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ABSTRACT

Atomically detailed simulations have been widely used to assess gas storage and gas
separation properties of nanoporous materials. Metal organic frameworks (MOFs) are new
potential candidates for gas separation applications due to their well defined pore
structures, large surface areas and porosities.

In the first part of this thesis, grand canonical Monte Carlo (GCMC) and equilibrium
molecular dynamics (EMD) simulations were used to compute adsorption and diffusion of
noble gases, Xe, Kr, Ar and their binary mixtures in several MOFs. Ten representative
MOFs having different metal sites, organic linkers, topologies and pore sizes were chosen
to examine the effects of structural properties of MOFs on their noble gas separation
performances. Several properties of MOFs such as adsorption selectivity, working capacity,
diffusion selectivity, permeation selectivity, and gas permeability were evaluated and
compared with those of traditional nanoporous materials. Results showed that several
MOFs exhibit higher selectivities than traditional zeolites in adsorption-based separation of
Xe/Kr and Xe/Ar mixtures. According to simulation results, MOFs are promising
candidates for Xe/Kr and Xe/Ar separations due to their high Xe selectivity and
permeability.

In the second part, Krishna-Paschek (KP) correlations and ldeal Adsorbed Solution
Theory (IAST) were applied to predict self-diffusivities and adsorption isotherms of Xe/Kr
and Xe/Ar mixtures at various compositions, respectively. These predictions were then
compared with the results of molecular simulations obtained in the first part. Gas
permeabilities and selectivities of MOFs obtained from theoretical correlations were
compared with the ones obtained from simulations and reasons for deviations were

discussed. Our results suggested that theoretical correlations can make accurate predictions



and can be used instead of detailed molecular simulations for initial screening of MOFs in

noble gas separation applications.



OZET

Atomik simiilasyonlar nano gozenekli malzemelerin gaz depolama ve ayirma
islemlerindeki performanslarini tahmin etmek i¢in sik¢a kullanilmaktadir. Nano gozenekli
malzemelerin yeni bir sinifi olan metal-organik yapilar (MOF); kristal yapilari, genis yiizey
alanlar1 ve genis gozenekleri ile gaz ayirma islemlerinde kullanilabilecek malzemelerdir.

Tezin ilk boliimiinde, soygazlardan, Xe, Kr ve Ar’nin ve ikili karisimlarinin (Xe/Kr ve
Xe/Ar) ¢esitli MOF’lardaki adsorpsiyon ve difiizyon degerleri sirasiyla grand kanonik
Monte Carlo (GCMC) ve denge molekiiler dinamik (EMD) simiilasyonlar1 kullanilarak
hesaplanmistir. Farkli metallere, organik baglayicilara, topolojiye ve gézenek boyutlarina
sahip on tane MOF se¢ilmis ve bu MOF’larin yapisal 6zelliklerindeki degisikliklerin soy
gaz ayirma performanslarina olan etkileri incelenmistir. Incelenen MOF’larin adsorpsiyon
secicilikleri, ¢aligma kapasiteleri, difiizyon secicilikleri, gegirgenlik segicilikleri ve
gecirgenlikleri gibi ¢esitli Ozellikleri hesaplanmis ve geleneksel nano gdzenekli
malzemelerin gaz ayirma performanslariyla karsilagtirilmistir. Elde edilen verilere gore;
Xe/Kr ve Xe/Ar gaz karigimlari i¢in calisilan bir ok MOF, zeolitlere gore daha yiiksek
adsorpsiyon segiciligi gostermistir. Yapilan simiilasyonlara gore, yiiksek Xe segicilik ve
gecirgenlige sahip olmalarindan dolay1t MOF’lar Xe/Kr ve Xe/Ar ayirimi igin imit verici
malzemelerdir.

Ikinci kisimda, cesitli kompozisyonlardaki Xe/Kr ve Xe/Ar karisimlarinin difiizyon ve
adsorpsiyon izotermleri sirasiyla Krishna-Paschek (KP) korelasyonu ve ideal Adsorpsiyon
Teorisi (IAST) kullanilarak tahmin edilmeye ¢alisilmistir. Elde edilen tahminler daha sonra
birinci kisimdaki molekiiler simiilasyonlardan elde edilen sonuglarla karsilastiriimigtir.
Teorik korelasyonlardan elde edilen gaz gecirgenlikleri ve gaz segicilikleri simiilasyon
sonuglartyla karsilastirilmis ve sapmalarin olasi sebepleri tartisilmistir. Sonuglarimiza gore

teorik korelasyonlar, MOF’larin soy gaz ayirma performanslari tahmin etmede ayrintili



simiilasyonlar yerine kullanilabilir ve bu korelasyonlar kullanilarak dogru tahminler

yapilabilir.

Vi
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Chapter 1

INTRODUCTION

Separation is a mass transfer process that converts a mixture of substances into two or
more different product mixtures, at least one of which is enriched in one or more of the
mixture’s constituents [1]. Separation process are carried out based on the differences in
chemical properties of species and often classified according to the particular differences
used to achieve separation. For example, distillation separates mixtures according to the
boiling point differences of species, membrane-based separation is achieved due to the
shape, size and chemical affinity differences of species, solubility differences enable
separation based on precipitation technique [2].

In the industry, gas mixtures are separated by several processes such as membrane
based separation, cryogenic distillation and adsorption [3]. Process intensification which
describes the strategy of making dramatic reductions in the physical size of a chemical
plant while achieving a given production objective gains importance when choosing the
method of gas separation [4]. Considering process intensification leads to reduce the
investment and operation costs in an environmentally responsible manner. In this regard,
membrane-based gas separation method is recognized as a powerful tool in industry since it
is a pressure driven process which is much more efficient and environmentally friendly
than the other separation processes [5].

Permeability and selectivity are the two basic parameters that describe the performance

a membrane for a gas separation process among other parameters such as durability and
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mechanical integrity at the operating conditions [6-7]. Permeability is the rate at which a
gas species permeates through the membrane and selectivity is the ability of a membrane to
achieve the given separation. Selectivity is described by the relative permeability of the
feed species trough the membrane [5]. A promising membrane should exhibit both high
permeability and high selectivity, since high permeability decreases the amount of
membrane area which leads to lower capital cost of membrane units and higher selectivity
results in a higher product purity [8]. Although high permeability and high selectivity are
important criteria while choosing membranes, studies have shown that membranes
generally undergo a trade-off between gas permeability and selectivity which means more
permeable membranes are generally less selective and vice versa [9-10].

There are several materials that can be used to make membranes. Polymer membranes
have been used in 90% of the total installed membrane separation units [6]. Glass transition
temperature which is the region of transition between glassy and liquid state of polymers,
affects the structure of the polymers [11]. An amorphous polymer above its glass transition
temperature is called rubbery polymer, which shows relatively large free-volume. The
permeability and selectivity of amorphous polymers is higher than the other polymeric
membranes, however their separation performance is highly affected by the condensibility
of gases [12]. Polymers behave as rigid glass when the operating temperature is below
their glass transition temperatures [13] in which case the fractional free-volume decreases
and mechanical properties enhance [14-16]. When they are subjected to strong
deformations, glassy polymers show tough mechanical response instead of failing abruptly
[17-19].

Although polymers are widely used in industry, they can not withstand aggressive
chemical environments and high temperatures and due to their low free volume, they show

low gas permeability compared to other porous membrane materials. Additionally,
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exposure to hydrocarbons or CO, at high partial pressure can lead to swelling or
plasticization of the polymers [5].

In 1990’s, Robeson et al. [18] screened over 300 polymeric membrane is selectivity and
permeability for several gas mixtures and showed that there is a trade-off between
selectivity and permeability. After few years, Moaddeb et al. [20] showed that molecular
sieve inorganic membranes can be better candidates than polymeric membranes since their
performances are above Robeson’s upper limit for O,/N, separation [9]. Inorganic
membranes attracted researchers not only due to their high temperature and wear
resistance, well defined stable pore structure and chemically inertness features but also due
to their higher permeability and selectivity compared to polymeric membranes [21].

Based on their structure, inorganic membranes are divided into two major groups:
porous and dense (non-porous) inorganic membranes. Metals (palladium, silver and their
alloys) and solid electrolytes (zirconia) are examples of dense polymers. Primary
application areas of these dense polymers include hydrogen and oxygen separation [22].
Oxides (Alumina, Titania, Zirconia), carbon, glass (silica) and zeolites are commercially
used as porous inorganic membranes [23]. Silica-based inorganic membranes can be good
candidates for separating molecules that have different sizes; however for similar sized
molecules like O, and N, these membranes are insufficient [24]. Zeolites are also good
candidates for gas separation because of their size and shape selectivity, chemical
durability and stability at high temperatures [25]. However, making a defect free zeolite
membrane is challenging [21]. Carbon molecular sieves are used especially for nitrogen
separation from air, hydrogen from syn-gas, separation of methane and several light
alkenes/alkanes [26]. However, carbon membranes are very brittle and fragile [27] and they
show high permeability only for molecules that have kinetic diameters smaller than 4.0-4.5
A [28]. All the drawbacks of these membranes lead to intensive research to find new

promising membrane materials for gas separation.
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Research on finding promising membrane materials has increased dramatically [29].
Metal-organic frameworks (MOFs) are a new class of nanoporous materials; they are
composed of metals ions connected with organic ligands. They have well defined pore
structures, large porosities and surface areas [30]. Several studies pointed out that through
the wide choice of metal and organic ligands, a broad range of structural properties that can
give better gas separation performance might be rationally designed [31-34].

Metal organic frameworks are highly crystalline materials due to the strong
coordination bonds between metal ions and organic linkers. Having organic linkers gives
MOFs the advantage of structural flexibility, which distinguishes MOFs from zeolites
which do not have synthetic flexibility [35]. MOFs have extremely high surface areas (500-
6000 m?/g) [36] which increase van der Waals interactions with gases, high porosities,
thermal and mechanical stabilities and low densities (0.2-1 g/cm®) which make them
potential candidates for gas storage and gas separation processes [37]. Figure 1.1 shows the
structure of one the most widely studied MOFs, CUBTC (HKUST-1).

