ZIF-8 powders collected from the bottom of the membrane gels during 

different layers synthesis matched well the XRD peak positions of the simulated topology of ZIF-8 as shown 

in Figure 3.3. 

The synthesized ZIF-8 membranes were used to separate premixed 92:8 Kr/Xe mixtures. This 

Kr/Xe ratio is close to the typical ratio of these two gases in air. The feed pressure was 223 kPa, and the 

pressure in the permeate side was 85 kPa. The separation results that were performed at room temperature 

for these membranes are shown in Table 3.2. Membranes 1A and 1B were prepared independently, using 

the same gel composition and same solvothermal synthesis conditions. Specifically, these two layered 

membranes were synthesized by growing both layers at 120 °C for 6 hours. Kr permeances ranged from 

0.17 × 10–8 mol/m2 s Pa to 0.33 × 10–8 mol/m2 s Pa. The permeances in units of Barrer ranged from ∼14 to 

104. For all studied membranes, the molar concentration of Kr in the permeate side ranged from 97.9% to 

99.1%. Kr/Xe separation selectivities ranged from 5.9 to 10.8. The separation index π (which is defined as 
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π = Kr permeance × (selectivity – 1) × permeate pressure) was calculated to assess membrane 

reproducibility. This index (π) has been used as a reliable parameter to predict porous crystalline membrane 

reproducibility [101]. The separation index was π = 13.6 × 10–4 and 13.9 × 10–4 for membranes 1A and 1B, 

respectively, which indicated very good reproducibility. Two other membranes were synthesized, 

modifying only the solvothermal synthesis conditions with the hope of improving membrane separation 

performance. These two layered membranes prepared independently (2A and 2B) were synthesized by 

growing the first layer at 120 °C for 10 hours (to promote better crystal intergrowth). In principle, longer 

solvothermal synthesis times may help particles to coalesce by diffusion leading to better particle 

intergrowth. The second layer was grown at 120 °C for only 4 hours, to limit crystal growth and obtain a 

thinner membrane. Membranes 2A and 2B displayed Kr permeances in the range from 1.3 × 10–8 mol/m2 s 

Pa to 1.7 × 10–8 mol/m2 s Pa, and Kr/Xe separation selectivities ranging from 12.3 to 16.1. Separation index 

values for membranes 2A and 2B were π = 162 × 10–4 and π = 164 × 10–4, respectively, again confirming 

membrane reproducibility. Membrane 3 was prepared by adding an extra ZIF-8 layer (to a membrane 

prepared similarly to membrane 2A or 2B) to form a three-layered membrane. The third layer was applied 

at 120 °C for 4 hours. Adding this third layer was detrimental to the separation performance. Both Kr 

permeance and separation selectivities decreased, compared to the two layered membranes (2A and 2B). 

The decrease in permeance is attributed to an increase in membrane thickness. The reduction in separation 

selectivity may be associated with an increase in the concentration of defects and/or nonselective pore 

pathways. Defect formation and nonselective pathways are typical and distinctive features of any 

microporous crystalline membrane (zeolite, and MOF). These defects develop during membrane 

preparation, leading to grain-boundary formation, heterogeneous crystal growth, and limited crystal packing, 

among others. It is important to mention that we needed to add at least two layers to form continuous and 

reproducible membranes. Single-layered membranes were defective/discontinuous. Detailed synthesis 

conditions for all membranes are summarized in Table 3.2. The concentration of Kr and Xe in the permeate 

side increased by 6.41-7.72% and decreased by 73.25-88.75% respectively, shown in Table 3.3. 
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Table 3.2 Kr/Xe Separation Performance over ZIF-8 Membranes. [137] 

Membrane  

ID a 

Kr permeance 

(mol/m2∙s∙Pa) b 
Separation selectivity (α) 

Separation index 

(π)  c 

1A 0.33x10-8 (9.9) 5.9 13.6 x10-4 

1B 0.17x10-8 (5.1) 10.8 13.9 x10-4 

2A 1.7x10-8 (50.8) 12.3 162 x10-4 

2B 1.3x10-8 (38.8) 16.1 164 x10-4 

3 0.5x10-8 (14.9) 7.9 28.9 x10-4 

Molar gas mixture composition: 92:8 Kr/Xe. Transmembrane pressure 138 kPa.  a 1A, 1B, 2A,2B are two 
layer membranes. 3 is three-layer membrane. b Numbers in parentheses indicate Gas permeation units 
(GPU). c π= Kr permeance × (selectivity-1) × permeate pressure 
 
 
 

Table 3.3 ZIF-8 membranes performance: Kr molar concentration in the feed and permeate flows and 
enriched Kr concentration degree in the permeate flow. Molar gas mixture composition in the feed flow: 

92:8 Kr/Xe. Transmembrane pressure: 138 kPa. 
 

Membrane 
ID 

Feed flow 
Kr concentration 

Permeate flow 
Kr concentration 

Enriched 
Kr degreed 

Decreased 
Xe degree e 

1A 92.0% 97.9% 6.41% 73.75% 

1B 92.0% 98.5% 7.07% 81.25% 

2A 92.0% 98.8% 7.39% 85.00% 

2B 92.0% 99.1% 7.72% 88.75% 

3 92.0% 98.3% 6.85% 78.75% 

 

d: Enriched Kr degree= (Permeate Kr concentration-Feed Kr concentration)/Feed Kr concentration×100% 
e: Decreased Xe degree= (Feed Xe concentration- Permeate Xe concentration)/Feed Xe concentration×100% 
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Figure 3.4 shows representative SEM images of membranes 1A and 2B. Figure 3.4 a shows the 

cross-sectional SEM image of membrane 1A, displaying a dense membrane layer with a thickness of ∼23 

± 0.8 μm. Membrane 2B (Figure 3.4 c) shows a slightly thinner layer of ∼20 ± 1.2 μm. These results are 

consistent with the separation data shown in Table 3.2, which indicate higher Kr permeance for the thinner 

membrane 2B. The top-view SEM image for membranes 1A and 2B (Figures 3.4 b and 3.3 d, respectively) 

show well-intergrown and interconnected micrometer-range ZIF-8 crystals. A distinctive morphological 

feature of the most selective membrane (2B) is the presence of bipyramidal-shaped crystals. This 

morphology may develop as a result of the different solvothermal history of the membranes. Although we 

do not understand the potential (if any) role of this morphology in the separation performance, it is well-

known that ZIF-8 polycrystalline membrane performance is highly dependent on microstructure [138].  

 

 

Figure 3.4 SEM images of ZIF-8 membranes: (top row) representative cross section and (bottom row) top 
view for membrane A1 (panels (a) and (b), respectively) and membrane 2B (panels (c) and (d), 

respectively). [138] 
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To better understand the separation mechanisms of the ZIF-8 membranes, adsorption isotherms, 

isosteric heats of adsorption, and column breakthrough experiments were collected for Kr and 

Xe. Figure 3.5 a shows the adsorption isotherms for Kr and Xe measured at 298 and 278 K for ZIF-8 crystals. 

Single-component adsorption isotherms on ZIF-8 at room temperature indicate a Xe uptake of 1.70 mmol/g 

and a Kr uptake of 0.54 mmol/g. The overall Xe/Kr capacity at 140 kPa is lower than that of previously 

disclosed MOFs [70, 81, 86, 139, 140]. However, the trend is consistent, i.e., preferential adsorption of Xe 

over Kr. ZIF-8 preferentially adsorbed ∼3.1 times more Xe than Kr. The leading sorbent material for Xe/Kr 

separation is the porous organic cage CC3, which was shown to separate 400 ppm Xe from 40 ppm Kr with 

a Xe/Kr selectivity of ∼20.4 [83]. The high adsorption selectivity of CC3 to Xe was attributed to a precise 

size match between Xe and the organic cage cavity. Recently, CC3 in membrane form has displayed 

molecular sieving properties for industrially relevant gas molecules, including CO2, CH4, N2, H2, and O2 

[141].   

The isosteric heats of adsorption (Qst) of Xe and Kr gases were calculated by the virial method, 

using the experimental single adsorption isotherms collected at 298 and 278 K for both gases as Figure 3.6 

and Figure 3.7 show. ZIF-8 exhibits Qst values for Xe and Kr gases of −17 and −13 kJ/mol, respectively, 

which is in agreement with previously reported Qst values for Xe and Kr over ZIF-8 [142]. These values 

remained almost steady by increasing the pressure up to 140 kPa for both gases and confirm the preferential 

Xe adsorption over Kr (Figure 3.5 b). This is attributed to the fact that Xe is a more polarizable molecule 

than Kr. The higher Xe polarizability (Xe, 26.85–28.7 atomic units; Kr, 16.44–18.0 atomic units) 

[143] leads to stronger van der Waals interactions with the −C═C– in the imidazole ligand of the ZIF-8, 

which is the only known polarizable group. The metal sites in the ZIF-8 are not accessible for any gas 

molecules, because of the steric hindrance by the surrounding ligands. Recent in situ experiments with Xe 

and Kr confirm that these gas molecules have four adsorption sites: (i) the first preferential adsorption site 

is −C═C– of the imidazole group, (ii) the center of 6-membered window, (iii) within the 4-membered 

windows, and (iv) at higher pressure (between 93 to 400 mbar), the center of the pore is occupied with a 

gate opening mechanism [144].  



35 

 

 

Figure 3.5 (a) Single-component Xe and Kr adsorption isotherms for ZIF-8 collected at 298 and 278 K, (b) 
Xe and Kr isosteric heats of adsorption (Qst) for ZIF-8 calculated by the virial method, (c) IAST 

calculated selectivity for 92:8 Kr/Xe gas mixture at 298 K for ZIF-8, and (d) column breakthrough 
experiment for 92:8 Kr/Xe gas mixture at 298 K and 140 kPa for ZIF-8. [138] 

 
 
 

Ideal adsorbed solution theory (IAST) was used to predict the selectivity of Xe over a Kr binary 

mixture based on the experimental single adsorption isotherms collected at 298 K for Xe and Kr gases using 

a Langmuir-Freundlich equation as Figure 3.8 and 3.9 show. The Kr selectivity for ZIF-8 crystals at 298 K 

for a 92:9 Kr/Xe binary gas mixture was ∼4 (Figure 3.5 c). This Kr/Xe selectivity for the 92:8 Kr/Xe feed 

mixture reflects the uptake of the Kr at 92% of the total pressure (1.4 bar) with the uptake of Xe at 8% of 

the total pressure (1.4 bar), using the Kr and Xe isotherms collected at 298 K. These results indicate that, 

under the separation conditions employed, ZIF-8 can adsorb more Kr than Xe, which is reasonable, based 

on the high Kr concentration (Kr/Xe: 92:8). To determine the relative diffusivity differences between Kr 
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and Xe over ZIF-8 crystals, column breakthrough experiments were conducted at 298 K and 140 kPa, for a 

92:8 Kr/Xe gas mixture over ZIF-8 (Figure 3.5 d). The breakthrough time was ∼2.6 min for Kr and ∼6 min 

for Xe for 1 g of sample at a flow rate of 5 mL/min, indicating a higher diffusivity of Kr over Xe. Kr/Xe 

selectivity were also calculated from the breakthrough experiments at room temperature by calculating the 

Xe and Kr adsorption capacities, as shown in our previous report [81]. The calculated Kr/Xe selectivity was 

found to be 5.1, which is in good agreement with the value obtained by IAST calculation. These results are 

in agreement with the lower capacity of Kr and the affinity of ZIF-8 to diffuse out from the column faster, 

while Xe has higher affinity and capacity for ZIF-8 breakthrough later. Breakthrough column experiments 

suggest that differences in diffusivity favor the separation of Kr over Xe in the gas mixture. 

 

 

Figure 3.6 Xe adsorption isotherm of ZIF-8 at 298 K and 278 K fitted using Virial equation. [138] 
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Figure 3.7 Kr adsorption isotherm of ZIF-8 at 298 K and 278 K fitted using Virial equation. [138] 

 

 

Figure 3.8 Xe adsorption isotherm of ZIF-8 at 298 K fitted using Langmuir-Freundlich equation. [138] 



38 

 

 

Figure 3.9 Kr adsorption isotherm of ZIF-8 at 298 K fitted using Langmuir-Freundlich equation. [138] 
 

 
Three separation mechanisms played an important role for the separation of Kr/Xe gas mixtures 

over ZIF-8 membranes: molecular sieving, diffusivity differences, and preferential adsorption. The 

separation results showing Kr selective membranes, and the fact that the effective aperture size of ZIF-8 in 

the range of 0.4–0.42 nm lies approximately between the kinetic diameter of Kr (∼0.37 nm) and Xe (∼0.41 

nm) suggests molecular sieving properties of ZIF-8 membranes for this binary gas mixture. Because of the 

ZIF-8 flexibility associated with the effective pore size range of 0.4–0.42 nm, sharp molecular sieving effect 

may be limited. However, based on the observed separation, adsorption, and breakthrough data, molecular 

sieving plays an important role as separation mechanism. Breakthrough experiments confirmed higher 

diffusivity of Kr over Xe, favoring again Kr selective membranes. Although adsorption isotherms and 

isosteric heat of adsorptions over ZIF-8 crystals suggest that Xe adsorbs more strongly than Kr, IAST 



39 

 

predicted that at the prevailing gas separation conditions (Kr/Xe: 92:8 feed composition), Kr/Xe adsorption 

selectivity was ∼4, which also favors Kr selective membranes. 

Recently, our group [94] and Nair’s group [95] reported SAPO-34 membranes for Kr/Xe separation. 

These SAPO-34 membranes [94] prepared in tubular alumina supports (same as ZIF-8 membranes) 

displayed Kr/Xe selectivities as high as 35, with permeances as high as 1.2 × 10–7 mol/m2 s Pa for similar 

feed compositions employed in this study. As compared to ZIF-8 membranes, SAPO-34 membranes 

displayed higher separation selectivities and permeances. This was expected since SAPO-34 has a rigid 

pore size of ∼0.38 nm, which promotes sharp molecular sieving. Furthermore, SAPO-34 membranes 

displayed ∼1 order of magnitude higher permeances, compared to ZIF-8 membranes, because of its thinner 

membranes in the ∼3–8 μm vs ∼20–30 μm for ZIF-8 membranes. Our current research efforts are focused 

on developing thinner ZIF-8 membranes (>10 μm) that can compete with our previous reported SAPO-34 

membranes. 

3.4 Conclusions 

Summarizing, we have successfully synthesized continuous ZIF-8 membranes and demonstrated 

their separation ability for Kr/Xe gas mixtures. The best membranes separated Kr/Xe mixtures with average 

Kr permeances as high as 1.5 × 10–8 ± 0.2 mol/m2 s Pa and average separation selectivities of 14.2 ± 1.9 

for molar feed compositions, corresponding to Kr/Xe ratio typically encountered in air. Molecular sieving, 

competitive adsorption, and differences in diffusivities were identified as the prevailing separation 

mechanisms. To our best knowledge, this is the first example of any MOF composition displaying 

separation ability for Kr/Xe gas mixtures. These membranes represent a promising alternative to the 

benchmark technology cryogenic distillation currently employed to separate this gas mixture. 
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CHAPTER 4 

MICROPOROUS CRYSTALINE MEMBRANES FOR KR/XE SEPARATION: COMPARISON 

BETWEEN ALPO-18, SAPO-34 AND ZIF-8 

Modified from a paper published in ACS Applied Nano Materials 1 

Wu, T.2, Lucero J.3, Zong, Z.4, Elsaidi, S.  K5, Thallapally, P. K.6 & Carreon, M. A.7 

Abstract 

In this chapter, we demonstrate the separation ability of AlPO-18 membranes for Kr/Xe gas 

mixtures. AlPO-18 membranes separated Kr/Xe mixtures with average Kr/Xe separation selectivity of 6.4, 

and unprecedented high average Kr permeance of 1.6x10-7 mol/m2∙s∙Pa. Diffusivity difference between Kr 

and Xe was identified as the dominant separation mechanism. We compared the separation performance of 

AlPO-18 membranes vs other two types of microporous crystalline membranes, namely SAPO-34 and ZIF-

8. SAPO-34 membranes displayed the best overall separation performance, while AlPO-18 membranes 

displayed the highest Kr permeances. We identified the key factors affecting both the separation selectivity 

and permeance. For these three distinctive types of microporous materials, the presence of rigid micropores 

with size lying between Kr and Xe atomic sizes, lower Xe/Kr uptakes (adsorption selectivity), and lower 

concentration of non-selective pores led to the highest observed s Kr/Xe separation selectivities among these 

three microporous crystals. The Kr permeances for these three microporous crystalline membranes 

decreased exponentially as membrane thickness increased.   