Figure 1.1: Unit cell representation of CuBTC. The atoms in CuBTC structure are copper
(green), oxygen (red), carbon (grey) and hydrogen (white). From left to right: Empty
CuBTC, CH,4 molecules (blue spheres) in the CuBTC pores, CH, and H, (orange spheres)
molecules in CuBTC pores [37].
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Metal organic frameworks have been widely used for adsorption of CO,, CH,4, H, and
N, in addition to separation of several gas mixtures including CO2/CH,4, CH4/H,, CO2/N,
and COy/H, [38-40]. Very little experimental and computational study exists in the
literature for separation of noble gas mixtures. To fill this gap in the literature, atomically
detailed simulations were used to examine performances of several MOFs for noble gas
separations in this thesis.

There are a large number of application areas for noble gases. For example Argon (Ar)
and Krypton (Kr) are used in electric light bulbs and fluorescent lamps. Indeed, Kr is better
candidate for light bulbs than Ar, because the denser the gas, the greater the slowing effect
on the rate of evaporation of the metallic filament, which increases efficiency [41].
However, since separation of Kr from air is energy intensive, Ar is also used in lasers and
emits discrete frequencies of light in the visible and ultraviolet regions of the spectrum
[42].

Krypton is the most common noble gas used in excimer lasers [42]. It can be used to
test for leaks in sealed containers [41]. If even small quantities of Kr get through the walls
of such a container, leaks can be detected through the radiation it gives off; the presence of
a leak is then known. Xenon (Xe) is about twice as expensive as Kr for traditional
separations. In general, elements absorb X-rays with increasing efficiency as the atomic
number increases. Consequently, Xe, with an atomic number of 54, is quite efficient as an
X-ray absorber. Among the noble gases, the greater the atomic number, the more soluble
the gas in water and in body fluids. Generally substances that dissolve in body fluids often
display anesthetic effects. Since Xe is the most soluble, it is the most efficient anesthetic
[41]. Xe-filled arc lamps are particularly intense and are used to project motion pictures.
Liquid Xe can be also used in bubble chambers to study the production and properties of
subatomic particles. Xe gas is used in neutron counters, ionization chambers for cosmic
rays [42].



Chapter 1: Introduction 6

Another use for noble gases is thermal insulation. Ar is generally used for this purpose
because of its low thermal conductivity. Thermal conductivity depends directly on the
specific heat capacity of the gas and inversely related with the mass and size of the atoms
or molecules. If a molecule has low specific heat capacity and large mass and diameter,
then its thermal conductivity will be low. Noble gases are good candidates as thermal
insulators. The reason is that molecules, with their vibrational and rotational states, are able
to absorb energy in more ways than atoms, therefore monatomic gases (noble gases) have a
lower specific heat capacity than molecular gases [41].

All of these applications require economical and practical separation methods for noble
gases. For example, after cryogenic distillation of air, a mixture of 80% Kr and 20% Xe is
obtained and this has to be purified further with low cost [43]. Instead of energy intensive
cryogenic distillation, Xe/Ar and Xe/Kr mixtures can be separated by using promising
adsorbents and/or membranes. Metal organic frameworks (MOFs), as a new class of
nanoporous materials, should be examined for separation of Xe, Kr and Ar which would be
a valuable input to the literature.

In this thesis, adsorption-based and diffusion-based separation of Xe/Ar and Xe/Kr
mixtures were examined by using Grand Canonical Monte Carlo (GCMC) and Equilibrium
Molecular Dynamics (EMD) simulations. Theoretical predictions were validated by
comparing the results with the experimental data. After validations, permeability,
permeation selectivity, adsorption selectivity and working capacity of several MOFs were
calculated by approximate methods and the most promising MOFs for noble gas separation
were identified. Effects of pore size and shape, free volume, loading, composition of the
adsorbate on adsorption and diffusion of noble gases in MOFs were also discussed. Ideal
Adsorbed Solution Theory (IAST) [44] and Krishna-Paschek (KP) correlations [45], were
used to predict adsorption and diffusion of gas mixtures in MOFs and predictions of these
theories were compared with the results of the full atomic simulations. The differences
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between theoretical predictions and computationally demanding simulations were
discussed.

Chapter 2 reviews the literature for the experimental and computational studies on
noble gas separation by metal organic frameworks (MOFs). Theoretical background of
statistical mechanics, GCMC and EMD simulations was briefly explained in Chapter 3.
Computational and theoretical methods used to predict noble gas separation performances
of MOFs were presented in Chapter 4. The results of were discussed in Chapter 5 and

conclusions were presented in Chapter 6.
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Chapter 2

LITERATURE REVIEW

This chapter reviews experimental and computational studies on gas separation with
nanoporous materials, basically metal organic frameworks (MOFs). Although, high number
of studies in the literature has focused on CO;, H,, N, and CH, separation, only a few
studies addressed separation of noble gas mixtures using nanoporous materials [46-48].
Since noble gases play a significant role in industry, examining noble gas separation

performance of MOFs is worthwhile.

2.1. Studies on Gas Separation with MOFs

This section reviews the recently published studies on gas separation with MOFs. Gas
separation with other porous adsorbents and membranes like zeolites can be found
elsewhere [49-52].

Theodorou et al. [53] compared three different simulation techniques, equilibrium
molecular dynamics (EMD), non-equilibrium molecular dynamics (NEMD) and Darken
model to examine CH, diffusion in silicate zeolites. This study showed that CH, diffusivity
decreases with loading in all simulations, however diffusivities obtained by EMD are lower
than the ones obtained from NEMD and Darken model because of the non-linear effects
caused by large concentration gradients. They concluded that EMD gives similar results

with the other two methods only if the system is in the linear response regime.
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Diiren et al. [54] studied surface area, free volume, strength of the energetic interaction
and pore size distribution effects on CH, adsorption by computational screening of several
nanoporous materials including MOFs, zeolites and carbon nanotubes. They concluded that
materials that have large surface area, high free volume, low framework density and strong
CHg-adsorbent interactions can be promising candidates for CH,4 storage. Snurr et al. [55]
modeled CH,4 adsorption in several isoretical MOFs (IRMOF-1, -8, -10, -14, -16) and
investigated the effects of the length of organic linkers on adsorption capacity. According
to their study, as the length of the organic linker increases, pore size and pore volume of the
IRMOFs increases which leads to increasing CH,4 adsorption for the pressures up to 40 bar.
Jung et al. [56] studied GCMC simulation of H; adsorption in catenated MOFs, where two
separate frameworks self assemble within each other, to see the effects of catenation on
adsorption capacity. Their results showed that H, adsorption capacity of catenated IRMOFs
is higher than the one for noncatenated ones since small pores generated by catenated
IRMOFs confine H, more densely than the larger pores created by noncatenated IRMOFs.
Han et al. [57] studied H, adsorption in MOFs and zeolite imidazolate frameworks (ZIFs),
which are a subclass of MOFs, at 300 K and 77 K, pressures up to 100 bar. They
investigated the effects of functional groups on H, storage. Their study showed that at 77 K
and low pressures, since H, binding energy increases, including functional group in ZIFs
enhances H, adsorption. At higher pressures, H, adsorption decreases as a result of
decreasing surface area. They have concluded that for high H, adsorption, ZIFs should
have both high surface area and small pore apertures similar to H, kinetic diameter.

Krishna et al. [58] investigated the performance of MgMOF-74 for separating CO2/H,,
CO,/CH; and CH4/H, mixtures using Configurational-Biased Monte Carlo (CBMC)
simulations. According to their results, as gas specie concentration within the pores
increases, correlations effects between molecules also increase which lead to increase in

separation performance of MgMOF-74. They also compared their simulation results of CO,
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isotherms at 300 K and 313 K with experimental studies and deviations from experimental
results below 0.1 MPa were attributed to the force field used in simulations which does not
account for orbital interactions and polarization.

van Baten et al. [59] screened several MOFs and ZIFs for separating variety of mixtures
such as CO,/CH,4, CH4/H,, CO,/N,, CO,/H,, alkanes/alkenes and hydrocarbons. MgMOF-
74 membranes were found to be promising for CO,/H, and CO,/N, separation, ZnMOF-74
membranes were found to be promising for CH4/H, separation and Co(BDP) membranes
were promising candidates for separation of hexane isomers among the considered MOFs.
In their another study [60], they showed that for CO,/H, separation ZIF-8 shows promising
separation performance over many zeolites due to its narrow windows. Yang and co-
workers [61] investigated separation of CO, from flue gases (mixtures of CO,/N,/O,) using
CuBTC. Their results showed that not only the bulk pressure but also temperature and gas
composition are important factors that affect separation performance of CuBTC. Guo et al.
[62] used molecular simulations for adsorption and separation of CH4/H, mixtures in ZIFs.
Their study showed that due to higher isosteric heat of adsorption of CH,, both mixture and
single component CH, adsorption isotherms are always stronger than H, adsorption
isotherms in all MOFs.

Jiang et al. [63] chose several MOFs that have different topologies, pore sizes and
chemical characteristics and studied the influence of framework charges on CO, uptake.
According to their research, at low pressures, framework charge contribution to CO, uptake
can not be ignored however at moderate pressures this contribution can be neglected.
Babarao et al. [64] studied adsorption and separation of CO,/CH4 mixture in several MOFs
with different characteristics such as exposed metals, catenation and extra framework ions.
They showed that the selectivity of CO, over CH4 in MOFs is enhanced slightly by
catenation, exposed metals and significantly by extra framework ions. Babarao and Jiang
[65] studied separation of CO,/H,, CO,/CH,4, and CO2/N; in rho zeolite-like metal organic
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frameworks (rho-ZMOF) which contains a wide-open anionic framework and charge-
balancing extraframework Na® ions. They concluded that rho-ZMOF exhibits high
adsorption for CO, over other species. This is attributed to the highly charged framework
and the large density of extraframework Na® ions which exert strong electrostatic
interactions on the quadrapolar CO, molecules.

Atci et al. [66] studied CH4/H2, CO,/CH,4, and CO,/H, mixture separation in bio-metal
organic framework (bio-MOF). They showed that Bio-MOF-11 exhibits significantly
higher adsorption selectivity for CO, over CH4 and H,. In their another study [67]; atomic
models for single component CH,4, CO,, Hy, and N, and mixture H,/CO,, Ha/N,, Ho/CH,
gases in several ZIFs and ZIF/polymer composite membranes were examined. They got
good agreement between their theoretical predictions and experimental measurements.
Keskin [68] studied the separation performance of isostructural MOFs having different
metal sites, CPO-27-M (M= Ni, Co), for separation of CH4/H, mixtures. Results showed
that CPO materials exhibit higher adsorption selectivity and membrane selectivity than
IRMOFs. Keskin [69] also studied CH4/H,, CO,/CH,4, and CO,/H, separation in several
ZIFs. Results showed that ZIF-3 and ZIF-10 exhibit significantly higher adsorption and
permeation selectivities for separation of all gas mixtures as compared to widely studied
MOF membranes. Further studies on gas separations using MOFs by molecular simulations

can found elsewhere [70-73].

2.2. Noble Gas Separation Using MOFs

Computational studies on noble gas separation are limited in the literature. Ryan et al.
[74] investigated adsorption of Xe/Kr mixtures in IRMOF-1, HKUST-1, UMCM-1, ZIF-8,
MOF-505, NOTT-101, NOTT-108, Pd-MOF and concluded that large pore materials are
not desirable for efficient adsorption-based separation of Xe/Kr. Greathouse et al. [75]
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reported adsorption isotherms of Xe/Ar and Xe/Kr mixtures in IRMOF-1 using GCMC,
computed the adsorption selectivity of IRMOF-1 and concluded that IRMOF-1 is a good
adsorbent for Xe separation. Skoulidas et al. [76] used GCMC simulations to report
adsorption of Ar in MOF-2, MOF-3, MOF-5, CuBTC and performed MD simulations to
compute the self-diffusivity (corrected diffusivity) of Ar in MOF-2, MOF-3, MOF-5,
CuBTC (MOF-5) at room temperature. Van Heest and coworkers [77] screened a large
number of MOFs for Ar/Kr, Kr/Xe, Xe/Rn separations using molecular simulations. They
chose 70 materials for further analysis and showed that GUPJEGOL1 (Mn(dcbp)) is the most
promising MOF for Kr/Xe separations due to its extremely high adsorption selectivity.
They also showed that the Ideal Adsorbed Solution Theory (IAST) shows good agreement
with the GCMC simulations except for materials in which pore blocking effects are
important. Sikora et al. [78] recently generated 137,000 hypothetical MOFs and screened
them for adsorption-based separation of Xe/Kr mixtures using GCMC simulations at
273 K. They concluded that MOFs having pores just large enough to fit a single Xe atom
and those having morphologies resembling tubes of uniform width are ideal for Xe/Kr
separation.

Similar to the simulation studies, the number of experimental studies for noble gas
separation is also limited. Mueller et al. [79] measured Xe, Kr and Ar uptake of IRMOF-1.
Liu et al. [80] measured adsorption of pure Xe, pure Kr, Xe/Kr mixture and
O2/N2/Ar/CO,/Xe/Kr mixture in CuBTC (also known as HKUST-1), Ni/DOBDC (also
known as CPO-Ni) and activated carbon. They showed that Ni/DOBDC exhibits higher
selectivity for pure Xe compared to pure Kr and it is Xe selective in adsorption-based
Xe/Kr separations. For a low concentration of Xe and Kr in air, Xe has the longest effluent
time over Kr, CO,, N, and O,. This study showed that MOFs can be promising candidates
for separation of Xe from air, however Xe concentration in air is much lower than Kr

concentration in reality and this was not the case of their experimental set-up. Thallapally
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et al. [81] measured Xe adsorption capacity of Ni/DOBDC, IRMOF-1 and activated
carbon. Their results showed that Ni/DOBDC has a higher Xe adsorption capacity
compared to IRMOF-1 and activated carbon. Dorcheh et al. [82] investigated single
component Xe, Kr adsorption and desorption in HKUST-1, MFU-4l, COF-102 and ZIF-8
and concluded that MFU-41 can be a good candidate for noble gas separation. Fernandez et
al. [83] investigated Xe and Kr adsorption in FMOFCu and FMOFZn and observed an
inversion in adsorption selectivity toward Kr on FMOFCu at temperatures below 0°C. This
result was attributed to the decreasing pore flexibility of FMOFCu below 0°C which
prevents Xe diffusion inside the channels.

There are a few studies on diffusion behaviors of noble gases. June et al. [84] studied
calculating Xe self diffusivity by EMD in silicate at 200 K, 300 K and 400 K and various
loadings. Skoulidas et al. [85] studied Ar self diffusivity in MOF-5, MOF-2, MOF-3, Cu-
BTC and silicate and corrected diffusivity in MOF-5 at room temperature by using EMD
simulations. Jost et al. [86] studied Xe self diffusivity in silicate using both experiments
and EMD simulation.

Two studies examined the polarizability effects on adsorption of noble gases. Do et al.
[87] investigated the intermolecular interactions between two fluid molecules in the
presence of a solid surface. They stated that the greater the polarizability between
framework-adsorbate atoms, the greater the reduction in the intermolecular molecular
energy calculated if adsorbate atoms were in the bulk. Therefore they proposed a new
model for calculating two fluid molecules interaction close to surface atoms and tested this
approach with noble gases such as Ne, Ar, and Xe. The polarizability of Ne, Ar, and Xe are
found as 0.395, 1.64, and 4.04x10%* cm?®, respectively which means Xe should have the
greatest reduction among these three adsorbates. According to their results, Ar adsorption
isotherms obtained by modified potential GCMC simulations match perfectly with the

experimental data, whereas overestimation is obtained with classical 12-6 LJ potential
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simulations. This also holds for Xe and Ne, where modified potential captures the
experimental data. Meek et al. [88] also studied polarizability effects on the adsorption of
noble gases by both experimental studies and GCMC simulations. They changed one
hydrogen linker of IRMOF-2 with —F, —Cl, —Br and —I halogens showed that increasing
linker polarizability results in increasing gas uptake. This was also observed for Kr/N,,
Xel/N,, and Xe/Kr selectivity and isosteric heats of adsorption.

These recent studies showed that MOFs can be used as promising adsorbents for noble
gas separation, alternative to energetically intensive cryogenic distillation of air. For that
reason, noble gas adsorption behaviors and diffusion characteristics of morphologically
different MOFs should be investigated. In this thesis, gas adsorption and diffusion of noble
gases in various MOFs structures were examined. The separation performances of MOFs
were evaluated and the effect of pore structures on the separation performance was

discussed.
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Chapter 3

THEORY

In this thesis, adsorption of noble gases in MOFs and their corresponding diffusivities
were modeled using grand canonical monte carlo (GCMC) and equilibrium molecular
dynamics (EMD) simulations, respectively. This chapter gives brief information on
theoretical background of statistical mechanics, GCMC and EMD simulations. Mass fluxes
in nanoporus materials, types of diffusivities, Onsager’s linear response theory and
parameters that are used in promising membrane selection are also briefly explained in this

chapter.
3.1. Grand Canonical Monte Carlo (GCMC) Simulations for Adsorption

The properties of a system can be described at two levels: macroscopic in which case
thermodynamic properties, i.e. pressure, volume, enthalpy, Gibb’s free energy or
Helmholtz’s free energy are considered and microscopic level which specifies the states of
each molecules. Statistical mechanics, a bridge between macroscopic and microscopic
levels, describes macroscopic thermodynamic properties in terms of microscopic atomic
and molecular properties. In microscopic description, classical or quantum mechanics can
be used, however in a macroscopic assembly of atoms each energy eigenstate of a single
atom splits into more than 10% eigenstates of the energy and one needs to update them

every 10" seconds or so. The solution of this impractical situation is statistical mechanics
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which explains macroscopic mechanics in statistical terms, i.e. in terms of average or most
probable results. Using Boltzmann distribution, the probability of a system in an i" state

with energy ¢, at temperature T is shown below:

e—gi /kBT

~N
Ze—gi IkgT
i1

P (3.1)

The probability of a whole system or assembly of molecules, in a particular system state

i, with energy E; is given as follows:

o E/keT

- N
Ze—Ei IkgT
)

P (3.2)

N N
In Equation 3.1 and Equation 3.2, > e™"" and > e™™"*" are the molecular partition
i =

function (g) and canonical partition function (Q), respectively. They measure how
probabilities are partitioned among different available energy levels. Also, canonical

partition function can be written as integration over molecular position and momenta;

Q :.[dp'“dr“e_E(pN'r%*T (3.3)

where r" stands for coordination of all N particles and p is the corresponding momenta.
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If we consider any function A, (A) which describes how the instantaneous A values are

distributed about their average can be computed by summing over all values of A, with

each weighted by its probability of occurrence as shown below:
(A)=[ Ap(A)dA (3.4)

which is also equivalent to

_ JaptartA(pt,r )e_E(pN'%
_ J dpvdrte

(A) (3.5)

Computation of average of function A is very difficult using Equation 3.5. One simple
numerical method for finding averages is Monte Carlo importance sampling algorithm
introduced by Metropolis et al. [89] The principle idea of importing sampling is to use
Monte Carlo procedure to generate random walk in the phase space that have important
contribution to the ensemble averages [90]. The details of Monte Carlo procedure can be
found elsewhere [91].

Monte Carlo procedure can be applied to several ensembles including canonical
(constant temperature, volume and number of particles), microcanonical (constant energy,
volume and number of particles), isobaric-isothermal ensemble (constant temperature,
pressure and number of molecules) and grand canonical ensemble (constant chemical
potential, volume and temperature).

Adsorption is an equilibrium process. In an experiment, adsorbed gas will be in

equilibrium with the bulk gas in the reservoir which means that chemical potential and
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temperature of the gas inside and outside of the reservoir should be equal. For mimicking
adsorption experiment, using grand canonical ensemble is the most appropriate since it is
desired to determine average number of particles in a system as a function of external
conditions (such as temperature and pressure). Also, keeping number of particles constant
in other ensembles leads to use of grand canonical ensemble for adsorption process. By
GCMC simulations, temperature and chemical potential are imposed and the number of
particles is allowed to fluctuate during the simulation. Particle fluctuation can be done with
random movements in the simulation which are particle addition, deletion and displacement.
These movements are rejected or accepted according to Boltzmann-type weighting. By
GCMC, equilibrium concentration of the adsorbed molecules can be determined by
knowing temperature and chemical potential gradient and adsorption isotherms can be
predicted by changing the pressure. The statistical basis of GCMC simulations, progress

and outlook in Monte Carlo simulations can be found elsewhere [90, 92].