                                                        
1 Reuse with permission of Industrial & Engineering Chemistry Research, 2018, 1(1), 463-470 [145]. 

2 Primary researcher, contributed AlPO-18 membrane preparation and permeation test 

3 Contributing researcher 

4 Contributing researcher 

5 Contributed adsorption and breakthrough test 

6 Author for correspondence 

7 Author for correspondence 
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4.1 Art of the Work: AlPO-18 membranes for Kr/Xe separation 

AlPO-18, a highly suitable candidate to molecular sieve Kr from Xe. For more details regarding 

AlPO-18’s suitability to separate Kr/Xe gas mixtures, see section 2.1.4 herein. 

4.2 Materials and Methods 

4.2.1 Synthesis of AlPO-18 Seeds 

AlPO-18 crystals were synthesized and employed as seeds for membrane synthesis. The detailed 

synthesis of AlPO-18 crystals is described in our previous report [126]. The seed crystal gel composition 

contained a molar ratio of 1.0 Al2O3:3.16 P2O5:6.32 TEAOH: 186 H2O. [126] In a typical synthesis, a 

homogenous solution of aluminium isopropoxide (Al(i-C3H7O)3, Aldrich ≥98%), deionized water, and 

tetraethylammonium hydroxide (TEAOH, Aldrich 35 wt. % aqueous solution) was prepared and 

continuously stirred for 2 h. Phosphoric acid (H3PO4, Sigma-Aldrich 85 wt. % aqueous solution) droplets 

were added to the solution. The resultant solution (25-30 ml) was stirred for 24 h at room temperature and 

afterwards transferred to a Teflon-lined autoclave (4744 General Acid Digestion Vessel, 45 mL, Parr 

Instrument), where it was heated at 200 °C for 72 h in a conventional oven. After this time, the solution was 

rapidly cooled to room temperature by immersing the autoclave in a water bath. Then, the solution was 

centrifuged at 4000 rpm for 5 min and washed with deionized water. This process was conducted three 

times. Finally, the AlPO-18 crystals were collected and dried overnight at 100 °C.  

4.1.2 Synthesis of AlPO-18 Membranes 

Secondary seeded growth method was used to prepare AlPO-18 membranes. The synthetic strategy 

for AlPO-18 membranes is shown in Figure 4.1. For comparison, the synthesis of ZIF-8 and SAPO-34 

membranes is shown too. Membranes were grown on the inside of porous α-Al2O3 tubes (Inopor GmbH), 

having outer and inner diameters of 1.1 cm and 0.7 cm respectively, with an average pore size of 100 nm. 

Both sides of the tubes were glazed to avoid gas leakage during the membrane gas performance test. The 

effective membrane area was ~7.5 cm2. The molar gel composition to prepare AlPO-18 membranes was 1.0 

Al2O3:1.0 P2O5: x TEAOH: 200 H2O (x = 1.2, 1.8). Samples M1 and M2 were prepared with x = 1.8. Samples 

M3, M4, and M5 were prepared with x = 1.2.  In a typical membrane synthesis, a solution of aluminium 
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isopropoxide, deionized water, and tetraethylammonium hydroxide was homogenized by mixing for 1 h. 

After this, phosphoric acid (H3PO4, Sigma-Aldrich 85 wt. % aqueous solution) was added. The resultant 

solution was stirred for 2 h at 40 °C and placed with the seeded alumina supports (the inner walls of the 

alumina supports were coated by rubbing AlPO-18 seeds with Q-tips) in a Teflon-lined autoclave, which 

was heated at 215 °C in a conventional oven for different times. Samples M1 and M2 were heated for 10 

hours. Sample M3 was heated for 6 hours, slowly cooled to 50 °C for 6 hours, and reheated at 215 °C for 

another 6 hours. Samples M4 and M5 were heated at 215 °C for 1 hour, slowly cooled to 50 °C over 8 hours, 

and reheated at 215 °C for another 8 hours. After quickly cooling in a water bath, the membranes were 

removed from the autoclave, washed with deionized water, and allowed to dry overnight at 100 °C. The 

resultant membranes were calcined at 450 °C for 10 h in a conventional oven, with heating and cooling rates 

of 0.6 °C/min. Crystals from the bottom of the autoclaves after membrane synthesis (membrane solution 

crystals) were collected by centrifuging the membrane solutions at 4000 rpm for 5 min, washing with 

deionized water three times, and drying overnight at 100 °C.  

 

Figure 4.1 General Synthesis Approach for (a) AlPO-18, (b) SAPO-34, and (c) ZIF-8 Membranes [145] 
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4.1.3 Structural and Morphological Characterization of AlPO-18 Crystals and Membranes 

Powder X-ray diffraction (PXRD) analysis was conducted with a Siemens Kristalloflex 810 

diffractometer operating at 30 kV and 25 mA with Cu Kα1 radiation (λ = 1.540 59 Å) to analyze the 

crystalline structure of AlPO-18 seeds and crystals collected from membrane solution after synthesis. 

Selected AlPO-18 membranes were broken and inspected on a JEOL JSM-7000F scanning electron 

microscope (SEM). The surface area of the calcined crystals collected from membrane solution was 

measured using a Micromeritics ASAP 2020 porosimeter. 

4.1.4 Adsorption Isotherms and Column Breakthrough Experiments 

An automatic gas sorption analyzer (Quantachrome Autosorb IQ, Quantachrome Instruments, 

Boynton Beach, FL) was used to measure Kr and Xe adsorption isotherms over AlPO-18 crystals at 298 K. 

Activation occurred at 200 °C under dynamic pressure for 12 h before the temperature was reduced to the 

adsorption temperature.  

Experimental column breakthrough measurements were conducted to determine the relative 

diffusivity differences between Kr and Xe over AlPO-18 crystals. Experimental column breakthrough 

measurements were conducted by packing 0.30 g of AlPO-18 sample in a 6.35-cm long and 0.5-cm diameter 

column. The sample was activated at a fixed temperature. Pressurization of the column-containing AlPO-

18 crystals sample was carried out by employing a syringe pump (Teledyne ISCO) directly connected to the 

system. An inline pressure transducer was used to verify column pressure. The column was cooled to room 

temperature and the pure He gas was initially flowed to a Stanford Research Residual Gas Analyzer (RGA) 

for first three minutes, after which the flow of He is stopped and flow of the Kr/ Xe gas mixture is introduced 

to the fixed bed column containing AlPO-18 sample with flow rate of 5 ml/min and total pressure of 1.4 bar 

at room temperature. Effluent gases were thereby tracked with the RGA. 

4.1.5 Gas Mixture Permeation Experiments 

Kr/Xe gas mixture tests were measured in a flow system. The membrane was mounted in a T-shaped 

stainless-steel module sealed with O-rings. Back pressure regulators independently controlled the permeate 
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and rententate pressures while a bubble flow meter measured fluxes. Feed gas consisted of a 92:8 

Kr/Xe molar ratio mixture at a total flow rate of 100 standard cubic centimeters per minute (sccm) and 

pressure of 223 kPa at room temperature. The transmembrane pressure difference was ~138 kPa. A gas 

chromatograph (SRI instruments, 8610C) with a thermal conductivity detector and HAYESEP-D packed 

column measured the feed, retentate, and permeate stream compositions in the steady state. Respectively, 

the gas chromatograph oven, injector, and detector temperatures were 40 °C, 120 °C and 150 °C. Single gas 

permeance tests for gas mixture with molar composition of 50:50 propane/propylene (respective kinetic 

diameters of 0.44nm and 0.42nm) were conducted for AlPO-18 and SAPO-34 membranes at room 

temperature with a flow rate of 100 sccm to test for defects.  

4.3 Results and Discussion 

The XRD patterns of AlPO-18 crystals employed as seeds for membrane synthesis, and AlPO-18 

crystals collected from membrane synthesis (M1 and M4) are shown in Figure 4.2a. All these crystals 

showed XRD peaks that closely follow the predicted peaks in the simulated AlPO-18 XRD, corresponding 

to the AEI topology, and which are in well agreement with previous reports [70, 123-126]. The calcined 

AlPO-18 crystals collected from membrane solutions had an average BET specific surface area of ~470 

m2/g, which is in well agreement with previous literature [124, 146-147]. A representative SEM of the 

morphology of the AlPO-18 seeds employed for membrane synthesis is shown in Figure 4.2b. These AlPO-

18 seeds displayed ~1 mµ thin sheet like crystals with uniform size distribution. Small AlPO-18 seeds with 

narrow size distribution are highly desirable for the synthesis of continuous thin membranes [124, 126].  
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Figure 4.2 (a) XRD patterns of AlPO-18 seeds and crystals collected from membrane synthesis solutions: 
i. simulated AlPO-18 pattern (black); ii. AlPO-18 seeds (blue); iii. AlPO-18 crystals (green) collected 
from M1 solution; iv. AlPO-18 crystals (red) collected from M4 solution. (b) Representative SEM of 

AlPO-18 crystals. [145] 
 

 
 

Representative top and cross section view SEM images of AlPO-18 membranes are shown in Figure 

4.3. The top view SEM (Figure 4.2a) shows well intergrown rectangular AlPO-18 crystals on the surface of 

the porous support. Both the membrane crystal size and morphology were different from the original seeds 

suggesting that the secondary seeded growth promoted heterogeneous nucleation at the support surface and 

subsequent recrystallization. Specifically, the crystals size of the membranes was larger than those of the 

original seeds and the membrane crystals formed rectangular cuboids whereas the seed crystals formed thin 

hexagonal flakes. The cross-sectional view shows a ~2 μm dense AlPO-18 membrane (Figure 4.3b). 

(a) (b) 

 Figure 4.3 (a) Top view and (b) Cross section view SEM images of AlPO-18 membranes [145] 
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 The separation performance of AlPO-18 membranes was evaluated for a premixed 92:8 (molar) 

Kr/Xe mixture. The feed pressure for the separation experiments was kept constant at 223 kPa, and the 

pressure in the permeate side was 85 kPa. The separation tests were carried out at room temperature. Table 

4.1 summarizes the gas mixture separation results. The AlPO-18 membranes displayed Kr permeances in 

the 203- 940 GPU range and Kr/Xe separation selectivities in the 4.8-7.9 range. The separation index π was 

used to assess membrane reproducibility [101]. As compared to the other membranes, M3 displayed the 

highest Kr permeance, and lower Kr/Xe separation selectivity. In principle, since the thickness of this 

membrane as compared to the others is similar, a high concentration of defects may be responsible for the 

observed separation performance (higher permeance and lower separation selectivity). The separation index 

π was in a relatively narrow range of 3.4-10.2x10-2 mol/ (m2·s), indicating reasonable reproducibility.   

 
 
Table 4.1 Kr/Xe separation performance over AlPO-18 membranes. Molar feed composition: 92:8 Kr/Xe. 

Transmembrane pressure: 138 kPa. [145] 
a M1-M5 are AlPO-18 membranes samples. b the ratio x is with respect to Al2O3. c Numbers in parentheses 

indicate Gas permeation units (GPU). d π= Kr permeance × (selectivity-1) × permeate pressure. 
 

 

 

To elucidate the prevailing separation mechanisms of AlPO-18 membranes, Kr and Xe adsorption 

isotherms and column breakthrough experiments were conducted. The Kr and Xe single adsorption 

isotherms over AlPO-18 crystals at 298 K are shown in Figure 4.4a. Adsorption isotherms at 107 KPa and 

room temperature revealed uptakes of 69 cm3/g and 20 cm3/g for Xe and Kr respectively. These results 

Membrane 
ID a 

TEAOH 
ratio b 

x 

Membrane 
Thickness 

(μm) 

Kr permeance 
x10-8 

(mol/m2∙s∙Pa) c 

Separation 
selectivity 

(α) 

Separation index (π)d 
x10-2 (mol/m2·s) 

M1 1.8 1.8±0.4 13.7 (409) 4.9 4.5 

M2 1.8 1.9±0.3 14.0 (418) 7.5 7.7 

M3 1.2 1.9±0.3 31.5 (940) 4.8 10.2 

M4 1.2 2.0±0.3 11.6 (346) 7.9 6.8 

M5 1.2 2.0±0.3 6.8 (203) 6.8 3.4 



47 

 

indicate that AlPO-18 crystals adsorbed ∼3.5 times more Xe than Kr. Polarizability differences may explain 

AlPO-18 preferential adsorption of Xe over Kr. Xe is more polarizable (40.44 × 10-25/cm3) than Kr (24.84 

× 10-25/cm3) [148]. Therefore, stronger electrostatic interactions between the AlPO-18 surface and Xe lead 

to preferential Xe adsorption. 

 Breakthrough experiments were carried out at 298 K and ~140 kPa (~transmembrane pressure 

employed during the separation experiments) with a 92:8 Kr/Xe gas mixture over AlPO-18 crystals to learn 

about relative diffusivity differences between Kr and Xe. Figure 4.4b shows that the breakthrough time was 

∼3 min for Kr and ∼10 min for Xe for a 1 g sample at a flow rate of 5 mL/min, indicating Kr diffused 

through the AlPO-18 faster than Xe. 99% of Kr diffused through the column after 45 min while 99% of Xe 

diffused by 70 min, revealing a higher Kr diffusion rate as compared to Xe. Breakthrough column 

experiments suggest that diffusivity differences favor the separation of Kr over Xe in the gas mixture.  

 

 

Figure 4.4 (a) Single component Kr and Xe adsorption isotherms for AlPO-18 collected at 298 K, (b) 
Column breakthrough experiment for 92:8 Kr/Xe gas mixture at 298 K. [145] 

 

 

We estimated diffusion rates of Kr and Xe over AlPO-18 membranes employing Fick’s law:  � �

��
�	

�

  and employing experimental data for AlPO-18 membranes. The detailed process is described in 

appendix. Note that since these coefficients were obtained from membrane experiments, they implicitly 
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include adsorption effects. Table 4.2 shows these estimated Fickian diffusivities. These results suggest that 

Kr diffuses ~4.4-8.5 times faster than Xe through AlPO-18 membranes. In all cases, Fickian diffusivities 

indicate faster Kr diffusion as compared to Xe. Table 4.2 shows these estimated Fickian diffusivities. These 

results suggest that Kr diffuses ∼4.4–8.5 times faster than Xe through AlPO-18 membranes. Tables 4.3 and 

4.4 show these estimated Fickian diffusivities of Kr and Xe over AlPO-18, SAPO-34, and ZIF-8 membranes, 

respectively. In all cases, Fickian diffusivities indicate faster Kr diffusion as compared to Xe. 