3.2. Molecular Dynamics for Determining Diffusion Coefficients

Molecular dynamics (MD) is a simulation technique used for computing equilibrium
and transport properties of a classical many-body system in time in the absence of any
thermodynamic driving forces that can lead to fluxes within the system. In molecular
dynamics a system consisting of N particles is chosen and initial positions and velocities
are assigned (initialization). Forces on each particle are computed. Then Newton’s equation
of motion for this system is integrated until the properties of the system no longer change
with time (equilibration). After equilibration actual measurements are performed and this
step is called production. Here ergodicity plays key role which is the case when ensemble

average is equal to the time average of any function A as [93] shown below:
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7E(pN,rN)
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By ergodicity assumption, ensemble averaged structural and thermodynamic properties
from an equilibrated MD simulation can be calculated. While determining forces on each

particle, following potential energy formula should be used:

N N N N N N
U=>u(r)+ ZZUz(ﬁ 2 )+ZZ Zua(n T )+ (3.7)
i i j>i i j>i k>j>i

N N
where ZZ notation indicates a summation over all distinct pairs i and j without

i i
counting any pair twice. The first term in Equation 3.7 represents the effects of external
field (i.e. container walls) on the system. In addition to the second term which represents
the pair potential, other terms in Equation 3.7 accounts higher order particle interactions. A
common approximation in MD is that potential energy of the whole system can be written
as just pairwise additive sum of the potentials between individual atoms [94].

Periodic boundary conditions [91] are generally applied in MD simulations not to
consider potentials caused by external effects. To form an infinite system, the central
simulation box is replicated throughout the space. When a molecule leaves the central box
through a face, one of its images enters through the opposite face. Short range interactions
such as dispersive and repulsive effects are truncated and Ewald sum can be used to handle
long range electrostatic interactions [93]. The atoms of solid medium can be either treated
as flexible or rigid. Rigid nanoporous material assumption save computational time since it

allows the interaction between a particular type of sorbate atom to be evaluated once and
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tabulated before the simulation on a fine grid over the nanoporous material unit cell [84].
As simulation continues, potentials can be determined rapidly by interpolating from the
tabulation [94].

Newton’s equation of motion which should be solved is given below

m, ri=F, (3.8)

where m, r; and F; are the mass, coordinate vector, and total force acting on particle i,
respectively. To integrate Equation 3.8, initial positions and velocities should be fully
defined. Once initial positions and velocities were determined at time t, positions and
velocities can be obtained at the later time t+ &t .The time step (t) should be small
enough in order to get accurate integration and conserve total energy of the system. Several
algorithms can be used for integration such as Gear predictor-corrector algorithm or Verlet
algorithm. In this thesis, Verlet algorithm which is obtained by adding two Taylor

expansions is used as shown below

r(t+&)=2r(t)-r(t—a)+ & r(t)+ o) (3.9)

Although velocities are not explicitly present in Equation 3.9, following formula can be

used for estimating kinetic energies.

(3.10)
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As in the case of GCMC simulations, several ensembles such as canonical (constant
temperature, volume and number of particles) and microcanonical (constant energy,
volume and number of particles) can be applied to MD simulations. In this thesis canonical
ensemble is used in EMD simulations to determine diffusion coefficients. Although
diffusion is a non-equilibrium process, we used EMD to define diffusivities. We basically
assumed that we are studying linear response region which is described in section 3.3.
Tepper et al. [95] calculated corrected diffusivities (see section 3.3.) using both equilibrium
molecular dynamics and nonequilibrium molecular dynamics (NEMD) with wave vector
dependent Einstein expression. Figure 3.1 shows the resultant diffusivities.

According to Figure 3.1, corrected diffusivity values of Argon in AIPO,-5 calculated
using NEMD and EMD are perfectly agree with each other at large simulation box lengths,
whereas as box length decreases deviation between NEMD and EMD becomes significant.
This proves that, for calculating a nonequilibrium property, EMD can be accurately used if
a large simulation box length is set.

Further information on details of using EMD simulations to obtain diffusion
coefficients can be found in previous studies of zeolites, carbon nanotubes and MOFs
[96-99].

3.3. Mass Fluxes in Nanoporous Medium

As it was mentioned in section 3.2, molecular dynamics is a simulation method which
can be used for determining diffusion coefficients that characterize the rate of translational
progress of adsorbed species in a porous medium. Studying transport in nanopores is
important, since it is generally the rate limiting step in industrial applications like
membrane processes or catalytic applications. In this part, we briefly review

nonequilibrium thermodynamics used in transport phenomena for relating fluxes and
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driving forces of diffusion, discuss statistical mechanical view of linear response theory
and how it can be used in molecular simulations, introduce different types of diffusivities

and explain relationships between these diffusivities.
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Figure 3.1: Corrected diffusivity of Argon in AIPO4-5 vs. wave vector. Diffusivities with
open symbols and closed symbols were calculated using NEMD and EMD, respectively.

Wave vector is equal to k = 2 /L, , where L, is simulation box length [95].

All membrane permeation and separation processes are nonequilibrium processes, so
the transport equation describing permeation through a membrane must satisfy
nonequilibrium thermodynamics [100]. Onsager [101-102] originally proposed the
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principles of nonequilibrium thermodynamics and stated that the rate of work loss
associated to entropy production due to irreversible processes is the scalar product of

steady state fluxes J; and generalized forces X; as shown below;

N
To=) X, (3.11)

where o is entropy production per unit area and T is the ambient temperature. According

to principles of nonequilibrium thermodynamics, fluxes are linearly related to forces as
N
Ji=> L X, (3.12)
k

where Lix is the phenomenological coefficient. Equation 3.12 indicates that any flux can be
caused by both its own conjugate force and any other driving forces. The

phenomenological coefficients satisfy the Onsager’s reciprocal relation:
Li =Ly (3.13)

These last three equations summarize the principles of linear nonequilibrium
thermodynamics for irreversible processes such as membrane permeation. The driving
force that causes mass transfer must be determined and nonequilibrium thermodynamics
must be interpreted in a more practical way.

Consider a system consisting of a nanoporous solid Z, and the fluid species 1,2,..,N
adsorbed within the solid, under isothermal conditions at temperature T. Any flux in the

nature arises in response to inhomogeneties in the system or imposition of external force
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fields, Fi (N/molecule), on each species i. In the mass transfer case, the driving force is
chemical potential gradient, Ap; (J.m™.molecules) [103]. To be safely in local
thermodynamic equilibrium, we assume that these gradients of chemical potential or
external forces are small. By this assumption, we guarantee that within the system, volume
elements are small relative to macroscopic dimensions, however large enough relative to
molecular dimensions [104]. Mass fluxes occurring in these volume elements over
timescales considerably longer than the characteristic times of molecular level relaxation
process in the system are described. Regarding to nanoporous medium, it should also be
assumed that the relaxation process is homogeneous down to molecular length scales and
translationally invariant in all three directions of space which eliminates considering
random media where sorbate molecules are confined to move within finite, nonpercolating
clusters or sites [105]. These approaches are valid for intracrystalline transport in most
nanoporous materials, with the exception of porous materials that have small pores relative
to sorbate molecules which are forced to single file diffusion [106-107].

Under the assumption of mechanical equilibrium in each volume element and
employing a fixed frame of reference, Gibbs-Duhem equation [108] within the considered

volume element leads to:
N
zNi(v/ui_Fi)-i_NZ(v/uz_Fz):O (314)
i=1

By substituting ¢; = N, /V which is molecular concentration of specie i, it gives the

following expression for macroscopic flux J; (molecules m™ s™) of each species, according

to nonequilibrium thermodynamics:
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N C.
3 =—Z(Lu — L, j(Vyj ~F,) (=12..N) (3.15)

=1 z

where the index i can take the values 1,2,....N and Z. As it was mentioned before the
phenomenological coefficients L;;, (molecules®’J®.m™.s"), obey Onsager’s reciprocity

relations. Also the microscopic (molecular) flux (j;) of component i, that is, the

mechanical quantity can be written as [109],

N
Ji :_Zvil (3.16)
=

where v is the center-of-mass-velocity vector, | is a molecule of specie i which is running
over all atoms of the medium and N is the total number of molecules of species i at a given
time within an element of volume V of the system. Assuming medium Z as perfectly

stationary is usually satisfactory, which means that v,, =0 for every | = 1,2,..,N,.. By this

assumption L,, =0in Equation 3.15 for every i=1,2,..,N and the equation simplifies to:

N
3, =L,V —F,) (i=12..N) (3.17)

j=1

By perfectly stationary solid porous material approximation, no explicit consideration
of the solid component Z is required. Additionally, in the absence of external forces:

N
Ji==> LiVu, (i=12,.N) (3.18)

j=1
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However, the use of Equation 3.18 is impractical, since chemical potentials can not be
measured in the laboratory. Here the key is to express chemical potentials in terms of more
convenient variables, especially experimentally observable ones, for the membrane
transport processes. The first attempt of estimation of transport coefficients using
molecular dynamics relies on Onsager’s linear response theory which provides the bridge
between equilibrium time correlation functions and nonequilibrium response to weak
perturbations [110]. According to Onsager’s regression hypothesis, the relaxation of weak
nonequilibrium disturbances follows the same laws as the regression of the spontaneous
fluctuations at equilibrium [111]. This means that using linear response theory one can
arrive a molecular interpretation for the coefficients L;; as applied to transport processes

which are experimentally observable quantities [110]. Linear response theory dictates,

o0

L.=——1(j.(0).j.(t))dt (3.19)
; dOVkBT'([“'( )-j; (t))

where ij = 1,2,...,N,Z. The angular brackets,(...), denote ensemble averages in an

equilibrium system that finds itself at the same thermodynamic properties as the considered
volume element of the non-equilibrium system at the considered time. V is the simulation

volume, j;(0).j;(t) is the flux cross correlation function and d, is the space dimension.

Equation 3.19 is the Green-Kubo form [111] which relates phenomenological transport
coefficients to time integral of a correlation function. It states that the rate at which the
volume element will respond to any gradient or external force field that causes it to depart
from thermodynamic equilibrium can be estimated from the rate at which spontaneous
fluctuations occurring within the same volume element in a state of equilibrium die out

with time [94]. As it was mentioned before, gradient or external force should be small for
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this relation to be valid between equilibrium fluctuations and nonequilibrium response. The

molecular flux cross-correlation function { j; (0). j;(t)) , can be analyzed as follows:

Gi0).J,0) =SS (v )y, () (fori=]) (3.20)

1=1 I*=1

(5 0).5;®) = Z(V.u 0).vy (t)>+zz<v,, O)v.(t))y  (fori=j)  (3.21)

1=1 1*=1
1*1

The velocity correlation and autocorrelation functions are expected to be nonzero only
over a finite time t which is also known as molecular relaxation time. Equation 3.20 can
also be written in terms equivalent Einstein form [110] using the general equilibrium

equality by

j (B1(0). Bz(t)>dt—llm <[B (t) - B,(0)}[B, (t) - B, (0)]) (3.22)

0

where B is any scalar dynamical quantity and the dots denote time derivatives. The Einstein
form of this equation, from the displacements of the centers of mass of swarms of i and j

type molecules with time [112] is

: lim 1<Z(I’" - (O))-Zj:(rj|*(t)_rj|*(o))> (3.23)

Li=——
b 2d VKT ot o=
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where r, (t) stands for the position vector of the Ith molecule of species i at time t. Here

macroscopic time scale is reflected by subsequently taking the limit of t —oo. Using
Einstein form instead of Green-Kubo formalism has distinct advantages in simulations.

In addition to chemical potential, using L;; is also not practical in experiments. Linear
response theory states that time integrals of the autocorrelation functions are related to
transport coefficients, so relating phenomenological coefficients with diffusion coefficients
iIs required. There are three types of diffusivities used in characterizing different aspects of
molecular transport and mobility within a nanoporous material; transport diffusivity, self
diffusivity and corrected diffusivity. In the absence of force fields and isothermal/steady-
state conditions, the transport diffusivity D; for an adsorbed species i is defined by Fickian
form [113] as a proportionality constant between the macroscopic flux J; and the negative

of the concentration gradient Vc. in a system of thermodynamic equilibrium.
Ji =-D)Vg, (3.24)

For a multi component system Equation 3.24 becomes,

N
J,=->.D;Ve; (i=1,2,.,N) (3.25)

i1

As it can be noticed, Fickian form uses concentration gradient instead of chemical
potential gradient as a driving force for mass flux. The relation between Onsager
phenomenological coefficients and transport diffusivity can be seen by introducing the
relation between chemical potential of species i and its fugacity f; for a multicomponent

sorbate system which is shown below:
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N
Vu, :ZkBT oln f, fori=1,2,..,N
iz ¢; \Olnc; ) (3.26)
Using Eqaution 3.26, transport diffusivity can be written as:
D=L.T (3.27)

where T is the thermodynamic correction factor [114] which incorporates the dependence

of the fugacity of the sorbed component on its intracrystalline concentration as shown
below:

! (3.28)
oln C;
T.Cy

For the binary sorbate mixture, conjugate and off-diagonal transport diffusivities can be

written as a function of Onsager phenomenological coefficients [112] as shown below.

_ oln f.
D; = KT L; Oln 1, + Lij J (3.29)
C; dlnc; ). ding; ).

k. T oln f. Oln f.
D. =—8|L. i +L. | —
! C "(alncjlc "(alncj lc] (3.30)
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As it can be seen from the expressions above, transport diffusivity is related to time
integral of the autocorrelation function of the microscopic flux of the sorbed component
within nonporous material, and a thermodynamic term. For pure sorbed systems, transport

diffusivity can be also written as:

oin f,
D, =D, ;| S (331)
"\ Olnc; ).

where

-< 1N_ [(3,0).J, ()d (3.32)

(o] 10

is the corrected diffusivity [115] as its name suggests it considers thermodynamic
nonidealities. Corrected diffusivity exhibits weaker concentration dependence than
transport diffusivity in most systems. Corrected diffusivity can be written in Einstein form

as follows:

D,; = ﬂ" <Lzl‘, MO ﬁ|(0)}> (3.33)

Self diffusivity is a measure of the translational mobility of individual molecules. Under
the condition of thermodynamic equilibrium, one ‘“tags” a molecule of species i and
follows its trajectory over a long time. If the motion is diffusive, the equilibrium ensemble
average of the squared displacement of the molecule from its original position will

eventually grow linearly with time. Self diffusivity Dees i is expressed as [116]:
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1%
Deari =~ q _([dt (vi (0)v; (1)) (3.34)

(o]
Equation 3.34 relates self diffusivity averaged over a d, dimensional space and time
integral of velocity autocorrelation function of the translational (center of mass) velocity v

of the sorbed molecule. Using statistics, Equation 3.34 can also be written as:

self i = J-dt< zvn (O) V|| (t)> (335)

||1

or equivalently, averaging over time for the mean square displacement of the center of
mass position vectors r of all the molecules in the system [117] can be used to reduce

statistical error as shown below:

Dy =lim = 201 < Z[r..(t) r.|(0)]2> (3.36)

||l

Corrected diffusivity can be also written in terms of self diffusivity as follows:

D, = J 2 20O, )t =D + P Y 2y <vi(0).v,-(t)>dt

0 i=1 j=1 0 i=1 j
i

(3.37)
As it can be seen, corrected diffusivity is splitted into a cross correlation part and
autocorrelation part which gives self diffusivity. The summation over cross correlations

represents how motion of a single particle is affected by the initial motion of its
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surrounding particles. Although D, ; and D,; are both kinetic properties, latter has a
collective nature whereas former consider just individual molecules. In addition to D ; ,

D,. comprises the sum of the off-diagonal cross correlations terms. Also some studies

0,
assume that corrected diffusivity is equal to self diffusivity by neglecting cross correlation
terms which is known as Darken approximation [118].

In the limit of very low occupancy, when cross correlation functions between velocities
of different molecules approach zero and autocorrelation terms become dominant,

transport, self and corrected diffusivities become similar:
lim D (c) = lim D,y (¢) = lim D, () (3.38)

3.4. Key Parameters for Determining Membrane Performance

There are several parameters that are taken into account when describing membrane
performance or selecting one membrane over another. In this thesis, membranes are
compared with each other by considering their adsorption selectivity, diffusion selectivity,
permeation selectivity and permeability. This part gives brief information about how these
parameters can be calculated using molecular simulations.

In the case of binary fluid of components i and j within porous medium Z, the

macroscopic mass flux is given by the following expression for component i.
Ji =LV — LV, (3.39)

Incorporating Equation 3.39 instead of chemical potential gradients which depend on

both intracrystalline concentrations, C;and C; gives:
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_ oinf. _ oin f.
Jiz_kBT L. dln f, ‘L j vCi_kBT L. oln f, ‘L i ve,
C, olne; ) olnc, ) C; dlnc; e dlnc; ).

(3.40)

which is equivalent to Fickian form of mass flux as shown below:
J; =-D; V¢, —D; e,

Here transport diffusivities and concentrations are measured in m?s and mol/m?,
respectively. Permeability of specie i (measured in mol.m™.s™.Pa™ or Barrers ) is calculated

using macroscopic mass flux as follows:
i T e 11 (3.41)

where ¢ is porosity of the nanoporous membrane, Af, is fugacity difference across

membrane (measured in Pa) and | is membrane thickness (measured in m). In this thesis
several assumptions were done to simplify the permeability formula. The membrane is
assumed to be lie in the x-y plane, so that transmembrane flow occurs only in z direction
(with a total length of I) which reduces 3-dimensional concentration gradient term Vc to

one dimension which can be written as follows:

perm feed
(Ci —G )

Ve, |

N

(3.42)
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Noble gas mixtures are taken as ideal, which means that fugacity of the gas specie is
assumed to be equal to its bulk gas mixture composition multiplied by the total pressure.
Also, membrane permeate site pressure drop is assumed to be vacuum, which means that

pressure drop of a gas specie is assume to be equal to its feed pressure. Additionally, by

taking permeate site as vacuum, ¢ can be assumed to be negligibly small as compared

feed

to ¢, . By all of these simplifications permeability formula becomes:

_(Dyc; +Dye; )y
! f

(3.43)

Equation 3.43 is known to be detailed formula of calculating membrane permeability
and it is computationally affording since transport diffusivities should be calculated by
determining Onsager phenomenological coefficients. For efficient screening of membranes,
further simplifications on the permeability formula were done by several researchers [119-
120].

In a binary system, when both components are dilute (in the limit ¢, -0 andc, — 0),

the straight thermodynamic derivatives tend to one,

(mn fiJ
dinc; )

g

N
-

(3.44)

while cross-derivatives tend to zero,
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oln f,
( ] =0 (3.45)
V/T¢

Furthermore, cross correlation functions between velocities of different molecules of

the same or different species reduce to zero, making Li, negligible and Li; is equal

to Dy ,C, /KgT as it can be derived from Equation 19 and Equation 23. In this limit, by

Equation 3.29, it is clear that conjugate transport diffusivities will be equal to self

diffusivities (D,; = Dy, and D,, = D,y ,) and off-diagonal transport diffusivities (D,

and D,,) will be zero. By this simplification, in dilute concentration limits, permeability

equation becomes as follows:

seIf i |¢

e f (3.46)

where P, stands for the approximate permeability calculation. Although several
researchers [121-123] use this formula for fast screening of nanoporous material
performances, in the case of finite concentrations, L, is generally nonzero due to

correlation between the velocities of molecules of different types [124].
Permeation selectivity,Spermeaﬂor(i,j), is relative permeabilities of gas species in

nanoporous material as shown below:

(Dyc, +Dyc; o
S _ﬂ f; (D..C. + D--C.) Y
permeation(i,j) — Pj (DHC. +D; CJ )¢ (D G+ D”CJ) Yi (347)

f.

i
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This can be approximated as:

Dself,ici¢
5 P i Deicy;
permeation(i, j),app Pj M Dself,j Cj yi (348)
f.

]

In Equation 3.48, the ratio of self diffusivities is called diffusion selectivity and the ratio
of adsorbed concentrations multiplied by ratio of bulk gas composition is called adsorption
selectivity as follows:

S

S S

permeatio(i, j),app — “adsorptiofi, j),app* diffusior(i, ), app (3.49)
Ci yJ

Sadsorptiomi,j),app: ;7, (3.50)
D_,..

S dittusior(i.j).app = = (3.51)
Dself,j
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Chapter 4

COMPUTATIONAL DETAILS

In the first part of this thesis, adsorption and diffusion of noble gases in MOFs were
examined. In the second part, noble gas separation performances of MOF membranes were
predicted using theoretical correlations. This chapter gives information about the
computational methodologies applied in these two parts. In all parts, GCMC and EMD
simulations were used. Therefore first section of this chapter gives details on GCMC and
EMD simulations.