 

 
Table 4.2 Estimated diffusivities for Kr/Xe gas mixture (feed composition: 8% Kr; 92 % Xe) over AlPO- 

18 membranes. [145] 

Membrane ID D (Kr) x10-10 m2/s 
D (Xe) x10-10 

m2/s 
D(Kr)/D(Xe) 

M1 6.08 1.38 4.44 

M2 6.73 0.79 8.51 

M3 7.68 3.17 4.65 

M4 5.68 0.78 7.26 

M5 3.41 0.68 5.04 

 

 

Table 4.3 Diffusivities for Kr/Xe gas mixture (feed composition: 8% Kr; 92 % Xe) over SAPO-34 
membranes.  Membrane IDs same as reported elsewhere [94]. [145] 

Membrane ID [94] �� (µm) D(Kr)   

(10-10 m2/s) 

D(Xe)      

(10-10 m2/s) 

D(Kr)/D(Xe) 

A (150) 8.7 3.95 0.31 12.7 

B (200) 6.0 11.00 0.56 19.4 

C (250) 4.3 10.50 0.33 32.3 

D (300) 3.5 9.39 0.49 19.1 

E (350) 3.0 8.86 0.32 27.3 
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Table 4.4 Estimated diffusivities for Kr/Xe gas mixture (feed composition: 8% Kr; 92 % Xe) over ZIF-8 
membranes [114].  Membrane IDs same as reported elsewhere [137]. [145] 

Membrane ID 

[114] 

�� (µm) D(Kr)   

(10-10 m2/s) 

D(Xe)      

(10-10 m2/s) 

D(Kr)/D(Xe) 

1A 21.5 1.76 0.32 5.5 

1B 22.0 0.95 0.08 12.5 

2A 22.0 9.33 0.68 13.7 

2B 25.0 8.11 0.51 16.0 

C 33.0 3.74 0.41 9.0 

 

 

Since the membranes were Kr selective (Table 4.1), adsorption data, breakthrough column 

experiments, and estimation of Fickian diffusivities suggest that differences in diffusivities between Kr and 

Xe played a more dominant role than competitive adsorption. 

The strong competitive adsorption between Kr and Xe was confirmed by calculating the isosteric 

heat of adsorption (Figure 4.5). Isosteric heats of adsorption (Qst) for Kr and Xe over AlPO-18 were 

calculated by Virial method, using the experimental single adsorption isotherms (Figures 4.6 and 4.7). 

AlPO-18 exhibited Qst values of -31.8 kJ/mol and -19.2 kJ/mol for Xe and Kr respectively, at 1 bar and 298 

K, confirming the preferential adsorption of Xe over Kr. 

The separation performance of our previously reported SAPO-34 [94] and ZIF-8 [137] for Kr/Xe 

separation vs AlPO-18 membranes is presented in Figure 4.8. These results allow a direct comparison 

between these three distinctive types of microporous crystalline membranes since all these membranes were 

grown on the same type of porous supports and were evaluated under similar separation conditions. SAPO-

34 membranes displayed the best overall separation performance, while ZIF-8 displayed the worst 

separation performance.  The direct comparison on average separation index for the three membrane 

compositions is shown in Figure 4.9. By far, SAPO-34 membranes displayed the highest separation index 

of all three compositions. The reasons for this enhanced separation performance are discussed below.  
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Figure 4.5 Kr and Xe isosteric heats of adsorption (Qst) for AlPO-18 crystals calculated by Virial method. 
The total uptakes of Kr and Xe at 298 K and 1 atm were 0.9 mmol/g and 3.1 mmol/g respectively. [145] 

 
 
 
 

 

 

Figure 4.6 Kr adsorption isotherm of AlPO-18 at 298 K and 278 K fitted using Virial equation. [145] 
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Figure 4.7 Xe adsorption isotherm of AlPO-18 at 298 K and 278 K fitted using Virial equation. [145] 
 

 

Figure 4.8 Kr/Xe separation selectivity vs Kr permeance over AlPO-18, SAPO-34, and ZIF-8 membranes 
for a Kr-rich feed gas mixture (molar gas mixture composed of 92:8 Kr/Xe was employed for AlPO-18 
(yellow triangles), SAPO-34 (green diamonds) and ZIF-8 (blue rectangles), and 9:1 Kr/Xe molar gas 

mixture for SAPO-34(green crosses)). Data for SAPO-34 and ZIF-8 taken from references [94] and [137] 
respectively. [145] 
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Figure 4.9 Average Kr/Xe separation index of AlPO-18, SAPO-34 and ZIF-8 membranes for a Kr-rich 
feed gas mixture. Data for SAPO-34 and ZIF-8 taken from references [94] and [137] respectively. [145] 

 

 
   Table 4.5 compares the separation performance of SAPO-34, ZIF-8, and AlPO-18 membranes as a 

function of average membrane thickness and Kr/ Xe adsorption uptakes. SAPO-34 displayed the highest 

average Kr/Xe separation selectivity. Two main factors contribute to this enhanced observed selectivity. 

The first factor is related to the intrinsic molecular sieve property of SAPO-34 imparted by its rigid pore 

size of 0.38 nm. The second factor is related to the lowest (of the three membrane compositions) Xe/Kr 

adsorption selectivity which translates into an attenuated competitive adsorption effect, and therefore 

resulting into higher Kr/Xe separation selectivities. AlPO-18 membranes displayed the highest average Kr 

permeances, which can be explained by membrane thickness. AlPO-18 membranes displayed the thinnest 

layers of all studied membranes. In addition, the highest Kr permeances observed in AlPO-18 membranes 

can be associated to a higher concentration of non-selective pathways. To test this hypothesis, we carried 

out gas permeation experiments of an equimolar mixture of propane/propylene (kinetic diameters of 0.44nm 

and 0.42nm respectively) over AlPO-18 and SAPO-34 membranes (both having the same pore size ~0.38 

nm).  In principle, propane/propylene cannot permeate through the pores (selective pathways) of the 

microporous crystals, but only through the non-selective pathways. AlPO-18 (M3 and M4) membranes 

displayed average propane/propylene permeance of 7.2 x 10-8 mol/m2∙s∙Pa, while SAPO-34 membranes 
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displayed an average propane/propylene permeance of only 2.2 x10-8 mol/m2∙s∙Pa. These results clearly 

indicate the presence of a higher concentration of defects (non-selective pathways) for AlPO-18 membranes, 

leading to higher permeances. This indirect way to quantify defects assumes not significant adsorption 

effects of propane/propylene over AlPO-18 and SAPO-34. In addition, these results explain (at least in part) 

why AlPO-18 membranes displayed lower Kr/Xe separation selectivities as compared to SAPO-34 

membranes, despite the fact that both have the same pore size. Another factor that makes AlPO-18 

membranes less Kr selective (as compared to SAPO-34) is its high Xe/Kr adsorption selectivity which 

competes strongly with diffusivity differences, resulting in lower Kr/Xe separation selectivities.  The higher 

Xe adsorption capacity of AlPO-18 over SAPO-34 may be related to the fact that AlPO-18’s polarizability 

strength is higher than SAPO-34’s due to the lack of silicon replacing aluminium and phosphate in the pore 

structure [149-153]. As compared to AlPO-18 and SAPO-34, ZIF-8 membranes were thicker (~ one order 

of magnitude) resulting in the lowest Kr permeances.  The moderate Kr/Xe separation selectivities observed 

over ZIF-8 membranes were associated to the flexible nature of its pore structure, limiting its ability to 

display sharp molecular sieving, and potentially to the presence of defects.     

 

Table 4.5 Separation performance comparison for AlPO-18, SAPO-34 and ZIF-8 membranes. Data for 
SAPO-34 and ZIF-8 taken from references [94] and [137] respectively. [145] 

 

Membranes 

Adsorption isotherm a 

Membrane 

Thickness 

(μm) 

Gas separation performance 

Xe 

uptake 

(cm3/g) 

Kr uptake 

(cm3/g) 

Xe/Kr 

adsorption 

selectivity 

Selectivity 

(α) 

Kr 

Permeance 

x10-8 

(mol/m2∙s∙Pa) 

SAPO-34[94] 39.9 14.7 2.7 5.1 ± 2.3 25 ± 8.8 8.5± 4.0 

ZIF-8 [116] 1.7 0.5 3.2 24.7 ± 4.8 10.6 ± 4.0 0.8 ± 0.7 

AlPO-18 69 20 3.5 1.9 ± 0.1 6.4 ± 1.5 15.5 ± 9.4 
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a AlPO-18’s Kr and Xe adsorption uptakes were collected at 107 kPa and 298K while SAPO-34’s and 
ZIF-8’s Kr and Xe adsorption uptakes were at 140 kPa and 298K. 

 
 

It is not trivial to control the concentration of defects for different membrane compositions. The 

concentration of defects depends on many factors including starting gel composition, solvothermal synthesis 

conditions, and template removal conditions, among others. All these factors are different for SAPO-34 and 

AlPO-18; therefore, it is challenging and extremely difficult to end with a membrane with similar 

concentration of defects. In addition, SAPO-34 membranes are much more well studied as compared to 

AlPO-18. The first report of a continuous SAPO-34 membrane was documented two decades ago, [154] 

while the first report on a continuous AlPO-18 membrane was reported by our group in 2012. 

[124] Therefore, much more research efforts have been done to optimize synthesis conditions to obtain 

SAPO-34 membranes with minimum concentration of defects as compared to AlPO-18 membranes. 

Ideally, we would like to have as thin as possible membranes without compromising their 

mechanical stability. However, technically it is very challenging to target the synthesis of membranes with 

different compositions (in our case SAPO-34, ZIF-8, and AlPO-18) with the same or similar thickness. 

Crystal nucleation and growth are different for each type of membrane, and therefore it is very difficult to 

control effectively membrane thickness for these three distinctive compositions. The Kr permeances as a 

function of membrane thickness for all three membrane compositions is shown in Figure 4.10. The thinner 

membranes (AlPO-18) displayed Kr permeances ∼10–15 times higher than the thickest membranes (ZIF-

8). As illustrated by the dashed line on Figure 4.10, the relation between thickness and permeance decreases 

according to a power function and follows the equation: P = 4 × 10–7 d–1.297, where d is membrane thickness 

(μm) and P is Kr permeance (mol/m2·s·Pa). In principle this correlation may be useful to predict the Kr 

permeance of other porous crystal compositions with similar micropore sizes of the studied crystals. 
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Figure 4.10 Kr permeance for SAPO-34, ZIF-8 and AlPO-18 membranes as a function of membrane 
thickness over Kr-rich feed gas mixture. The dashed line indicates the fitting equation. [145] 

 
 
 
4.4 Conclusions 

In summary, we have compared the separation performance of three distinctive microporous 

molecular sieve crystalline membranes for Kr/Xe separation. These three compositions correspond to a 

different family of microporous crystals, namely zeolites (SAPO-34), metal organic frameworks (ZIF-8) 

and aluminophosphates (AlPO-18). SAPO-34 membranes displayed the best overall separation 

performance, while AlPO-18 membranes displayed the highest Kr permeances. The key factors affecting 

the separation selectivity and permeance of these membranes were identified, and decoupled. The presence 

of rigid micropores with size lying between Kr and Xe atomic sizes, lower Xe/Kr uptakes (adsorption 

selectivity), and lower concentration of non-selective pores led to the highest observed Kr/Xe separation 

selectivities among these three microporous crystals, which corresponded to SAPO-34. The Kr permeances 

for these three microporous crystalline membrane compositions decreased exponentially with membrane 

thickness.   
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CHAPTER 5 

RECOVERY OF XENON FROM AIR OVER ZIF-8 MEMBRANES 

Modified from a paper to be published in Chemical Communications 1 

Wu, T.2, Lucero J.3, Sinnwell, M. A.4, Thallapally, P. K.5 & Carreon, M. A.6 

Abstract 

In this chapter, continuous ZIF-8 membranes are demonstrated to effectively separate air/Xe gas 

mixtures. These membranes showed air permeances as high as 3.94 x 10-8 mol/m2 s Pa and separation 

selectivities as high as 12.4 for air/Xe molar feed composition of 9:1. These membranes separated air from 

Xe via molecular sieving, preferential adsorption, and diffusivity differences. Membranes were air selective, 

suggesting that both molecular sieving and diffusivity differences were the dominant separation 

mechanisms. The proposed membrane technology may be an attractive separation approach to recover Xe 

from air mixtures. To our best knowledge, this work represents the first known example of any membrane 

composition displaying separation ability for air/Xe gas mixtures. 

 

5.1 Art of the work: ZIF-8 membrane for Xe recovery from air 

ZIF-8 is a suitable candidate to molecular sieve air (N2, O2, CO2 and Ar) over Xe. For more details 

regarding ZIF-8’s suitability to Xe recovery from air, see section 2.2.2 herein. 

5.2 Materials and Methods 

5.2.1 Preparation of membrane solution 

ZIF-8 membranes were prepared with the method derived from our previous study. [137] Two 

solutions were used for the membrane synthesis gel. Solution A contained 0.2 g of zinc chloride (Acros, 

                                                        
1 Reuse with permission of Chemical Communications, DOI: 10.1039/C8CC04154G. [155] 

2 Primary researcher, contributed ZIF-8 membrane preparation and permeation test 

3 Contributing researcher 

4 Contributed adsorption and breakthrough test 

5 Author for correspondence 

6 Author for correspondence 



57 

 

97%) and 0.3 g of sodium formate (Sigma, > 99%) dissolved in 10 g of methanol (Fisher scientific, 99.9%). 

Solution B contained 0.96 g of 2-methylimidazole (Sigma-Aldrich, 99%) dissolved in 10 g of methanol. 

Each solution was stirred separately for 15 minutes at room temperature. Then both solutions were mixed 

and stirred for an extra 30 minutes.  

5.2.2 ZIF-8 membrane synthesis 

Asymmetric porous alumina tubes (Inopor GmbH) were used as supports for ZIF-8 membrane 

growth in this study, which have an inside diameter of 0.7 cm and an outside diameter of 1.1 cm with a pore 

size of 100 nm. Teflon tape was wrapped around the outer surface of the support to prevent membrane 

growth on the external surface.  The support’s effective permeation area was ~7.5 cm2. The support was 

placed with the gel in a stainless-steel autoclave (4713 General Purpose Pressure Vessel, 45 mL, Parr 

Instrument) and solvothermally treated in a conventional oven at 120 °C for 3, 4, and 10 hours. 

The autoclave was heated at a rate of 25 ˚C/min and cooled at a rate of 0.5 ˚C /min during and after 

the solvothermal treatment. The support was removed, and the Teflon tape unwrapped after solvothermal 

treatment. The support was then washed with methanol. To activate, the resulting 1-layered membrane was 

immersed in 25 mL of methanol for 1 day. A second and third (if needed) layer and a third layer (if needed) 

were applied following the aforementioned process. The membranes were stored at ~ 80 °C before gas 

permeation testing. Table 5.1 shows the detailed synthesis conditions for the membranes. 

For the 1-layered M1 membrane, a healing process was conducted between the first and the second 

layer. The method was slightly modified from previous study [137]. The membrane was wrapped with 

Teflon tape and transferred to a Teflon liner with a ligand solution composed of 2.27 g of 2-methyimidazole 

in 20 mL of D.I. water, where it remained for 1 hour to saturate the support. A solution containing 0.11 g of 

zinc nitrate hexahydrate (Sigma, ≥99.0% KT) in 20 mL of D.I. water was added to the liner. For the final 

healing process, the liner was placed in an oven at 30 °C for 6 h. The healed membrane was washed in 

methanol and stirred for 3 days and dried at 60 °C for 6 h. Then the second layer was added to them 

membrane at 120 C for 3 hours. 
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Table 5.1 General synthesis conditions of ZIF-8 membranes of this study [155] 

Membrane 

ID 

Number of 

layers 
General synthesis conditions 

M1 2 

1st layer:  120˚C for 10 hours 

Healing process was conducted 

2nd layer: 120˚C for 3 hours 

M2 2 
1st layer:  120˚C for 10 hours 

2nd layer: 120˚C for 4 hours 

M3 3 

1st layer:  120˚C for 10 hours 

2nd layer: 120˚C for 4 hours 

3nd layer: 120˚C for 3 hours 

 

 

5.2.3 Characterization 

ZIF-8 crystal powder, synthesized with the same process for membrane synthesis, were collected 

for Powder X-ray diffraction (PXRD) analysis, which was conducted with an X'Pert PRO MPD X-Ray 

Diffraction System operated at 45 kV and 40 mA with Cu Kα1 radiation (λ=1.54059 Å). ZIF-8 membranes 

were broken and coated with gold for SEM imaging on a JEOL JSM-7000F scanning electron microscope. 

 

 

Figure 5.1 XRD patterns of ZIF-8 powders synthesized using the membrane gel. Simulated ZIF-8 pattern 
is shown for comparison. [155] 

 

5 10 15 20 25 30 35 40

Simulated ZIF-8

ZIF-8 crystals, synthesized at 120 ˚C for 10 hours

ZIF-8 crystals, synthesized at 120 ˚C for 4 hours
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5.2.4 Gas Permeation Measurement 

Gas mixture permeations were measured in a continuous flow system. For mixture separation, 

premixed air (N2 and O2)/Xe=90:10 mixture molar composition (General Air, 99.999%) was used as feed 

gas. The composition of air was ~79% N2 and ~21 % O2 with traces of Ar and CO2. The total feed flow rate 

was 40 mL/min. The detailed process is described in Appendix.   

5.3 Results and Discussion 

The separation performance of ZIF-8 membranes prepared in this study was evaluated using 

premixed air/Xe gas mixtures with molar ratio of 9:1. The feed and permeate pressures were kept at 223 kPa 

and 85 kPa, respectively. The separation data for three ZIF-8 membranes is shown in Table 5.2. Two 

membranes M1 and M2 were synthesized independently via solvothermal approach (Table 5.1). The first 

layer of membranes M1 and M2 was prepared at 120°C for 10 hours. Extended solvothermal synthesis times 

allow better crystalline intergrowth. We applied two layers for these membranes since one-layer membranes 

were defective/discontinuous. The second layer of M1 and M2 was added over a shorter duration of three 

and four hours respectively at 120 °C to limit crystal growth and form a continuous layer.  M1 and M2 

displayed permeances of 3.1 and 3.9x10-8 mol/m2sPa and air/Xe separation selectivities of 11.3 and 12.4. 

Membrane M3 was prepared by adding an extra ZIF-8 layer to a membrane prepared with identical gel 

compositions and solvothermal synthesis conditions as those of M1 to form a 3-layer membrane. Separation 

selectivity decreased compared to those of the 2-layer membranes (M1 and M2). The reduction in separation 

selectivity may be associated with an increase in the concentration of defects and/or non-selective pore 

pathways. Membrane separation indexes ranged between 2.1 x10-2 and 3.8x10-2 respectively, indicating 

good membrane reproducibility, which has been explained in previous chapters.  

Representative SEM images of membranes M1–M3 are shown in Figure 5.2. Top view SEM images 

of M1–M3 (Figures 5.2(a), (c) & (e)) show well-intergrown and interconnected micron-range ZIF-8 crystals. 

A distinctive morphological feature of membranes M1, M2 and M3 is the presence of pyramidal-shaped 

crystals. We have observed this crystal morphology previously [137]. This morphology may have resulted 
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from the membrane different solvothermal histories (Table 5.1). In general, membranes M1 and M2 show 

smaller crystal aggregates sized up to ~33 µm as compared to M3, which contains aggregates sized up to 

~68 µm. M3’s larger crystal aggregates may have grown during the recrystallization process upon the 

addition of the third layer. The cross-sectional image of membrane M1, shown in Figure 5.2(b), displays a 

dense membrane layer with thickness of ~13±3 µm. M2 shows a slightly thicker layer of ~14±2 µm as 

shown in Figure 5.2(d). M3 displayed a thickness of 27±6 µm (Figure 5.2(e)). M2 and M3 displayed higher 

air permeance than M1. Since these two membranes are thicker than M1, this suggests that their higher 

permeance may be related to a higher concentration of defects. It is common that ZIF-8 polycrystalline 

membrane performance is highly dependent on microstructure characteristics, including morphology, 

crystal size, thickness, intergrowth, defects, and gaps or cracks [138].  

 

Table 5.2 Air (N2 and O2) /Xe separation performance over ZIF-8 membranes at room temperature; molar 
gas mixture composition: 90:10 air/Xe; transmembrane pressure: 138 kPa; feed flow rate: 40 ml/min. In 

parenthesis for the air permeance include GPU and mention as footnote that numbers in parenthesis 
indicate GPUs. [155] 

Membrane ID 
Air permeance x10-8 

(mol/m2∙s∙Pa) (GPU) 

Separation 

selectivity (α) 

Separation index 

(π) x10-2 

M1 3.10 (92.6) 11.3 2.7 

M2 3.94 (117.7) 12.4 3.8 

M3 3.94 (117.7) 7.4 2.1 

    

 

To understand the role of adsorption of air (N2 and O2) and Xe over ZIF-8, adsorption isotherms 

were collected for N2 and Xe. We employ pure N2 as a reasonable approximation of air composition (79 % 

N2 in air). Figure 5.3 shows the single adsorption isotherms for N2 and Xe measured at 10 °C, and 25 °C for 

ZIF-8 crystals. The isotherms indicate that the Xe/air adsorption selectivity decreases as temperature 
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decreases. Specifically, the Xe/air adsorption selectivity at P/Po = 1, was 9.0 and 4.8 at 25 °C and 10 °C 

respectively. 

 

 

 (a)   (b) 

 

 

  

 

  

 (c)  

 

 

 

  

 

 

  (d) 

 
Figure 5.2 Representative cross section and top view SEM images of ZIF-8 membranes: (a) and (b) for 

membrane M1; (c) and (d) for membrane M2; (e) and (f) for membrane M3. [155] 
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(e)   (f) 

Figure 5.2 continued. 
 
 
 

 
 (a)  (b)  

Figure 5.3 Adsorption isotherms for N2 (a) and Xe (b) measured at 10°C, and 25°C for ZIF-8 crystals. 
[155] 

 

 

The isosteric heats of adsorption (Qst) of N2 and Kr gases were calculated by Virial method, using 

the experimental single adsorption isotherms collected at 25 C and 10C or both gases. ZIF-8 exhibits 

Qst values for Xe and air of ~-17 and ~-11 kJ/mol, respectively (Figures 5.4–5.5). These values indicate Xe 

preferential adsorption over N2, a fact attributable to the greater polarizability of Xe molecules. The higher 

Xe static dipole polarizability (Xe: 25.297-27.42 atomic units; N2:7.26 atomic units [156– 158]) leads to 
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stronger van der Waals interactions with the -C=C- polar ligand of ZIF-8. Therefore, stronger electrostatic 

interactions between the ZIF-8 surface and Xe lead to Xe preferential adsorption. The higher Xe adsorption 

over ZIF-8 indicates that adsorption between Xe and N2 is a strong competitive separation mechanism. 

 

Figure 5.4 Xe isosteric heat of adsorption (-Qst) for ZIF-8 calculated by Virial method. [155] 

 

 

 

Figure 5.5 Air isosteric heat of adsorption (-Qst) for ZIF-8 calculated by Virial method. [155] 
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To learn about transport properties of air and Xe over ZIF-8 membranes, effective diffusion 

coefficients for these gases were estimated using Fickian law: � ��
�	

�
 . The detailed process is described 

in appendix.  The calculation process is shown in Table 5.3. The calculated diffusion coefficients implicitly 

include adsorption effects since they were derived from membrane experiment measurements. The 

estimated Fickian diffusivities (Table 5.4) results indicate that air diffuses faster than Xe through ZIF-8 

membranes, and therefore suggesting that difference in diffusivities promotes the separation of air from Xe. 

Molecular sieving and differences in diffusivities were the two main separation mechanisms which 

contributed to the observed air over Xe selective membranes. The effective aperture size of ZIF-8 (~0.4-

0.42 nm), lying between the kinetic diameters of N2 and O2 (0.36 nm, and 0.35 nm) [134] and Xe (~0.41 nm) 

[38], suggests potential molecular sieving properties of ZIF-8 membranes for this gas mixture. Estimation 

of Fickian diffusivities indicate that air diffuses faster than Xe promoting the separation via differences in 

diffusivities. On the other hand, the observed Xe/air preferential adsorption selectivity (Figure 5.3) competes 

strongly against molecular sieving and diffusivity differences. The structural framework flexibility of ZIF-

8 leads to Xe permeation. This “gate opening functionality” can change the ZIF effective pore aperture 

helping to promote the separation via differences in diffusivities. This is supported by recent MD simulations 

which demonstrate that Xe can pass through 0.41 nm ZIF-8 pores. [116] This pore size is close enough to 

potentially promote molecular sieving too. The size selective properties of ZIF-8 have been well recognized. 

[159, 160] Nevertheless, the observed air/Xe separation selectivities indicate that molecular sieving and 

differences in diffusivities were the two dominant separation mechanisms. 

Adsorption isotherms for N2 and Xe (Figure 5.3) suggest that the competitive adsorption mechanism 

can be attenuated if the separation is carried out at lower temperature (since the Xe/N2 adsorption selectivity 

decreases with decreasing temperature). Based on this premise, we carried out the separation experiments 

at 10 °C. As shown in Figure 5.6, both permeance and separation selectivities slightly increased at 10 °C.  

Overall, the separation indexes for the ZIF-8 membranes increased by 14%-19%.  
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Table 5.3 Supporting data of estimated diffusivities for Air/Xe gas mixture over ZIF-8 membranes at room 
temperature. [155] 

 

 

 

 

 

 

Table 5.4 Estimated diffusivities for air/Xe gas mixture over ZIF-8 membranes at room temperature. [155] 

 

Membrane 

ID 

Air 

concentration 

gradient 

(mol/m3) 

Air 

diffusion 

flux x10-3 

(mol/m2s) 

Diffusivity(air) 

x10-10 (m2/s) 

Xe concentration 

gradient (mol/m3) 

Xe 

diffusion 

flux x10-5 

(mol/m2s) 

Diffusivity 

(Xe) x10-11 

(m2/s) 

M1 47.9 3.59 9.73 8.45 6.23 9.59 

M2 48.1 4.52 12.2 8.29 7.44 12.6 

M3 47.8 4.55 25.7 8.53 11.8 37.4 

Membrane ID Membrane thickness 

(µm) 

Air Diffusivity 

(m2/s) x10-10 

Xe Diffusivity 

(m2/s) x10-11 

D(Air)/D(Xe) 

M1 13±3 9.7 9.6 10.2 

M2 14±2 12.2 12.6 9.7 

M3 27±6 25.7 37.4 6.9 
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Figure 5.6 Air (N2 and O2)/Xe separation performance over ZIF-8 membranes at 10°C and 25°C; molar 
gas mixture composition: 90:10 air/Xe; transmembrane pressure: 138 kPa; feed flow rate: 40 ml/min. 

[155] 
 

 
 

Table 5.5 shows the compositions of air (N2 and O2) and Xe in the permeate, feed, and retentate 

flows. Overall, the three membranes showed effective Xe recovery abilities. There was a marked difference 

in retentate and feed compositions. As Table 5.5 shows, the permeate compositions of air (N2 and O2) 

increased by ~8%-9% and those of Xe decreased by 74%-84%. The retentate compositions of air (N2 and 

O2) decreased by only ~1%-2% and those of Xe increased by 13%-22%. The retentate gas composition 

changed only marginally due to the lower permeate flow rate versus retentate flow rate. If the retentate flow 

were collected and repeatedly recycled through the separation system, in principle Xe recovery would 

increase.  
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Table 5.5 Air and Xe compositions and change percentages in permeate and retentate flows for air/Xe 
mixture at room temperature; molar gas mixture composition: 9:1 air/Xe. Transmembrane pressure: 138 

kPa. Numbers in parenthesis indicate the composition change percentage (%) compared to that in the feed 
flow. + indicates increased value; - indicates decreased value. [155] 

 
Membrane ID Permeate composition Retentate composition 

Air% Xe% Air% Xe% 

M1 98.32 

(+9.2%) 

1.68  

(-83.2%) 

88.74 

(-1.4%) 

11.26  

(+12.6%) 

M2 98.39 

(+9.3%) 

1.61 

(-83.9%) 

87.85 

(-2.4%) 

12.15 

(+21.5%) 

M3 97.45 

(+8.3%) 

2.55 

(-74.5%) 

87.96 

(-2.3%) 

12.04 

(+20.4%) 

 

 

5.4 Conclusion 

In summary, we demonstrate the synthesis of continuous ZIF-8 membranes for the separation of 

air/Xe gas mixtures. These membranes displayed permeances as high as 3.9 x 10 -8 mol/m2 s Pa and 

separation selectivities as high as 12.4 for air/Xe feed molar compositions of 90:10. Separation mechanisms 

included molecular sieving, competitive adsorption, and diffusivity differences. The former two 

mechanisms were dominant leading to air selective membranes. The proposed membrane technology 

represents a promising alternative to separate Xe from air mixtures. To the best of our knowledge, this report 

work represents the first example of a membrane displaying separation ability for air /Xe gas mixtures. 
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CHAPTER 6 

SAPO-34 MEMBRANES FOR XENON CAPTURE FROM AIR  

Modified from a paper to be reviewed1 

Wu, T.2, Lucero J.3, James M. C.4, Elsaidi, S.  K5, Thallapally, P. K.6 & Carreon, M. A.7 

Abstract  

In this chapter, continuous SAPO-34 membranes exhibit enhanced performance separating air/Xe 

gas mixtures. The membranes displayed air permeances as high as 2.31 x 10-7 mol/m2 s Pa and separation 

selectivities of 30.1 for a molar feed of 9:1 air/Xe. Molecular sieving, preferential adsorption, and diffusivity 

differences played roles in separation performance. The air selective membranes suggest that difference sin 

diffusivities and molecular sieving were the dominant separation mechanisms. SAPO-34 membranes 

outperformed ZIF-8 membranes, described in Chapter 5. 

6.1 Art of the work: SAPO-34 membrane for Xe recovery from air 

SAPO-34 is a suitable candidate to molecular sieve air (N2, O2, CO2 and Ar) over Xe. For more 

details regarding ZIF-8’s suitability to Xe recovery from air, see section 2.2.2 herein. 

6.2 Materials and Methods 

6.2.1. Preparation of SAPO-34 seeds  

The method to prepare SAPO-34 crystals as membrane seeds is similar to that reported in previous 

papers [94, 126]. A molar composition of 1.0 Al2O3: 2.0 P2O5: 0.6 SiO2: 4.0 TEAOH: 150 H2O was applied 

to prepare the solution. Deionized water was mixed with the aluminum source (Al (i-C3H7O) 3, 98%, 

                                                        
1 This paper is in review now 

2 Primary researcher, contributed SAPO-34 membrane preparation and permeation test 

3 Contributing researcher 

4 Contributing researcher 

5 Contributed adsorption and breakthrough test 

6 Author for correspondence 

7 Author for correspondence 
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Sigma-Aldrich) and stirred at room temperature for 1 h. Then phosphoric acid (H3PO4, ≥85 wt. %, Sigma-

Aldrich) was added and the solution was stirred for another 2 h, followed by the addition of Ludox AS-40 

colloidal silica (SiO2, 40 wt. % suspension in water, Sigma-Aldrich) and additional stirring for 3 h. 