4.1. Calculating Adsorption and Diffusion of Noble Gases Using Molecular

Simulations

Grand canonical Monte Carlo (GCMC) and equilibrium molecular dynamics (EMD)
simulations were used to compute adsorption and diffusion of Xe, Kr, Ar and their binary
mixtures in MOFs. We chose ten MOFs having different metal sites, organic linkers,
topologies and pore sizes to represent a variety of MOF properties. Structural information
of MOFs including unit cell parameters and pore sizes are given in Table 4.1.

IRMOF-1, the prototype of isoreticular MOFs, is a three dimensional cubic structure
with pore sizes 10.9/14.3 A in diameter [125]. It has been very widely studied in the
literature for gas adsorption and separation applications [126-129]. CuBTC, also known as

HKUST-1, has main channels 9 A in diameter, surrounded by tetrahedral pockets with
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diameters of 5 A and windows of 3.5 A wide [130]. Similar to IRMOF-1, CuBTC is one of
the most widely examined MOFs for gas storage and separation [131-132]. Coordination
Polymers of Oslo (CPO-27-M, M=Ni, Co) were recently reported, they have three
dimensional structures with honeycomb-like topology that contains one dimensional
channel in the honeycomb with a diameter of ~11 A [133-134]. Among several zeolite
imidazolate frameworks (ZIFs), ZIF-1, ZIF-2, ZIF-3 AND ZIF-10 were studied in this
thesis. ZIF-1 is monoclinic, ZIF-2 is orthorhombic whereas ZIF-3 and ZIF-10 have
tetragonal structures [135]. ZIF-1 (ZIF-2) has 6.9 A pores in diameter with 3 A (6 A) pore
apertures [136]. ZIF-3 (ZIF-10) has 6 A (12.1 A) pores in diameter with 4.6 A (8.2 A) pore
apertures [135-136]. Zn(bdc)(ted)os and bioMOF-11 were chosen to represent MOFs with
smaller pores. Zn(bdc)(ted)os is a tetragonal structure with one channel having cross
section of 7.5%7.5 A and a smaller channel with a cross section of 4.8x3.2 A [137].
BioMOF-11 has a tetragonal structure and each cavity in the structure can accommodate a
sphere with a diameter of 5.8 A and the aperture of cavities is 5.2 A [138]. The only
experimental gas adsorption data for noble gases in MOFs to date is Xe adsorption in
IRMOF-1 and Xe, Kr adsorption in CPO-27-Ni. Therefore, we considered these MOFs in
this work to validate the accuracy of force field parameters by comparing experimental
measurements and our molecular simulations.

The atomic positions of all MOFs were obtained from their experimental XRD data and
rigid structures were used. We compared the results of molecular simulations using rigid
and flexible force fields for Xe adsorption. The Dreiding [139] force field was used in all
simulations to describe the atoms of the MOFs. For the metal atoms, the van der Waals
parameters were taken from the Universal Force Field (UFF) [140] since they are not
available in the Dreiding force field. Simulation results employing Dreiding force field
agreed well with the available experimental data for single component adsorption isotherms
of Xe in IRMOF-1, Xe and Kr in CPO-27-NIi.
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Table 4.1: Structural properties of MOFs studied in this work.*

Material Crystal type  ab,c (A) B,y (°) Pore size (A) Porosity
BioMOF-11 Tetragonal 15.435,15.435,22.775 90,90,90 5.2,5.8 0.54
CuBTC Cubic 26.243, 26.343, 26.343  90,90,90 3.5,5,9 0.72
CPO-27-Co Hexagonal 25.885,25.885,6.806 90,90,120 11 041
CPO-27-Ni Hexagonal 25.785,25.785,6.770 90,90,120 11 041
IRMOF-1 Cubic 25.669,25.669,25.669 90,90,90 10.9,14.3 0.79
ZIF-1 Monoclinic 9.740,15.266,14.936 90,98.62,90 3,6.9 0.69
ZIF-2 Orthorhombic 9.679,24.114,24.45 90,90,90 6.4,6.9 0.66
ZIF-3 Tetragonal 18.970,18.970,16.74 90,90,90 46,6 0.68
ZIF-10 Tetragonal 27.061,27.061,19.406 90,90,90 8.2,12.1 0.73

Zn(bdc)(ted)os Tetragonal 14.899,14.899,19.136 90,90,90 3.2,4.8,715 0.65

*Porosity and free volume values of MOFs were taken from the study of Wu et al. [141] except CPOs and

Zn(bdc)(ted)o s for which values were taken from Dietzel et al. [142] and Liu et al.[137], respectively.

Spherical Lennard-Jones (LJ) 12-6 potentials [143] were used to model Xe (e/k=221 K,
0=4.01 A), Kr (e/k=166.4 K, 6=3.636 A), Ar (¢/k=119.8 K, 6=3.4 A) [74, 144]. The
Lorentz-Berthelot mixing rules were employed to calculate the adsorbate-adsorbent and
adsorbate-adsorbate LJ cross interaction parameters. The intermolecular potentials were
truncated at 13 A for adsorption and diffusion simulations. A minimum 2x2x2 unit cell
simulation box was used for GCMC simulations. For EMD simulations, the size of the
simulation box was increased up to 3%3x3 to contain enough particles at the lowest
loadings. Periodic boundary conditions were applied in all simulations [145-146].
Conventional GCMC was employed to compute the single component and mixture
adsorption isotherms of gases. The temperature and the fugacity of the adsorbing gases

were specified and the number of adsorbed molecules was calculated at equilibrium.
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Simulations at the lowest fugacity for each system were started from an empty MOF
matrix. Each subsequent simulation at higher fugacity was started from the final
configuration of the previous run. Simulations consisted of a total of 3x10" trial
configurations with the last half of the configurations used for data collection. A
configuration is defined as an attempted translation, or creation or deletion of the
adsorbates. For the case of mixture simulations, there is also an attempted swap of the

particle species.

4.2. Predicting Noble Gas Separation Performance of MOFs Using Molecular

Simulations

The adsorption selectivity of MOFs for Xe from Xe/Kr and Xe/Ar mixtures was

calculated using approximate formula, as in Equation 3.50, as follows:

O
®Kr
Sadsorptior(Xe/Kr)]app = V (4.1)
yKr
®Xe
s _ /O« (4.2)

adsorption xe / Ar),app y)/
e
yAr

where ©,are the adsorbed loading of gas species (measured in molecules/unitcell)

calculated by GCMC and y; are the bulk gas composition of gas species.
As discussed in previous studies [122], adsorption selectivity and working capacity
(also known as delta loading) govern the costs of separation in adsorption-based separation



Chapter 4: Computational Details 41

processes. Using GCMC simulations, the Xe working capacities of the MOFs were
calculated as the difference between the gas uptakes at a total gas phase fugacity of 10 bar
and a desorption pressure of 1 bar at room temperature.

Single component and mixture self diffusivities of each species were calculated using
EMD simulations using Equation 3.51. The self diffusivities of gases in the pores of MOFs
were reported as average diffusivities using Dseiri = (Dselfx,itDselt,y,it Dseir zi)/3 and 10
independent MD trajectories were collected for calculating self diffusivity. Among the
MOFs we considered in this work, CPO-27-Ni and CPO-27-Co have one dimensional
pores therefore, self diffusivities of noble gases in CPOs were reported only in z direction.
The Nosé-Hoover thermostat in NVT-ensemble was used in all EMD simulations [90].
After creating initial states with the appropriate loadings using GCMC simulations, each
system was first equilibrated with EMD for about 20 ps prior to taking data. Self
diffusivities of each component were computed at various adsorbed loadings of Xe/Kr and

Xe/Ar mixtures that were obtained from mixture GCMC simulations.
The Xe working capacities (WC,,) of MOFs were calculated as the difference of gas

uptakes (n mol Xe/kg MOF) at an adsorption pressure of 10 bar and a desorption pressure

of 1 bar at room temperature:

WCXe,sim = nXe(lObar),GCMC - nXe(lbar),GCMC WCXe,theory = nXe(lObar),IAST - nXe(lbar), IAST
(4.3)

The gas permeability through MOFs was calculated using the following expressions
[60]:

mixture mixture
P = ¢ Dself,i,MD “Ciceme =) _ - Dself,i,KP "CiiasT
i,sim — f i,theory — f (44)
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Once adsorption and diffusion data of gas mixtures were obtained from detailed
molecular simulations as described, the performance of each MOF as a membrane for
Xe/Kr and Xe/Ar separations can be predicted. Approximate permeation selectivities were

calculated as in Equation 3.49.

®Xe
S ®Kr . Dself,Xe(®Xe1®Kr)

ermeation, =
p (Xe/Kr),app y)% Dt (@, )
Ykr

(4.5)

®Xe
S _ ®Ar . Dself,Xe (®Xe’®Ar) (46)

ermeation -
p (Xe ! Ar),app y)% Dot ar (@46, O )
yAr

As it was mentioned in section 3.4, in these approximate expressions, the diffusion
selectivity is defined as the ratio of self diffusivities of each gas in a binary mixture
evaluated directly at their corresponding adsorbed compositions. Equation 3.49
approximates a membrane’s permeation selectivity at a specified feed pressure and feed gas
composition based on a single GCMC simulation and an EMD simulation performed at the
loadings determined from this GCMC simulation. We reported the permeation selectivity
of MOFs for Xe/Kr and Xe/Ar separations as a function of feed pressure at room
temperature.

We finally computed ideal selectivity of MOFs for noble gas separations. The ideal
selectivity is simply the ratio of adsorbed amounts of pure gases multiplied by the ratio of
self-diffusivities. For a Xe/Kr separation, a MOF’s separation performance at 10 bar can be

calculated as following:
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single single
C)] Xe,GCMC,10bar Dself ,Xe,MD(10bar)

Sideal()(e/ Kr)sim. = ) (47)

single single
) Kr,GCMC,10bar Dself,Kr,MD(lObar)

Early studies have shown that ideal selectivity can be significantly different than the
mixture selectivity [120]. A revised version of the ideal selectivity that considers the
composition effect of the mixture was recently suggested [147]. This revised version
calculates ideal selectivity by considering the single component adsorption and diffusion of
each component at their partial pressure in the mixture. For example, the ideal selectivity of
a MOF for a Xe/Kr:20/80 bulk mixture at 10 bar can be computed as following:

single
(©°"%* xe ceme, 2bar) ingle
single
S B O°" % kr cemc bar) Dself,Xe,MD(Zbar)

ideal (Xe / Kr),sim.with compositio effect y / D single
Xe self ,Kr,MD(8bar)
yKr

(4.8)

Similar calculations were carried out to estimate the ideal selectivity of MOFs for

Xe/Ar separations. Further details can be found in our recently published article [148].