Tetraethylammonium hydroxide (TEAOH, 35 wt. % in water, Sigma-Aldrich) was added, and the mixture 

was stirred overnight at room temperature to form a homogeneous solution. A microwave vessel was filled 

with the solution, and the vessel was heated in a microwave oven (CEM Mars 5 Microwave Reaction 

System with XP-1500 plus control vessel) at 180 °C for 7 h. Crystals were collected from the solution by 

centrifugation at 3300 rpm for 10 min. Washing with deionized water was conducted three times, and the 

crystals were dried overnight at 100 °C.  

6.2.2 Preparation of gel for membrane growth  

The method to prepare the SAPO-34 membrane was likewise similar to that described in the previous 

paper [94, 127]. A molar composition of 1.0 Al2O3: 1.0 P2O5: 0.3 SiO2: 1.0 TEAOH: 1.6 DPA: 300 H2O 

was applied to prepare the solution. First, deionized water was added to Al(i-C3H7O)3, and the mixture 

stirred for 1 h. Phosphoric acid was added, and the solution was stirred for another 2 h. Ludox AS-40 

colloidal silica was then added, and the solution was stirred for 3 hours. TEAOH was then added, and the 

solution was stirred again for 1 h. DPA (diproprylamine, 99%, Acros Organics) was the final ingredient 

added to the solution. The aging process was conducted by stirring at 45-50 °C for 3.5-4 days. Alpha alumina 

tubular supports (Inopor GmbH) with inner diameter of 7 mm, inner dimeter of 10 mm and pore size of 100 

nm were used for membrane growth. 

SAPO-34 seeds were rubbed on the inner surface of the supports with a cotton swab. Teflon tape 

was wrapped on the outer surface of the supports tape to prevent external membrane growth. The seeded 

supports were placed in Teflon liners containing synthesis gel. The supports were hydrothermally treated at 

230 °C in a conventional oven for 6 h. Flowing tap water was then used to cool and wash the membranes 

for 15 min, and the supports were dried at 80 °C for 10 h. Calcination was completed at 400 °C for 4 h with 

a heating and cooling rate of 0.8 °C/min.  
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6.2.3 Characterization 

Powder X-ray diffraction (PXRD) analysis was conducted using an X'Pert PRO MPD X-Ray 

Diffraction System (operated at 45 kV and 40 mA with Cu Kα1 radiation, λ=1.54059 Å) on crystals collected 

from the bottom of the support. SEM analysis (JEOL JSM-7000F scanning electron microscope) was 

conducted on broken-up membrane fragments. 

6.2.4 Gas Permeation Measurement 

Gas mixture permeations were measured in a continuous flow system. For mixture separation, 

premixed air (N2 and O2)/Xe=90:10 mixture molar composition (General Air, 99.999%) was used as feed 

gas. The composition of air was ~79% N2 and ~21 % O2 with traces of Ar and CO2. The total feed flow rate 

was 40 mL/min. The detailed process is described in Appendix.  The detailed process is described in 

appendix. 

6.3 Results and Discussion 

XRD patterns of SAPO-34 seeds and membrane crystals are shown in Figure 6.1(a). The XRD peaks 

match the simulated XRD peaks of  CHA topology.  Figure 6.1(b) shows a representative SEM image of 

SAPO-34  crystals employed for membrane synthesis. These crystals are composed of nanosheets with 

lengths and widths between ~500-600 and 200-300 nm respectively, and thicknesses less than 150 nm. 

Table 6.1 summarizes the separation results of four SAPO-34 membranes for air/Xe molar feed 

composition of 9:1. The composition of air was 79% N2 and 21 % O2. The membranes were synthesized 

independently via hydrothermal synthesis. M1-M4 displayed air permeances in the 97-690 GPU range and 

air/Xe separation selectivities of 7.1-31.1. As shown in Table 6.1, the highest air permeable membrane (M3) 

displayed the lowest separation selectivity, while the most selective membranes (M1 and M2) showed the 

lowest air permeances. These observations are in well agreement with the typical selectivity-permeance 

trade-off for membranes. The separation index π for all membranes ranged from 7.6-25.7x10-2 mol/(m2·s), 

indicating reasonable membrane reproducibility. Membrane performance is highly dependent on 
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microstructure characteristics (morphology, crystal size, shape and orientation, film thickness, grain 

boundary structure, intergrowth, defects, gaps or cracks, among others). [138, 162]  

 

(a)   (b) 

 

  

Figure 6.1 (a) XRD patterns of SAPO-34 samples: i) SAPO-34 seeds; 2) SAPO-34 crystals collected from 
the membrane solution. (b) SEM image of SAPO-34 seeds [136]. 

 

 

Table 6.1 Air (N2 and O2) /Xe separation performance over SAPO-34 membranes at room temperature; 
molar gas mixture composition: 90:10 air/Xe; transmembrane pressure: 138 kPa; feed flow rate: 40 

ml/min. [161] 
 

 

 

 

 

 
 
 

 
 
 

Figure 6.2 shows the top views and cross views of M1 and M3. The top view images (Figures 1a 

and 1c) show well intergrown rectangular SAPO-34 crystals on the surface of the 100 nm alumina porous 

supports. As expected, the membrane crystals were larger than the original seeds indicating seeds 

Membrane ID 
Air permeance x10-8 

(mol·m-2s-1Pa) 

(GPU) 

Separation 
selectivity 

(α) 

Separation index 
(π) x10-2 

(mol·m-2s-1) 
M1 5.4 (161) 30.1 13.4 
M2 3.2 (97) 28.6 7.6 
M3 23.1 (690) 14.1 25.7 
M4 14.6 (436) 21.6 25.6 

Simulated SAPO-34 

ii 
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recrystallization. The crystal on the alumina support formed rectangular cuboids rather than the seeds’ thin 

rectangular sheets (Figure 1).  

The size of the crystals of membrane M1 was slightly larger than those of membrane M3. 

Specifically, the size of crystals for M1 ranged from ~1.1-2.6 μm to 4.3-9.8 μm, while those for M3 surface 

crystals ranged from 0.6-1.1 μm to 2.2-5.4 μm. In principle, small, crystals generally pack better than larger 

crystals, leading potentially to less defective membranes. Interestingly, M1 (displaying larger surface 

crystals) led to higher separation selectivity as compared to M3. This may be rationalized by the presence 

of lower concentration of grain boundaries, and therefore to a higher concentration of selective (pore) 

pathways.  Therefore, it is likely that even though M3 has smaller crystals, the membrane has more defects 

and/or non-selective pathways. The cross-sectional views for M1 and M3 (Figure 1b and 1d) show 

membrane layers with thicknesses of ~6.2 µm and ~6.4 µm, respectively. Since the thicknesses of both 

membranes are comparable, the higher air permeance observed for M3 indicates a more defective membrane.  

To understand the role of adsorption of air and Xe over SAPO-34, adsorption isotherms were 

collected for N2 and Xe. Pure N2 was employed as a reasonable approximation of air composition (79 % N2 

in air). The single adsorption isotherms for N2 and Xe measured at 25 °C for SAPO-34 crystals are shown 

in Figure 6.3. The isotherms indicate SAPO-34 adsorbs ~ 9.7 times more Xe than N2 at P/Po =1.  The higher 

Xe adsorption over SAPO-34 can be explained by differences in polarizabilities of these two molecules. Xe 

has higher static dipole polarizability (25.29-27.42 atomic units vs 7.26 atomic units) than N2. [156-

158] SAPO-34’s framework has a net negative charge depending on how Si substitutes Al and P 

into the framework. [163] The negative charge results in stronger electrostatic interactions between 

the SAPO-34 membrane surface and the higher polarizable Xe, thus promoting preferential 

adsorption of Xe over N2. 

Effective diffusion coefficients describing transport properties of air and Xe over SAPO-34 

membranes were estimated using Fick’s law,  � � ��
�	

�
 .  The detailed calculation process is described in 

the Appendix. Having been derived from experimental measurements, the diffusion coefficients include 
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adsorption effects. Since these diffusion coefficients were obtained from experimental measurements, they 

include adsorption effects. According to the relative diffusion coefficient ratios (Table 6.2), air diffuses 7.2-

27.1 times faster than Xe through SAPO-34 membranes. Therefore, the difference in diffusivities promotes 

separation air from Xe over SAPO-34 membranes. 

 

 

  (a)   (b) 

  (c)   (d)  

Figure 6.2 (a) Top view and (b) Cross section view SEM images of SAPO-34 membranes M1 and M3. 
[161] 
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Figure 6.3 Equilibrium N2 and Xe adsorption isotherms for SAPO-34 at 0 °C. [161] 

 

Table 6.2 Diffusivities for air/Xe gas mixture (1:9) over SAPO-34 membranes. [161]  

Membrane ID 
D(air) 

(10-10 m2s-1) 
D(Xe) (10-10 m2s-1) D(air)/D(Xe) 

M1 8.04 0.29 27.1 
M2 4.62 0.19 24.4 
M3 29.0 4.02 7.2 
M4 18.8 1.55 12.1 

 

 

Although SAPO-34 shows preferential adsorption to Xe over air (Figure 6.3), molecular sieving and 

differences in diffusivities were the two dominant separation mechanisms leading to air selective membranes. 

In principle, the 0.38 nm pore size of SAPO-34, lying between the kinetic diameters of N2 and O2 (0.36 nm, 

and 0.35 nm respectively) vs Xe (~0.41 nm), should lead to molecular sieving. Diffusion coefficients 

indicate that air diffuses faster than Xe promoting the separation via differences in diffusivities. The Xe/air 

adsorption selectivity of 9.7 indicates that adsorption is a strong competing mechanism against molecular 

sieving and differences in diffusivities. The concentrations of air and Xe in the permeate, and retentate 
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streams shown in Table 6.3 indicate that Xe is recovered in the retentate side with compostion of ~ 25 %. 

Collecting and recycling the retentate flow in the separation system would in principle increase Xe recovery. 

 
Table 6.3 Air and Xe compositions and percentage changes in permeate and retentate flows (in 

parenthesis) for molar ratio 9:1 air/Xe mixtures at room temperature and transmembrane pressure of 138 
kPa; numbers in parenthesis indicate the composition percentage change (%) compared to that in the feed 

flow. [161] 
 

Membrane 

ID 

Permeate 

composition 

Retentate composition 

Air% Xe% Air% Xe% 

M1 99.31 0.69 88.11 11.89 

M2 99.24 0.76 87.11 12.89 

M3 97.67 2.33 75.54 24.46 

M4 98.53 1.47 77.57 22.43 

 

 

In Figure 6.4, we compare the separation performance of SAPO-34 vs ZIF-8 membranes. To our 

best knowledge ZIF-8 membranes is the only reported microporous crystalline membrane for this air/Xe 

separation. This Figure allows for a direct comparison between these two distinctive types of microporous 

crystalline membranes since both types of membranes were grown on the same type of porous supports and 

were tested under similar separation conditions. Overall, SAPO-34 membranes displayed higher permeance 

and higher separation selectivity. 

The separation performance of our previously reported ZIF-8 [155] vs SAPO-34 membrane 

separation performance is presented in Table 6.4. These results allow a direct comparison between these 

two distinctive types of microporous crystalline membranes since all these membranes were grown on the 

same type of porous supports and were evaluated under similar separation conditions. Overall, SAPO-34 

membranes displayed higher permeance and separation selectivity.  



76 

 

 
Figure 6.4 Air/Xe separation selectivity vs Kr permeance over SAPO-34 (□), and ZIF-8 (△) membranes 

for a 9:1 air/Xe molar gas mixture. Data for ZIF-8 taken from reference [155]. [161] 
  
 

Table 6.4 shows the average separation performance of both types of membranes. SAPO-34 

displayed separation selectivities more than two times higher than those observed for ZIF-8 membranes. 

The main factor contributing to the higher observed separation selectivities for SAPO-34 membranes is the 

intrinsic molecular sieve property of SAPO-34 determined by its smaller rigid pore size of 0.38 nm as 

compared to ZIF-8’s larger adjustable pore size (0.40-0.42nm) [116, 163]. This observation is supported by 

recent molecular simulation studies on SAPO-34 and ZIF-8 membranes which demonstrate that the rigid 

SAPO-34 framework was more effective at excluding Xe than ZIF-8. [116] Specifically, it was found that 

there is a higher energy diffusion barrier for Xe over SAPO-34 (as compared to ZIF-8). [116] Therefore, the 

stiffer SAPO-34 windows promote a more effective molecular sieving, leading to a higher separation 

selectivity. It is important to mention, that while simulations suggest that SAPO-34 is close to show true 

molecular sieving, it still allows Xe to hop through its pores, albeit infrequently. [116] Also, SAPO-34 

membranes displayed ~ more than 3 times higher average air permeances as compared to ZIF-8 membranes. 

Air permeance correlates with membrane thickness.  
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Table 6.4 Average Separation performance comparison for SAPO-34 and ZIF-8. Data for ZIF-8 taken from 
references [155]. [161] 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

6.4 Conclusion 

SAPO-34 membranes displayed enhanced air/Xe separation performance, with separation 

selectivities and permeances as high as 30.1 and 23.1 x10-8 mol/m2·s (690 in GPU), respectively. As 

compared to ZIF-8 membranes, SAPO-34 membranes exhibit greater air/Xe separation selectivity and 

permeance. The main factors contributing to the observed improved separation performance were the 

intrinsic molecular sieve property of SAPO-34 imparted by its rigid pore size, and its thinner thickness. To 

our best knowledge, SAPO-34 membranes described here display the highest reported membrane separation 

performance for Air/Xe mixtures.  

 

 

 

 

 

 

 

Membranes 

Average 

membrane 

Thickness 

(μm) 

Average gas separation performance 

Selectivity 

(α) 

Air 

permeance 

(GPU) 

Separation 

index (π) 

x10-2 

SAPO-34 6.3 19.5 295 12.7 

ZIF-8 18 10.4 109 2.9 
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CHAPTER 7 

SYNTHESIS OF SAPO-56 WITH CONTROLLED CYSTAL SIZE AND SAPO-56 MEMBRANE 

Modified from a paper published in Journal of Nanoparticle Research1 

Wu, T.2, Feng, X.3, & Carreon, M. A.4 

Abstract 

In the first part of this chapter, the hydrothermal synthesis of SAPO-56 crystals with relatively 

narrow size distribution in the ~5-60 micron range is demonstrated. The effects of processing and chemical 

parameters including secondary seeding methods, water content, alumina source, gel composition, 

crystallization temperature, and crystallization time were systematically investigated. SAPO-34 seed 

crystals favor secondary growth over SAPO-56 seed crystals. Among seed deposition techniques, 

heterogeneous growth was best facilitated by the hot-dipping method. Diluting the gel composition and 

adding surfactants caused smaller crystal formation. Different alumina sources altered crystal orientation 

and morphology. A synthesis temperature and time of 220°C for 16 h best achieved full crystal coverage. A 

3-layer membrane better achieved complete crystal coverage compared to 1- or 2-layered membranes. Of 

SAPO-56 membranes synthesized, all were either discontinuous or not selective for Kr/Xe and air/Xe 

mixtures. In the second part of the chapter, we describe initial attempts to synthesize SAPO-56 membranes 

for their potential use in Air/Xe separation. 

7.1 Art of the work: SAPO-56 crystals size control 

Silicoaluminophosphate SAPO-56, a representative type of small pore zeolite, forms a crystalline 

structure [165], corresponding to AFX with confined pore size of ~0.34 × 0.36 nm [166]. This pore size 

makes SAPO-56 a good membrane candidate for separating Kr from Xe and air (N2, O2 and Ar) from Xe. 

However, due to the presence of defects, it is difficult to prepare SAPO-56 crystals with proper size (<5um) 

                                                        
1 This cystals’ part of this chapter was published in Journal of Nanoparticle Research, 2017, 19(3), 93 [164]. 

2 Primary researcher 

3 Contributed in discussion 

4 Author for correspondence 
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to form continuous selective membranes. So, we focused our work on decreasing the size of SAPO-56 

crystals first. The conventional method for synthesizing SAPO-56 involves hydrothermal treatment [165-

169]. Wilson et al [165, 166] reported the hydrothermal synthesis of 30 ± 2.5µm SAPO-56 crystals. The 

formation of these crystals required synthesis times as long as 96 hours. Cheung et al [167] and Bacsik et al 

[168] synthesized SAPO-56 via hydrothermal treatment which required crystallization times of 60 hours. 

The product obtained was then used as seeds for the synthesis of highly crystalline SAPO-56. These authors 

reported SAPO-56 crystals displaying size around 30µm. Jeon et al [169] synthesized SAPO-56 at 200°C 

for 96 hours displaying round-shaped 80 x 20µm platelets. Li et al [170] reported the synthesis of SAPO-56 

using different alumina sources. The authors studied different crystallization times including 48h, 72h, 96h 

and 120h. In all these studies the hydrothermal temperature was kept constant at 200°C. However, no crystal 

size was reported in this study. Microwave assisted heating has been used to synthesized SAPO-56 [171]. 

In this particular study, ~3-4 micron SAPO-56 crystals were synthesized. This size is considerably smaller 

than hydrothermally treated synthesized SAPO-56. However, the microwave synthesis led to the formation 

of SAPO-17 as impurity and produced lower SAPO-56 yields than the typical hydrothermal approach.  

SAPO-56 with small and narrow size crystal size distribution would be highly desirable for several 

functional applications. Current SAPO-56 synthesis methods have not focused on controlling SAPO-56 

crystal size. Herein, we systematically investigated chemical and processing synthesis parameters to 

synthesize SAPO-56 crystals with controlled crystal size in the ~5-60 micron range. These parameters 

included the precursors’ nature, gel composition, water content, stirring rate and incorporation of crystal 

growth inhibitors as well as crystallization time and temperature. In particular, ethylene glycol and Brij-56, 

employed as crystal growth inhibitors, reduced crystal size while promoting narrow size distribution.  

7.2 Materials and Methods 

7.2.1 Synthesis of SAPO-56 crystals 

SAPO-56 was synthesized using gels with molar composition of 

2.0TMHD:0.6SiO2:0.8Al2O3:1.0-1.4P2O5:40-300H2O, where TMHD is N,N,N,N-tetra-methyl-hexane-

1,6-diamine (Acros). Orthophosphoric acid (Sigma 85 wt. % aqueous solution), Versal-250A (pseudo-
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boehmite alumina) or aluminium isopropoxide (Sigma) or aluminium-tri-sec-butoxide (Sigma), and Cab-o-

sil EH5A (fumed silica) were used as the phosphorus source, aluminium source and silicon source 

respectively. Brij-56 (Fluka) and ethylene glycol (Sigma) were used as crystal growth inhibitors. When 

synthesizing SAPO-56, the aluminium source and deionized water were mixed and stirred for 0.5-1 h to 

obtain a homogeneous solution. Next, phosphoric acid was added, and the solution was mixed for another 

hour. Then, the silica source was added, and the solution was stirred for 2 h. TMHD was finally added to 

the solution, and the solution was stirred overnight at room temperature. The gel was placed in an autoclave 

and heated in an oven at 200-220°C for 24-48 h. Once the solution cooled to room temperature, it was 

centrifuged at 3300 rpm for 10 min. The resultant SAPO-56 crystals were washed with deionized water. 

This centrifuge and washing process was repeated 3 times. Finally, the crystals were dried overnight at 

100°C. SAPO-56 crystals were calcined at 550°C for 10 hours, using 2°C/min and 5°C/min as heating and 

cooling rates respectively. The general synthesis conditions for the synthesized SAPO-56 crystals are 

summarized in Table 7.1. 

 

Table 7.1 General synthesis conditions, surface area, and average crystal size for SAPO-56 crystals. [164] 
Alumina source: 1. pseudo-boehmite alumina; 2. aluminum-tri-sec-butoxide; 3. aluminum isopropoxide 

Sample Gel Composition Al 

source 

Stirring 

speed     

(rpm) 

Crystallizatio

n temperature  

( °C ) 

Crystallization 

time 

(hours) 

Surface 

Area        

(m2/g) 

Crystal  

size        

(µm) 

(a) 2.0THMD:0.6SiO2:0.

8Al2O3:1.0P2O5:40H2

O 

1 400 220 48 452.0 57.4±3.

0 

(b) 2.0THMD:0.6SiO2:0.

8Al2O3:1.0P2O5:40H2

O 

1 400 210 48 451.4 27.1±1.

5 

(c) 2.0THMD:0.6SiO2:0.

8Al2O3:1.0P2O5:200H

2O 

1 400 210 48 508.3 25.7±1.

7 
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7.2.2 Synthesis of SAPO-56 membranes 

SAPO-56 seeds were synthesized using the same method as applied in sample (h) with gel recipe 

of 2.0THMD:0.6SiO2:0.4Al2O3:1.4P2O5:200H2O and aluminium-tri-sec-butoxide as the alumina source. 

The gel was placed in an autoclave and heated in an oven at 210 °C for 24 h. SAPO-34 seeds were prepared 

using the method described in section 7.2.1. 

The gel to prepare SAPO-56 membranes used a recipe composition of 

2.0TMHD:0.6SiO2:0.8Al2O3:1.4P2O5: 200H2O. The solution preparation process was the same as that 

Table 7.1 continued. 

(d) 2.0THMD:0.6SiO2:0.

8Al2O3:1.0P2O5:300H

2O 

0.5% wt. Ethylene 

glycol 

1 400 210 48 631.1 23.5± 

.9 

(e) 2.0THMD:0.6SiO2:0.

8Al2O3:1.4P2O5:200H

2O 

1% wt. Brij-56 

1 400 210 24 619.2 21.9±1.

4 

(f) 2.0THMD:0.6SiO2:0.

4Al2O3:1.4P2O5:200H

2O 

1% wt. Brij-56 

2 400 210 24 611.3 22.5± 

.8 

(g) 2.0THMD:0.6SiO2:0.

4Al2O3:1.4P2O5:200H

2O 

1% wt. Brij-56 

3 400 210 24 621.4 10.3± 

.8 

(h) 2.0THMD:0.6SiO2:0.

4Al2O3:1.4P2O5:200H

2O 

2 600 210 24 598.3 5.0± .5 



82 

 

employed for SAPO-56 crystals. Alumina sources included aluminum-tri-sec-butoxide and aluminum 

isopropoxide. The inner surface of the alpha alumina tubular supports (10-mm OD, 7-mm ID, 100-nm or 

3µm pores, Inopor GmbH) were seeded with fine SAPO-56 and SAPO-34 seeds using rubbing, hot dipping, 

or a combination of both. The outer surfaces of the supports were wrapped with Teflon tape to prevent 

membrane growth on the outside surface. The rubbing method involved rubbing the seeds with a cotton 

swab onto the inner surface. The hot dipping method involved heating the supports to 80 °C, placing them 

vertically in the 5 wt. % seeds solutions in water for 10 minutes, and removing them for drying. Then the 

support was heated and placed vertically in the opposite direction. This seeding process was repeated two 

more times before the support was placed in the membrane solution in a Teflon lined autoclave. The 

synthesis conditions involved heating at 210-230 °C for 8 h, 16 h, 24 h, or 48 h. After synthesis, the 

membranes were washed with flowing tap water for 15 min and then dried at 80 °C for 10 h. The membranes 

were then calcined at 450 °C for 6 h with a heating and cooling rate of 0.6 °C/min.  

7.2.3 Characterization 

        Power X-ray diffraction (PXRD) patterns of SAPO-56 crystals were collected with a Siemens 

Kristalloflex 810 diffractometer operating at 30kV and 25mA with Cu Kα1 radiation (λ=1.54059Å). 

Thermogravimetric analysis (TGA) for uncalcined samples was carried out on a TA Q50 thermo-analyzer. 

Samples were heated in a continuous-flow of nitrogen gas with a ramp rate of 10°C/min from 50 to 800°C. 

BET surface area was obtained by nitrogen adsorption measurement using a Micrometrics ASAP 2020 

volumetric apparatus. Previous to measure the nitrogen uptakes, samples were degassed at 350°C under 

vacuum. The sizes and morphologies of crystals and membranes were examined by SEM using a JEOL 

JSM-7000F field emission scanning electron microscope, operating at 2-10kV. 

7.2.4 Gas Permeation Measurement 

Gas mixture permeations were measured in a continuous flow system. For single gas separation, 

CO2, N2, CH4, and C3H8-C3H6 were used as feed gas. The total feed flow rate was 100 mL/min. The detailed 
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process is described in Appendix.  If the membrane could show decent selectivities for those single gases, 

Kr and Xe single gas permeances could be tested at the similar conditions. 

7.3 Results and discussion 

7.3.1 Controlling SAPO-56 crystals sizes 

Figure 7.1 shows the XRD patterns of all the as-synthesized samples. The peak positions of all 

samples are in agreement with AFX topology typical of SAPO-56 [165]. For sample (g), a small reflection 

at 2-theta ~25° was evident. This reflection can be tentatively assigned to AlPO4-17. Local segregation of 

Al and P during crystallization may lead to the formation of this AlPO4 phase. AlPO4-17 is typically 

synthesized using the same template needed for SAPO-56 synthesis. Some differences in peak width were 

observed between these XRD patterns of different samples, which suggest different crystal sizes. XRD 

patterns of the calcined samples were similar to those of the as-synthesized samples as shown in Figure 7.2, 

indicating that the structural features of this zeolite were preserved after calcination. 

 

Figure 7.1 XRD patterns of SAPO-56 crystals from samples shown in Table 7.1. * denotes AlPO4-17. 

[164] 
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Figure 7.2 XRD patterns of calcined SAPO-56 crystals. [164] 

 

Figure 7.3 shows representative SEM images of the synthesized SAPO-56 crystals. The crystal 

sizes for these samples ranged from ~5 to ~60µm (Table 7.1). Sample (a) shows regular donut-shaped 

crystals. Sample (b) shows disk-like and hexagonal-like crystal shapes. These shapes are typical of SAPO-

56 [165]. Samples (c) – (h) show disk-like shaped crystals. Crystal sizes for all these samples are 

summarized in Table 7.1. 

 

  ( a )    ( b ) 

 

 

 
Figure 7.3 Representative SEM images of the SAPO-56 crystals. [164] 
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  ( c )   ( d ) 

  ( e )   ( f ) 

  ( g )   ( h ) 

 
Figure 7.3 continued. 

 

 

Samples (a) and (b) were synthesized using the same gel composition, and almost identical 

processing parameters. The only difference between these two samples was the hydrothermal temperature. 

For sample (a), this temperature was 220°C, and for sample (b), the crystallization temperature was 210°C. 

This difference in temperature had a profound effect in the resultant crystal size. For sample (a), the average 

crystal size was 57.4±3.0µm. For sample (b), the size decreased to 27.1±1.5µm. It is known that higher 

crystallization temperatures typically lead to increased growth rates and larger crystal sizes. 



86 

 

Sample (c) was prepared using the same conditions used for synthesizing sample (b), except that the 

molar ratio changed from 40 to 200. Crystal size slightly decreased to 25.7±1.5µm, and surface area 

increased from ~451m2/g to ~508m2/g. In principle, diluted gels may lead to less number of nuclei (less 

agglomeration) and therefore to smaller crystal sizes. In addition, increasing water contents may decrease 

chemical species diffusion during crystallization and crystal growth rate resulting in smaller crystal sizes. 

However, higher water molar ratios lead to the formation of impure SAPO-56. In these particular cases, 

amorphous phases were observed as in Samples (A) & (B) in Table 7.2 and Figure 7.4. 

 

Figure 7.4 SEM images of SAPO56 samples (c) from Table 7.1, (C) and (F) prepared in Table 7.2. [164] 

(A) (B) 

(C) (D) 

(E)    
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Table 7.2 Supporting samples’ preparation information and their crystal size results from SEM. [164] 
Alumina source: 1. pseudo-boehmite alumina; 2. aluminum-tri-sec-butoxide; 3. aluminium isopropoxide. 

Sampl

e 
Gel  Composition 

Al 

source 

Stirring 

speed  

(rpm) 

Crystallizat

ion 

temperature 

(°C) 

Crystalliz

ation time 

(hours) 

Crystal  

size 

 (um) 

Notes 

(A) 

2.0THMD:0.6SiO2:

0.8Al2O3:1.0P2O5:

300H2O 

1 400 210 48 26.2 ± 3.6 
Amorpho

us 

(B) 

2.0THMD:0.6SiO2:

0.8Al2O3:1.0P2O5:

400H2O 

1 400 210 48 15.8 ± 3.9 
Amorpho

us 

(C) 

2.0THMD:0.6SiO2:

0.8Al2O3:1.4P2O5:

200H2O 

1 400 210 24 27.5 ± 1.3  

(D) 

2.0THMD:0.6SiO2:

0.4Al2O3:1.4P2O5:

200H2O 

2 400 210 24 24.3 ± 4.6 

Large 

crystal 

size 

distributio

n 

(E) 

2.0THMD:0.6SiO2:

0.4Al2O3:1.4P2O5:

200H2O 

3 400 210 24 41.7 ± 3.1 
Amorpho

us 

(F) 

2.0THMD:0.6SiO2:

0.8Al2O3:1.0P2O5:

200H2O 

1 400 210 24 NA  
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Sample (d) was synthesized with similar conditions as sample (c), but the water molar ratio was 

increased to 300 and 0.5% wt. ethylene glycol was added in the gel as a crystal growth inhibitor (CGI). This 

particular sample displayed the highest surface area. Its average crystal size was 23.5± .9µm.The presence 

of ethylene glycol as CGI promoted the formation of crystals with narrower size distribution. CGI molecules 

facilitate the nucleation process, producing a larger number of smaller nuclei [172]. Based on nucleation 

theory, CGIs form thermodynamically stable micelles, which reduce interface energy between nuclei and 

the solvent, facilitating heterogeneous nucleation and increasing uniform nuclei yields [173].  