4.3. Predicting Noble Gas Separation Performances of MOFs Using Theoretical

Correlations

In the second part of this thesis, Krishna-Paschek (KP) correlations and Ideal Adsorbed
Solution Theory (IAST) were applied to predict Xe/Kr (Xe/Ar) mixture self diffusivities
and Xe/Kr (Xe/Ar) mixture adsorption isotherms, respectively. This section gives details
about how KP correlations and IAST were applied and calculation methods of both

permeability and selectivities by theoretical correlations.
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4.3.1. Computing Single Component and Mixture Diffusion Coefficients from MD

In this section single component self-diffusivity ( D:"%*) and single component

self i

corrected diffusivity (D,;) were computed as a function of adsorbed loading using MD

simulations in canonical ensemble for Xe, Kr and Ar. Mixture self-diffusivities ( D™xure

self i
for Xe/Kr and Xe/Ar were computed at predefined adsorbed compositions of 50/50, 25/75
and 75/25 using NVT-MD simulations. The details of using MD simulations to compute
single component and mixture diffusion coefficients have been described in previous
studies [49, 149-150]. The intermolecular potentials were truncated at 13 A and the
simulation box was increased up to 2x4x4 to contain enough particles at the lowest
loadings considered. After creating initial states with the appropriate loadings using GCMC
simulations, each system was first equilibrated with EMD for about 20 ps prior to taking
data. 20 independent MD simulations were collected to determine both single component
and mixture self and corrected diffusivities for each loading we considered. To describe the
framework atoms, the van der Waals parameters were taken from Dreiding [139] force
field. For describing metal atoms which are not present in Dreiding force field, Universal
Force Field (UFF) [140] was used. Spherical Lennard-Jones (12-6) potentials were used to
model Xe, Ar and Kr atoms. To calculate the adsorbate-adsorbent and adsorbate-adsorbate
LJ cross interaction parameters, Lorentz-Berthelot mixing rules were employed. The
intermolecular potentials were truncated at 13 A for adsorption and diffusion simulations.

Periodic boundary conditions were applied in all simulations

4.3.2. Predicting Mixture Diffusivities Using KP Correlation

Once the single component self- and corrected diffusivities were computed using MD

simulations, they were fitted to continuous functions of fractional loading to apply KP
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correlation to predict the mixture self-diffusivities. Fractional loading of species i (0;) is
defined as the ratio of adsorbed loading (®;) to the saturation loading (®;s) Which the
latter is calculated from the GCMC simulations [151]:

®i
ei :( /®i,sat] (49)

In fitting of single component self- and corrected diffusivities, the functions describing
corrected diffusivities were constrained to give the observed self-diffusion coefficients at
zero loading as required by the definition of diffusivities [45]. In contrast to Keskin et al.
[152], we did not constraint these functions at the saturation loading to vanish because non-
zero diffusivities were reported from the MD simulations at loadings close to the
saturation. At least ten data points were collected from the MD simulations for single
component self- and corrected diffusivities of each species between zero loading and
saturation loading. In this way, the accuracy of the fitting was increased since no fitting

was done to predict diffusivities when simulation data is not present. In an adsorbed

mixture, two additional diffusion coefficients, the self-exchange (B:’") and the binary-

exchange (B’") diffusivities define the correlation effects which may occur due to the

topology of the adsorbent or momentum transfer between adsorbed molecules [48] or the

concerted motions of adsorbed molecule clusters [153-154]. The self-exchange diffusivities

(B™) of each species were calculated using the single component self- and corrected

diffusivities by the following expression [45]:

0
1 1

Dsingle(e) - Do,i (9)

self i

P (g) = (4.10)
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In order to use this expression for mixtures, we replaced the fractional single
component  occupancy  with the  fractional total occupancy [152],

0=0,+6, = (@i /®i,sat)+(®j /@l.‘sat)The binary exchange coefficients, B{™" were estimated

by the following expression [155]:

0i[(0j+6]) 0j[(0j+0))

0,05 (0)=[0,.577(0)]  [0,..05"(0) (4.11)

j,sat

Once the single component self-exchange and binary-exchange diffusivities were
calculated as described above, the KP correlation predicts the mixture self-diffusivities of

each species (D™"¢) from pure component diffusivities as follows [45]:

self ,i

i 1
pmire _ (4.12)
i,self l 0 91_

+ corr + corr
D,, bi Dij

0,i

We predicted self-diffusivities of Xe/Kr and Xe/Ar mixture at adsorbed compositions of
50/50, 25/75, 75/25 and compared these predictions with the results of mixture MD

simulations.
4.3.3. Predicting Mixture Adsorption Using IAST
After evaluating the single component adsorption isotherms of each component up to 30

bar by GCMC, dual-site Langmuir or dual-site Freundlich model was fitted to single

component adsorption isotherms of Xe, Kr and Ar in all MOFs:
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i,Langmuir b 4 P d N P i,Freundlich g + Pf m + Pk

C)

(4.13)

In these models, P is the pressure (bar) and others are parameters of the models. The
saturation loadings (®;js) Of the single components were evaluated at infinitely large
pressures. Using fitted adsorption isotherms and applying IAST [44, 52], adsorption
isotherms of Xe/Kr and Xe/Ar mixtures were predicted. IAST assumes ideal gas behavior
and does not consider the adsorbent heterogeneity, therefore it works very well at low
pressures and for materials with homogenous adsorption sites. IAST has been widely used
to predict mixture adsorption in MOFs such as C,H4/C,Hs adsorption in ZIF-8 [156],
CH4/N; adsorption in MFI, MIL-47, IRMOF-12 [157], CO,/N; adsorption in IRMOF-3,
MOF-177, UMCM-1[158] and it was found to make accurate predictions.

4.3.4. Predicting Selectivity and Permeability of MOFs Using Theoretical Correlations

The main objective of this part is to examine if one can evaluate the noble gas
separation performance of MOFs using theoretical correlations without performing
computationally demanding mixture simulations as explained in section 4.1. We calculated
adsorption selectivity, permeation selectivity, working capacity and gas permeability of
MOFs for Xe/Kr and Xe/Ar mixtures using theoretical correlations, namely IAST and KP,
and compared our findings with the results of mixture simulations, GCMC and EMD.

Permeation selectivity (S /) can be approximated as the multiplication of

permeation(i

adsorption selectivity (S ;p) and diffusion selectivity (Syisionis;) @ Mentioned

adsorption(i

before.
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(®i'GCMC% mixture
S _s S B (©;ceme) Deari (©1,9) wo
permeationgj; i) sim - adsorption i) " diffusionj jy, - ) ixt
i/ j)sim i/ j)GEMC i/ j),MD )% Dairj (©:1,0;) 1o

self, j

(4.14)

The adsorbed loadings were obtained from the mixture GCMC simulations and the bulk
phase composition of Xe/Kr and Xe/Ar mixtures was set to 20/80 to represent the industrial
gas separation conditions. The adsorption and permeation selectivity of MOFs for Xe/Kr
and Xe/Ar separations can be estimated using only the pure component data and theoretical

correlations as follows:

(®i,IAS'% mixture
(®j,|AST) . Dself,i (G)i’@j,),Kp

permeation(j / j),th adsorptionj/ i), IAST diffusiongj jy kp mixture
i/ j),theory i/ j) i/ j) % D (0:,09;) s
i

self , j

(4.15)

In these expressions, mixture adsorption amounts of each species were calculated from
IAST based on pure component adsorption isotherms and the mixture self-diffusivities
were calculated using KP correlation based on single component self-, corrected and

exchange diffusivities. We compared the adsorption selectivities calculated from

simulations (S,4smiori/jcemc) With the ones calculated from theory (S, o/ iast) @nd
permeation selectivities calculated from simulations (S, cuion/jsim) With the ones

calculated from the theory (S, eaion(isjy.eory) 8t 298 K and 10 bar.
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Chapter 5

MOLECULAR MODELING OF MOFs FOR NOBLE GAS SEPARATIONS

This chapter gives all results and discussions of calculations. Firstly, the results of
modeling MOFs for adsorption and diffusion were given and the effects of pore size and
structure, loading, pore heterogeneity on adsorption and diffusion were discussed. In the
second part, predicting noble gas separation performances of MOFs by molecular
simulations and theoretical correlations were examined and probable reasons of deviation

between the results of correlations and simulations were discussed.

5.1. Modeling MOFs for Adsorption, Diffusion and Separation of Noble Gas Mixtures

We first compared the results of our molecular simulations with the available
experimental data for adsorption of noble gases in MOFs. Figure 5.1a shows experimental
Xe adsorption isotherm of IRMOF-1 at 292 K, simulated Xe adsorption isotherm by
Greathouse et al. [75] using flexible framework and our simulated Xe adsorption isotherm
using rigid framework. Greathouse et al. used the LJ parameters defined by Dubbeldam et
al. [159] for IRMOF-1 atoms whereas we used Dreiding force field parameters. There is a
very good agreement between experiments and molecular simulations at low pressures, but
at higher pressures, simulations employing flexible force field underestimated the
experimental data. Results of our molecular simulations using Dreiding force field and

rigid framework assumption agreed well with the experimental adsorption isotherm of Xe
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in IRMOF-1. Thallapally et al. [81] very recently measured single component Xe and Kr
adsorption isotherms at room temperature in CPO-27-Ni and activated carbon. Figure 5.1b
shows that our simulation results agree with the experimental data both for Xe and Kr
adsorption. For example, experiments reported Xe uptake of 55.6 wt% at 1 bar, 298 K and
our simulations predicted 59.1 wt% under the same conditions. The uptake capacity of
CPO-27-Ni is higher than that of activated carbon which adsorbs 48 wt% Xe at 1 bar, 298
K.
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Figure 5.1: Experimental and simulated adsorption isotherms of a)Xe in IRMOF-1 b)Xe
and Kr in CPO-27-Ni. Experimental data was taken from a) Greathouse et al. [75] b)
Thallapally et al. [81]

Single component Xe, Kr, Ar uptakes of MOFs at 5 bar and 10 bar were tabulated in
Table 5.1. We also included the experimental measurements of Bazan et al. [160] for Xe,
Kr, Ar uptakes in three zeolites, SorboNorit B3, Koestrolith 13X-K2 and Koestrolith 4AK.
The comparison between zeolites and MOFs showed that MOFs considered in this work
exhibit higher Xe, Kr and Ar uptake capacities than Koestrolith 4AK. All MOFs except
bioMOF-11 and ZIF-1 have higher Kr and Ar uptake capacities than Koestrolith 13X-K2
and SorboNorit B3 at 10 bar. These results suggest that MOFs studied in this work can be
potential candidates for noble gas storage.
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Table 5.1: Single component uptakes of Xe, Kr and Ar in MOFs and zeolites.