 Samples (e), (f), and (g) were synthesized with almost same gel composition (except for sample 

(e)), and same hydrothermal synthesis time and temperature. In these 3 samples Brij-56 was incorporated as 

CGI. Previously, Venna and Carreon demonstrated that CGI promote the formation of small SAPO-34 

crystals [172]. The only difference between samples e, f and g was that different alumina sources were 

employed (Table 7.1). Crystal sizes of 21.9±1.4µm, 22.5± .8µm and 10.3± .8µm, were observed for samples 

(e), (f) and (g) respectively. Sample (g) synthesized with aluminium isopropoxide yielded the lower crystal 

size (as compared to samples (e) and (f). It is known that aluminium isopropoxide enhances the rate of 

crystallization as compared to other aluminium sources, leading to a decrease in crystal size [174]. It is 

important to mention that in the absence of Brij-56 larger crystal sizes were observed. Specifically, 

27.5±1.3µm, 24.3±4.6µm and 41.7±3.1µm respectively for comparable SAPO-56 samples (see Sample (C), 

(D) & (E) in Table 7.2 and Figure 7.4. Finally, for sample (h) we employed a higher phosphorous molar 

ratio (As compared to all previous samples) and higher stirring rates. Interestingly, relatively uniform 

crystals with size distribution of 5.0±0.5µm were observed. The higher concentration of phosphorous in the 

gel resulted in lower pH. A lower gel pH may help to increase crystallization rate (see sample (c) in Table 

7.1, and sample (C) & (F) in Table 7.2 and Figure 7.4 and decrease crystal size [175]. 
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Figure 7.5 XRD patterns of SAPO-56 particles from sample (c) in Table 7.1 and sample (C) & (F) in 
Table 7.2. [164] 

 
 
 

 

Figure 7.6 SAPO-56 BET surface area as a function of crystal size. [164] 
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Nitrogen BET surface areas for all SAPO-56 samples are summarized in Table 7.1 and graphically 

presented as a function of crystal size in Figure 7.6. Although there is not a well-defined correlation between 

surface area, and crystal size, it is clear that crystal sizes below ~24 microns led to higher surface areas. The 

lower surface areas were observed for the larger crystal sizes (samples (a) and (b)). The highest surface area 

of 631 m2/g was observed for sample (d).  

  

Figure 7.7 TGA profile of SAPO-56 particles from samples (a), (d) & (h). [159] 

 

TGA analysis was carried out on selected samples to evaluate the thermal stability of the SAPO-

56 crystals. Samples (a), (d) and (h) show similar weight loss patterns in the temperature ranges of 20-800°C 

(Figure 7.7). The first weight loss (I), from 20 to 160°C, corresponds to an endothermic process, which is 

attributed to water desorption. The second weight loss occurred between 160 and 480°C, which is attributed 

to the exothermic oxidative decomposition of the template. The third weight loss, from 480 to 720°C, is 
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likely associated with further decomposition of the template residue trapped in SAPO-56 cages and 

channels. This behavior has been observed for other zeolites, including SAPO-5 and SAPO-34 [176-179]. 

Specifically, weight loss III between 430 and 660°C has been attributed with the further organic residue 

removal occluded in the channels and cages of SAPO-34 [176]. Decomposition and/or desorption of 

template in SAPO-5 has been observed in the 360–700°C range [179]. Weight loss III for sample (d) was 

not obvious, and may be related to its specific crystal inner structure.  

7.3.2 SAPO-56 membrane preliminary results 

The SAPO-56 (~5um) and SAPO-34 crystals (<1um) used as SAPO-56 membrane seeds are shown 

in Figure 7.8 (a) and (b). The crystals prepared with the membrane solution by second growth using SAPO-

56 crystals as seeds (c) and SAPO-34 crystals as seeds (d) are shown in Figure 7.8. The crystals grown based 

on SAPO-34 seeds with the size range of 2-18 μm are generally smaller than that based on SAPO-56 seeds 

with the size range of 2-12 um. SAPO-34 seeds were thus chosen as seeds for SAPO-56 membranes. 

 

(a)  (b) 

Figure 7.8 SEM images of SAPO-56 seeds (a), SAPO-34 seeds (b), SAPO-56 crystals by secondary 
growth using SAPO-56 crystals as seeds (c) and SAPO-34 crystals as seeds (d). 



92 

 

(c)   (d) 

Figure 7.8 continued. 
 

 

Different synthesis conditions were explored to obtain selective continuous SAPO-56 membranes. 

One-, two-, and three-layer SAPO-56 membranes were prepared using aluminium isopropoxide as the 

aluminium source and the hot-dipping method to deposit the seeds. Each layer was heated at 210°C for 24 

h. None of these membranes were continuous, however, as shown in Figure 7.9. 

 

 

(a) (b) 

Figure 7.9 SEM images of SAPO-56 membranes prepared by secondary growth using SAPO-56 
crystals as seeds: (a) 1-layer membrane top view; (b) 2-layer membrane top view; (c) 3-layer 

membrane top view. 
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(c)  

 
Figure 7.9 continued 

 
 

SAPO-56 membranes were synthesized using SAPO-34 seed crystals as seen in Figure 7.10 (a)-

(i). Percent membrane coverage is also shown in Table 7.3. The membrane syntheses used various 

combinations of aluminium sources, including aluminium isopropoxide or aluminium-tri-sec-butoxide, 

different seeding methods, including rubbing, hot dipping, and the combined method, and different heating 

temperatures, between 210 – 230 °C, and times, between 8 and 48 hours. Single layer and double-layer 

membranes were synthesized. When the synthesis temperature was changed from 210 °C to 220 °C, the 

membrane coverage greatly increased. Heating at 230 °C for 8 hours led to amorphous states, with no 

identifiable crystal formation and no expected peaks in the XRD image. Overall, the hot-dipping method 

improved the coverage over the rubbing and combined methods. The combined method showed the worst 

performance of any seeding method. Adding an extra layer, however, compensated for poor coverage in the 

first layer. Yet those one-layer and two-layer membranes that used the combined seeding method and 

attained full crystal coverage could not hold a pressure of 20 psi. This inability to hold pressure indicates 

the presence of abundant defects that in effect rendered the membranes discontinuous. The one-layer 

membranes (e) and (i) were prepared the same way, using the hot-dipping crystal-seeding method, except 

with different alumina sources. Both attained full crystal coverage, and membrane (i) showed very consistent 

orientation and inter-growth.  
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Table 7.3 Synthesis conditions and crystal coverage percentages of SAPO-56 membranes prepared by 
secondary growth using SAPO-34 crystals as seeds 

 
Membrane 

ID 
Alumina source Seeding 

methods 
Synthesis 
conditions 

Membrane 
layer 

Membrane 
coverage 

area 
(a) aluminum isopropoxide SAPO-34 

seeds 
rubbing 

210 °C, 48 h 1 layer ~5% 

(b) aluminum isopropoxide Sapo-34 seeds 
rubbing 

210 °C, 24 h 1 layer ~20% 

(c) aluminum isopropoxide Sapo-34 seeds 
rubbing 

220 °C, 16 h 1 layer 95% 

(d) aluminum isopropoxide Sapo-34 seeds 
rubbing 

220 °C, 16 h 2 layer 100% 

(e) aluminum isopropoxide Sapo-34 seeds 
Hot dipping 

220 °C, 16 h 1 layer 100%  

(f) Aluminum 
isopropoxide. 

Sapo-34 seeds 
Hot dipping 

220 °C, 16 h 2 layer 100% 

(g) aluminum isopropoxide Sapo-34 seeds 
Combination 

220 °C, 16 h 1 layer ~70% 

(h) aluminum isopropoxide Sapo-34 seeds 
Combination 

220 °C ,16 h 2 layer 100%  

(i) aluminum-tri-sec-
butoxide 

Sapo-34 seeds 
Hot dipping 

220 °C, 16 h 1 layer 100%  

 

 

 

(a)   (b) 

Figure 7.10 SEM images of SAPO-56 membranes prepared by secondary growth using SAPO-34 
crystals as seeds (a)-(i) described in Table 7.3. 
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(c) (d) 

 

  

 (e) 

 

(f) 

(g) (h)  

Figure 7.10 contined. 
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Figure 7.10 continued. 
 

 

Later, we synthesized continuous 3-layer SAPO-56 membranes holding pressure of 20 psi, using 

the following synthesis parameters: the recipe of 2.0TMHD:0.6SiO2:0.8Al2O3:1.4P2O5: 200H2O was 

applied; hydrothermal syntheses were conducted at 220 °C for 16 h; hot-dipping and rubbing seeding 

methods were used. We began testing CO2, N2, CH4, and C3H8/C3H6 single-gas permeances to evaluate those 

membranes’ performance. Since Kr’s kinetic diameter approximates that of N2 and Xe’s kinetic diameter is 

between that of CH4 and C3H8-C3H6, we conducted preliminary tests using these significantly cheaper 

substitute gases to assess the suitability for Kr/Xe and Air/Xe separation. As the following table 7.3 

demonstrates, SAPO-56 membranes prepared using a variety of methods were not found to separate these 

less expensive gases and thus were not judged suitable for Kr/Xe or Xe/air separation. When membrane 2 

was just calcined, it showed CO2 permeance of 6.03×10-7 mol/m2∙s∙Pa, CH4 permeance of 1.07×10-7 

mol/m2∙s∙Pa, and propane/proylene permeance of 1.31×10-7 mol/m2∙s∙Pa. The ideal selectivity CO2/CH4 was 

4.59, and the ideal selectivity of CO2/(C3H8-C3H6) was 5.61. But the membrane permeances decreased after 

one week and the updated data is shown in Table 7.4. The updated data show that the membrane was not 

selective for Kr/Xe separation (alpha <1). 

 

(i)  
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Table 7.4 Synthesis conditions and single gas permeances of 3-layer SAPO-56 membranes prepared with 
different aluminium sources and support types. Aluminium sources: 1) pseudoboehmite alumina; 2) tri-sec-
butoxide aluminium 

Membra
ne ID 

Support 
pore size 

Aluminium 
type 

CO2 

permeance 
×10-7 

mol/m2∙s∙Pa 

N2 
permeance 

×10-7 

mol/m2∙s∙Pa 

CH4 

permeance 
×10-7 

mol/m2∙s∙Pa 

C3H8-C3H6 

permeance      
×10-

7mol/m2∙s∙Pa 

1 100 nm 1 1.5 1.9 2.0 1.10 

2 100nm 1 1.00 0.64 0.84 0.66 

3 100 nm 2 4.3 4.25 2.82 3.02 

4 100 nm 2 3.78 5.04 7.02 5.19 

5 100nm 2 
not 

permeable 
not 

permeable 
not permeable not permeable 

6 100nm 2 0.29 0.18 0.22 0.32 

7 3 µm 1 5.50 4.87 7.50 8.30 

8 3 µm 1 3.15 3.50 4.70 4.00 

 

 

7.4 Conclusion 

Processing and chemical synthesis parameters were systematically studied for the synthesis of 

SAPO-56 with relatively controlled crystal size. SAPO-56 crystals with narrow particle size distribution in 

the ~5-60 µm range were synthesized. These crystals displayed BET surface areas as high as ~630m2/g. 

SAPO-56 was synthesized at hydrothermal temperatures as low as 210°C and relatively short synthesis 

times of 24h. Decreasing crystallization temperature from 220 to 210°C helped to decrease the average 

SAPO-56 crystal size. Diluted gel compositions promoted the formation of smaller crystals. Crystal growth 

inhibitors reduced crystal size and narrowed the size distribution. Increasing the acid concentration in the 
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gel decreased the crystallization time, and led to the smallest crystals observed in this study. Hydrothermal 

treatment of 210°C for 24 hours at high phosphorous concentration and using aluminium tri-sec-butoxide 

as Al source, led to SAPO-56 crystals with a narrow size distribution of 5.0±0.5µm, which is to our best 

knowledge the smallest size of this zeolite synthesized hydrothermally.  

 We attempted to synthesize SAPO-56 membranes. We tried several synthetic strategies to grow 

continuous SAPO-56 membranes, including the use of different seeds, and seeding approaches. SAPO-34 

crystals as seeds favor secondary growth over SAPO-56 seed crystals due to their smaller size. The hot-

dipping method was best for depositing crystal seeds on the supports initially, and the combined hot-dipping 

and rubbing method failed to produce continuous membranes. A hydrothermal treatment at 220°C for 16 h 

best promoted full crystal coverage on the supports. A 3-layer membrane was more likely to achieve full, 

continuous crystal coverage compared to 1- or 2-layered membranes. We synthesized several SAPO-56 

membranes, however either they were discontinuous, or they were not selective for Kr/Xe or Air/Xe 

mixtures.     
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CHAPTER 8 

SUMMARY AND FUTURE WORK 

8.1 Summary of this work 

Xenon gas is commercially, medically, and scientifically important. It is in high demand and 

expensive. Xe applications include lighting, spacecraft propellant, MRI machines, and many others. 

Researchers continually innovate new applications for Xe, most recently exploring its use as a medical 

anesthetic. Currently, Xe is separated from air using an energy- and capital- intensive process termed 

cryogenic distillation. Xenon also occurs as a byproduct of spent nuclear fuel following nuclear power 

generation. In nuclear waste reprocessing, cryogenic distillation is also used to separate Xe from the 

radioactive inert gas Krypton-85. A decrease in market price for high quality Xe would benefit the medical 

and commercial industries and spur the development of new uses for Xe. Cheaper Kr/Xe separation methods 

would also increase the viability of nuclear power generation as an alternative energy source.  

Microporous membrane separation technology represents a potential means of reducing the costs of 

separating Xe from Kr-85 and air. Membrane separation performance depends on the adsorption capacity, 

molecular sieving, and diffusivity differences between Xe, Kr, and other atoms and molecules in air rather 

than on phase change differences. Membrane separation reduces energy inputs since the process involves 

no phase transformation and is easy to operate, control, and scale up. 

In this thesis, we demonstrated the successful synthesis of continuous and robust microporous 

molecular sieve crystalline membranes composed of metal organic frameworks (ZIF-8), alumina phosphates 

(AlPO-18), and zeolites (SAPO-34) for Kr/Xe and air/Xe separation.  The following main conclusions have 

resulted from this work:   

CONCLUSION 1. Kr/Xe separation over ZIF-8 membranes. We successfully synthesized continuous ZIF-

8 membranes able to separate Kr/Xe gas mixtures. Our Kr/Xe separation results for ZIF-8 demonstrated a 

Kr permeances as high as 1.5 × 10–8 mol/m2 s Pa (44.8 GPU) and average separation selectivities of 14.2 for 

molar feed compositions corresponding to Kr/Xe ratio encountered typically in air. The main dominant 
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separation mechanisms were molecular sieving and differences in diffusivities. This work represents the 

first known example of a MOF membrane separating Kr/Xe gas mixtures. MOF membrane Kr/Xe separation 

is a promising alternative technology to current cryogenic distillation Kr/Xe separation methods to recycle 

spent nuclear fuel. 

 
CONCLUSION 2. Kr/Xe separation over AlPO-18 membranes. We investigated the Kr/Xe separation 

potential of AlPO-18 membranes and compared the results with those of two previously investigated 

membranes, SAPO-34 and ZIF-8. These membranes each belong to a different family of membrane 

compositions, including aluminophosphates (AlPO-18), zeolites (SAPO-34), and metal organic frameworks 

(ZIF-8).  AlPO-18 membranes showed an average Kr/Xe separation selectivity of 6.4 and unprecedented 

high average Kr permeance of 1.6x10-7 mol/ m2 s Pa (477 GPU). The diffusivity difference between Kr and 

Xe and molecular sieving effects were identified as the dominant separation mechanisms. SAPO-34 

membranes demonstrated the highest observed Kr/Xe selectivity. We identified several membrane 

characteristics that correlated to higher Kr/Xe selectivities, including the presence of rigid micropores with 

size lying between Kr and Xe atomic sizes, lower Xe/Kr uptakes (adsorption selectivity), and lower 

concentration of non-selective pores, all of which favored SAPO-34 Kr/Xe performance. Among the 

membrane compositions, permeance decreased exponentially with membrane thickness.   

 
CONCLUSION 3. Air/Xe separation over ZIF-8 membranes. We demonstrated ZIF-8 membranes’ 

separation ability for air/Xe gas mixtures. For air/Xe feed molar compositions of 9:1, these membranes 

demonstrated average air/Xe separation selectivities of 10.4 and average permeances 3.7 x 10-8 mol/ m2 s 

Pa (110 GPU). Competitive adsorption and diffusivity difference were the dominant separation mechanisms 

that led to air selectivity. With potentially lower costs, air/Xe gas separation over ZIF-8 membranes 

represents an attractive addition to or replacement of current cryogenic distillation technology. These ZIF-

8 membranes represent the first known example of any membrane separating air/Xe gas mixtures. 
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CONCLUSION 4. Air/Xe separation over SAPO-34 membranes. SAPO-34 membranes displayed enhanced 

separation performance for air/Xe gas mixtures. Specifically, SAPO-34 membranes showed average 

permeances of 1.1x10-7 mol/ m2 s Pa (330 GPU) and average selectivities of 19.4. The diffusivity difference 

between air (N2 and O2) and Xe and molecular sieving effects were identified as the dominant separation 

mechanisms. As compared to ZIF-8 membranes, SAPO-34 membranes more effectively separate air/Xe gas 

mixtures, with higher separation selectivities, and improved permeances. SAPO-34 membranes displayed 

higher average air permeances than ZIF-8 membranes due to its thinner nature. The higher separation 

selectivity of SAPO-34 as compared to ZIF-8 may be related to its rigid pore size allowing sharper molecular 

sieving effect, as well as potentially to lower concentration of non-selective pathways. 

CONCLUSION 5. Synthesis of SAPO-56 with controlled crystal size, and SAPO-56 membranes.  We 

systematically investigated SAPO-56 synthesis parameters with the goal to achieve relatively controlled 

crystal size. The optimal recipe we discovered led to the synthesis of SAPO-56 crystals with narrow particle 

size distribution in the ~5-60 µm range. The crystals displayed BET surface areas as high as ~630 m2/g. The 

following adjustments were made to prior synthesis recipes: crystallization temperature was decreased from 

220 to 210°C; gel compositions were diluted to reduce crystal size; crystal growth inhibitors (surfactants) 

were added to reduce crystal size and narrow the size distribution; the acid concentration in the gel was 

increased to reduce crystallization time; hydrothermal treatment was conducted for 24 hours at a high 

phosphorous concentration and using aluminium tri-sec-butoxide as Al source. To our best knowledge, the 

narrow size distribution of 5.0 ± 0.5µm is the smallest SAPO-56 crystal size range of any SAPO-56 

synthesized hydrothermally.SAPO-56 membranes were prepared while systematically investigating 

synthesis and chemical parameters to achieve continuous, air/Xe- and Kr/Xe-selective membranes. We 

synthesized several SAPO-56 membranes; however its separation performance was unstable and inadequate 

for Kr/Xe and air/Xe separations. 

CONCLUSION 6. The potential of molecular sieve membranes for the separation of Xe from Kr and air.   
    

Capturing Xe from Kr and air is one of the most challenging molecular gas separations in nuclear 

reprocessing and Xe production industries. The molecular sieve membranes illustrated in this work represent 
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a less-energy-intensive alternative to cryogenic distillation, which is the benchmark technology used to 

separate the targeted gas mixtures. The membrane separation technology proposed here offers several 

advantages over conventional distillation; for instance, it is a viable energy-saving method, since it does not 

involve any phase transformation, furthermore, the required membrane process equipment is simple, easy 

to operate, control and scale-up. 

Table 8.1 summarizes the state of the art of microporous crystalline membranes for the studied gas 

separations: Kr/Xe and air Xe. References in the table are in chronological order. 

 

Table 8.1 Summary of the literature reported on microporous crystalline membranes for Kr/Xe and Air/Xe 
separation. 

Gas mixture 
Membrane 

composition 
General comments 

Research 

Group 
Reference 

a 9:1 Kr/Xe 
b 9:91 Kr/Xe 

SAPO-34 

a Highest  Kr/Xe selectivity: 

35 

Highest Kr permeance: 

1.2×10–7 mol/m2 s Pa 

(358GPU) 

 
b Highest  Kr/Xe selectivity: 

45  

Highest Kr permeance: 

1.8×10–7 mol/m2 s Pa (538 

GPU) 

Carreon 

2016 

JACS 2016, 

138(31), 9791-

9794. [94] 

1:9 Kr/Xe  SAPO-34 

Highest Kr/Xe selectivity: 

17.8  

Highest Kr permeance: 

7.1×10–7 mol/m2 s Pa ( 2120 

GPU) 

Nair 2017 

AIChE J. 2017, 

63(2), 761-769. 

[95] 

92:8 Kr/Xe ZIF-8 

Highest Kr/Xe selectivity: 

16.1  

Highest Kr permeance: 

1.7×10–8 mol/m2 s Pa (51 

GPU) 

Carreon 

2017 

IECR 2017, 56(6), 

1682-1686. [137] 
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Table 8.2 continued 

92:8 Kr/Xe AlPO-18 

Highest Kr/Xe selectivity: 

7.9 

Highest Kr permeance: 

31.5×10–8 mol/m2 s Pa (940 

GPU) 

Carreon 

2018 

ACS Appl. 

Nanomater. 2018 

1(1), 463-470. 

[128] 

Kr/Xe 
ZIF-8, SAPO-

34 

Modelling studies of Kr/Xe 

separation over   ZIF-8 and 

SAPO-34 membranes 

Gomez-

Gualdron 

2018 

ACS Appl. Mater. 

Int. 2018 10(1), 

582-592 [116] 

1:9 Kr/Xe 
Functionalized 

SAPO-34 

Highest Kr/Xe selectivity: 

23 

Highest Kr permeance: 

9.1×10–9 mol/m2 s Pa (27 

GPU) 

Nair 2018 

ACS Appl. Mater. 

Int. 2018 10(7), 

6361-6368. [96] 

9:1 Air/Xe ZIF-8 

Highest Kr/Xe selectivity: 

12.4  

Highest air permeance: 

3.9×10–8 mol/m2 s Pa 

(118 GPU) 

Carreon 

2018 

Chem Commu 

Appl.2018. [155] 

9:1 Air/Xe SAPO-34 

Highest Kr/Xe selectivity: 

30.1  

Highest air permeance: 

2.3×10–7 mol/m2 s Pa (690 

GPU) 

Carreon 

2018 

In preparation 

[161] 

 

8.2 Future work 

Future work should focus on improving the overall separation performance of ZIF-8, SAPO-34, and 

AlPO-18 membranes, as well as exploring new membrane compositions that could potentially lead to Kr-

selective membranes and Xe-selective membranes based on adsorption. Exploring each of these avenues of 

research will increase the likelihood of developing a more successful membrane for separating Kr/Xe and 

air/Xe gas mixtures. 

For Kr-selective membranes addressed in this work, the separation ability of ZIF-8, SAPO-34, and 

AlPO-18 membranes can be improved by optimizing synthesis parameters and calcination conditions (not 

for ZIF-8), reducing membrane thickness for increased diffusion rates, and conducting ion exchange to 

increase permeance and separation selectivity.  Optimizing the seeding process, membrane gel composition, 
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and aging synthesis conditions potentially can lead to thinner membranes. UV treatment combined with low 

temperature calcination, may improve template removal for AlPO-18 and SAPO-34 membranes. Membrane 

defects quantification will provide a better understanding of the relation between morphological structure 

and separation performance. In addition to the above membranes, FMOF-Cu is another suitable candidate 

to be prepared as a Kr-selective membrane. This particular composition in crystal form has shown high 

Kr/Xe selectivity of ~ 36 at 0.1 MPa and -70 °C [85]. This MOF has connecting windows (0.36nm) sized 

between Kr (0.37nm) and Xe (0.41nm).  

Some Kr-selective compositions for further study include SAPO-56 and FMOF-Cu. SAPO-56 is a 

promising porous crystal composition that still needs to be prepared as a Kr/Xe selective continuous 

membrane. Alternative synthesis approaches and/or optimization of current synthesis approaches need to be 

explored to potentially develop continuous and robust membranes composed of SAPO-56.  FMOF-Cu is a 

Kr-selective MOF with appropriately sized windows and high Kr/Xe selectivity and is an ideal membrane 

candidate for Kr/Xe separation. Figure 8.1 shows the structure of FMOF-Cu composed of Cu2+ centers and 

self-assembling flexible V-shaped organic building blocks with coordinated dimethylformamide and ethanol 

molecules forming a porous framework [85]. FMOF-Cu shows a high Kr/Xe selectivity of ~ 36 at 0.1 MPa 

and -70 °C [85]. The pore size of FMOF-Cu is larger than the kinetic diameters of both Xe and Kr. However, 

the MOF is selective because the connecting windows (0.35 nm × 0.32 nm) are comparably sized to Kr and 

smaller than Xe [85]. This restricts the diffusion of Xe into the cavities. This property makes FMOF-Cu one 

excellent Kr-selective membrane candidate. 

Future research efforts should also focus on developing Xe-selective membranes in which 

separation is promoted mainly by competitive adsorption. Figure 8.2 shows some porous crystals, which are 

suitable candidates to be prepared in membrane form and potentially could display moderate to high Xe 

separation selectivity. Most of the materials have pore sizes exceeding the size of Xe, and most of them have 

not yet been developed in membrane form. 
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Figure 8.1 Crystal structure of FMOF-Cu. Note the 1D open channels connected through bottleneck 
windows in FMOFCu. [85] 

 

 

 

Figure 8.2 Selectivity SXe/Kr for a Xe/Kr mixture (20 %/80 %) of selected adsorbents reported in the 
literature. The yellow and blue columns respectively indicate selectivities measured through breakthrough 

experiments and IAST. [68] 
 
 

In particular, Ag@ZSM‐5 has the highest Xe/Kr selectivity of any tested membrane material, 

including activated carbon, zeolites, and MOFs, and therefore is a highly suitable candidate to be used as 

membrane for Xe-selective membranes [68]. ZSM-5 has a three-dimensional micropore system with 

perpendicularly intersecting straight (0.55 nm × 0.51 nm) and zigzag (0.56 nm× 0.53 nm) channels of 10-
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membered pores [180] as shown in Figure 8.3.  Farrusseng’s group recorded one of the highest-achieved 

Kr/Xe adsorption selectivity of 40 at 1 bar and 0-30 °C [68] over Ag-ZSM-5. This functionalized zeolite 

can adsorb Xe at very low concentrations (0.087 ppm to 0.1 %) at rates far exceeding those of activated 

carbon and non‐exchanged zeolites [68]. Ag-ZSM-5 has Xe capacity of 3.5×10−4 mol /g and Xe isosteric 

heat of adsorption of 65 kJ mol−1 [68].  

 

Figure 8.3 The microporous molecular structure of ZSM-5 with pore size of 0.5 nm. [180] 

 

The porous organic cage CC3 is another potential membrane-separation candidate material [45, 83, 

90-93, 141].  As Figure 8.4 shows, CC3 is a porous organic cage (POC) that forms crystalline microporous 

structures [45, 90-93, 141]. CC3’s molecular structure consists of three-dimensional cages formed by 

repeating organic building blocks. CC3’s cavity can include at maximum a 0.44 nm sphere, slightly larger 

than a single xenon atom [43, 182]. Chen et al. found that solid state CC3 successfully performs Xe/Kr gas 

separation [83]. At pressures ranging from 2×10-3−5×10-1 bar, Xe’s adsorption capacity exceeded Kr’s 

uptake by 10-30 times [68].  CC3 has a Xe isosteric heat of adsorption of 31.3 kJ mol−1, which is half that 

of Ag-ZSM-5 [68, 83]. CC3 molecules can be fabricated into thin films and molecular‐sieving membranes 

[141].  

Preparing above molecular sieve membranes (SAPO-56, FMOF-Cu, Ag-ZSM-5 and CC3) will be 

challenging due to weak adherence between crystals and supports, poor heterogeneous inter-growth, and 

cracks and defects preventing selective continuous membrane growth. In particular, for MOF membranes, 
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it is challenging to prepare continuous membranes since heterogeneous nucleation of MOF crystals was 

incomplete [182-185]. Chemical modification and the secondary-growth seeding method are in most cases 

necessary to promote heterogeneous nucleation and growth of the crystals and forming films [185]. 3-

Aminopropyl)triethoxysilane (APTES) is a commonly used as a surface modifier to promote adherence 

between the membrane and the supports by forming covalent bonds. Exploring seeding approaches together 

with the use of APTES and other organic chemicals to functionally modify the supports may potentially 

improve membrane growth. As an alternative to pure microporous molecular sieve membranes, mixed-

matrix membranes (MMM) [187-191] may combine the superior permeability and selectivity of inorganic 

membranes with polymer membranes more reproducible properties and simpler, less expensive production 

[191, 192].  

 

 

 

 

 

 

 

 

Figure 8.4 (a) chemical structures of CC3 cage (b) crystalline structure of CC3 cage (c) Schemes showing 

ordered assembly of cage molecules into crystals. [141] 
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APPENDIX 

A. 1 Ideal Adsorbed Solution Theory 

The ideal adsorbed solution theory (IAST) was used to predict the selectivity for the binary mixture 

adsorption of gases from the experimental pure-gas isotherms. The single-component isotherms were fit to 

a Langmuir-Freundlich equation: q=qm×[b×p/(1+b×p)] Here, P is the pressure of the bulk gas at 

equilibrium with the adsorbed phase (kPa), q is the adsorbed amount per mass of adsorbent (mol/kg), qm is 

the saturation capacity of adsorption (mol/kg), b is the affinity coefficient (1/kPa). 

 

A. 2 Gas Permeation Measurement 

Gas mixture permeation results were measured in a flow system. The membrane was mounted in a 

stainless-steel module and sealed at each end with silicone O-rings. The pressure on each side of the 

membrane was independently controlled. Fluxes were measured using a bubble flow meter. Desired gases 

were used as feed gas and different feed rates were used in different cases. The feed pressure was 223 kPa, 

and the pressure in the permeate side was 85 kPa for a transmembrane pressure of 138 kPa. The 

compositions of the feed, retentate and permeate streams were measured, after attaining the steady state, 

using a gas chromatograph (SRI instruments, 8610C) equipped with a thermal conductivity detector and 

HAYESEP-D packed column. The oven, injector and detector temperatures in the GC were kept at 40 °C, 

120 °C and 150 °C, respectively. All selectivity ratios are permselectivity ratios (ratios of permeances). The 

permeance results were calculated as the fluxes divided by the partial pressure driving forces. Because the 

module has a cross-flow design, a logarithm of the mean partial pressure drop was used to calculate the 

driving force.   Figure A. 1 showed the detailed compositions of the gas permeace test system. 
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Figure A.1 Gas permeation test system: (a) general schematic and (b) permeation units. [126] 

 

A. 3 Effective diffusion coefficients calculation with Fick’s law 

Effective diffusion coefficients for these gases were estimated using Fick’s law:  J � ��
�	

��
 . For 

the calculation of diffusion coefficients (D), the following assumptions were made: ideal gas, steady state, 

one-dimension gas transport, and constant membrane thicknesses. The molar gas diffusion flux J (mol/m2s), 

was calculated as the permeance of each gas multiplied by the log-mean pressure difference , which ipln,∆
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was calculated by: The gas concentration gradient (�� in mol/m3) 

was calculated as the difference in molar concentrations between the gas in the feed side and permeate 

side. �� is membrane thickness. All these parameters were extracted from experimental data.  
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