Xe (mmol/g) Kr (mmol/g) Ar (mmol/g)

MOFs (298 K, this work) 5bar 10 bar 5 bar 10 bar 5bar 10 bar
BioMOF-11 3.84 3.91 2.44 3.21 093 162
CuBTC 8.95 10.03 3.95 6.60 1.73  3.03
IRMOF-1 11.45 15.80 2.78 5.57 1.31 2.57
CPO-27-Co 7.12 7.92 3.67 5.78 129 240
CPO-27-Ni 6.73 7.34 3.45 5.38 125 229
ZIF-1 2.68 2.83 2.39 2.87 123 184
ZIF-2 6.12 6.60 4.36 5.80 183  3.08
ZIF-3 8.08 8.79 3.79 5.69 159 270
ZIF-10 8.26 9.63 2.64 4.72 1.09 2.07
Zn(bdc)(ted)os 8.47 8.93 5,51 7.35 211  3.67
Zeolites (303 K, Bazan et al.[160])

SorboNorit B3 5.58 - 2.8 3.79 0.95 1.70
Koestrolith 13X-K2 9.18 9.83 2.58 4.00 044  0.73
Koestrolith 4AK ~1.60 - 1.17 1.66 041 0.72

Single component adsorption isotherms of Xe, Kr, Ar and binary adsorption isotherms
of Xe/Kr and Xe/Ar mixtures in all MOFs at 298 K were shown in Figures A.1 and A.2 of
Appendix. As representatives, adsorption isotherms of CPO-27-Ni, ZIF-3 and
Zn(bdc)(ted)o s were given in Figure 5.2. Adsorption of Xe is higher than that of Kr and Ar
in all MOFs due to energetic effects. As the pressure increases, Xe reaches saturation
whereas smaller Kr atoms can still find places in the narrow pores of bioMOF-11, CuBTC,

ZIF-2 and Zn(bdc)(ted)os. Therefore, Kr adsorption gets higher than Xe at higher pressures
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in these materials due to entropic effects. As should be expected from the single component
isotherms, mixture GCMC simulations showed that adsorption favors Xe over Kr and Ar in
the mixtures because the more strongly adsorbing Xe atoms exclude the weakly adsorbed

ones in the pores.
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Figure 5.2: Single component and binary adsorption isotherms of Xe/Kr and Xe/Ar in a-
b)CPO-27-Ni c-d)ZIF-3 e-f)Zn(bdc)(ted)os at room temperature. The compositions of the
bulk gas mixture are equimolar. The continuous and dotted lines represent the fitted single

component adsorption isotherm and the prediction of IAST, respectively.
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We used Ideal Adsorbed Solution Theory (IAST) [44] to determine whether pure gas
adsorption isotherms could be used to make accurate predictions for mixture isotherms.
IAST is well known to give accurate predictions for mixture adsorption isotherms based on
adsorption isotherms of pure gases in many nanoporous materials except in materials
characterized by strong energetic or geometric heterogeneity [161-162]. In order to apply
IAST, we fitted dual-site Langmuir and dual-site Freundlich models to single component
adsorption isotherms of Xe, Kr and Ar. The single component isotherms fits and the
predictions of IAST were shown in Figure 5.2 by continuous lines and dotted lines,
respectively. The predictions of IAST agree fairly well with the mixture GCMC
simulations of MOFs.

After mixture adsorption data was obtained using GCMC simulations, we estimated the
performances of MOFs in adsorption-based noble gas separation applications. The
adsorption selectivities of MOFs as a function of Xe composition in the bulk phase at 1 bar
and 10 bar for Xe/Kr and Xe/Ar mixtures are shown in Figures A.3 and A.4. Our values for
Xe/Kr selectivity of IRMOF-1 (3.5-4.3) agreed well with the previous results of Ryan et al.
[74] and our values for Xe/Ar selectivity of IRMOF-1 (7-11.2) agreed with the previous
results of Greathouse et al. [75] MOFs having small pores such as bioMOF-11,
Zn(bdc)(ted)os, ZIF-1, ZIF-2, CuBTC exhibit higher adsorption selectivities (7-16 for
Xe/Kr and 19-79 for Xe/Ar) than MOFs having large pores such as IRMOF-1, CPO-27-Ni
and CPO-Co (3-8 for Xe/Kr and 7-28 for Xe/Ar). This can be explained with the following
discussion: Materials with relatively smaller pores provide a stronger confinement for Xe
atoms whereas the degree of confinement of Kr or Ar atoms in small pores and large pores
can be thought as being similar, because in both cases the atom is small relative to the pore
size, giving similar adsorption strength. The stronger confinement of Xe in narrow-pore

MOFs results in higher adsorption selectivity for Xe.
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Figure 5.3 shows that Xe selectivity from Xe/Ar mixtures is higher than the one from
Xe/Kr mixtures. The adsorption selectivity was greatly enhanced when Xe was mixed with
smaller atoms (Ar) compared to the larger atoms (Kr). For example, at 1 bar, ZIF-2 (ZIF-
10) exhibits Xe selectivity of ~10 and ~40 (~5 and ~15) from equimolar Xe/Kr and Xe/Ar
mixtures, respectively. The effect of feed gas composition on the adsorption selectivity can
be also seen in Figures 5.3, A.3 and A.4. As the composition of Xe in the feed increases,
the adsorbed amount of Xe (Kr or Ar) increases (decreases). The selectivities of ZIF-2 and
ZIF-10 shown in Figure 5.3 are largely independent of the feed composition of Xe at 1 bar.
As discussed in previous studies [61, 75], adsorbate-adsorbate interactions become more

dominant at 10 bar and Xe selectivity becomes composition dependent at this pressure.
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Figure 5.3: Effect of feed gas composition and pressure on Xe selectivity for Xe/Kr and

XelAr separations.

Maintaining the selectivity across a wide range of pressures is also desired for an
adsorption-based separation process. Figures A.3-A.4 show that materials having small
pores/pockets exhibit high adsorption selectivities at 1 bar but this selectivity drops off
quickly at 10 bar. For example, Xe is strongly confined in the narrow pores of CuBTC,
Zn(bdc)(ted)os, ZIF-1, ZIF-2 and these MOFs exhibit high Xe selectivity over Kr and Ar at
1 bar. However, as pressure is increased to 10 bar, small pockets are filled and adsorbates
go into the large cavities of the MOFs, hence Xe selectivity decreases. This result suggests
that MOFs with uniformly small pores without large cavities can be better candidates for
noble gas separations.

Figure 5. 4 compares the adsorption selectivities and working capacities of MOFs. The

adsorption selectivities and working capacities were calculated for Xe/Kr:20/80 mixtures to
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represent an industrial gas mixture. [43] The most desirable materials for adsorption-based

separation of noble gases should be located in the top right hand corner of Figure 5.4.
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separations.
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The results of molecular simulations showed that there is a trade-off between
adsorption selectivity and working capacity. For example, ZIF-1 exhibits good Xe/Kr
selectivity (~9) but low Xe working capacity (~0.41 mol Xe/kg MOF) whereas IRMOF-1
has a high working capacity (~4.35 mol Xe/kg MOF) but low selectivity (~4). Among the
MOFs studied in this work, Zn(bdc)(ted)os can be considered as the material with the best
Xe selectivity/working capacity combination (10 and 2.77 mol Xe/kg MOF, respectively).
It is also important to compare the separation performance of MOFs with that of well
known zeolites. Previous research showed that NaX zeolite has a selectivity of ~6 for Xe
over Kr [74, 163]. NaA zeolite has a Xe selectivity of 4-4.5 (20-25) from an equimolar
Xel/Kr (Xe/Ar) mixture at 300 K between 1-10 bar [164]. Except IRMOF-1 and ZIF-10 all
the MOFs considered in this thesis show higher Xe selectivity than NaA and NaX. For
example, under the same conditions, Zn(bdc)(ted)os has a Xe selectivity of 10-12.5 (30-50)
for Xe/Kr (Xe/Ar) separations.

The transport rates of gas components inside the material of interest are crucial in
determining the overall performance of this material in gas separation applications. We
computed self diffusivities of Xe/Kr and Xe/Ar mixtures in MOFs using EMD simulations.
As expected, strongly adsorbed component diffuses slowly compared to the weakly
adsorbed component. For example, room temperature self diffusivities of Xe and Kr (Ar) in
Xe/Kr:20/80 (Xe/Ar:20/80) mixtures in IRMOF-1 were 5.7x10™ and 1.2x10™ (2.3x10™)
cm?/s, respectively. Our diffusivity data agreed well with the previously reported Ar
diffusion in IRMOF-1 [98]. The self diffusivities of Xe were computed as 1-5x10™ cm?/s
in Zn(bdc)(ted)os, IRMOF-1, ZIFs and ~10“ cm%s in CPOs. These diffusivities are
comparable with the ones in carbon nanotubes and zeolites. Nasrabadi et al. [165] recently
used EMD simulations and calculated self diffusivities of Xe and Kr (Ar) in a (10,10)
single walled carbon nanotube at 300 K as 7.5x10® and 1.7x10 (3.4x10°) cm?/s. Bergh et
al. [166] reported self diffusivity of Ar using EMD simulations in DDR, CHA, FAU, MFI
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as 1-2x107, 3x107°, 04x10™ and 0.5-2x10™ cm?s, respectively. Luca et al. [167] reported
calculated and experimental diffusivities of Ar and Xe as 2-3.1x10° and 2.7-2.8x10°
cm?/s.

Using adsorption and diffusion selectivities calculated from GCMC and EMD
simulations, we estimated permeation selectivities of MOFs for Xe/Kr and Xe/Ar mixtures.
In Figure 5.5, the selectivity greater than 1 indicates that MOF is selective for Xe. As
discussed before, adsorption selectivity favors Xe due to energetic effects but it was
compensated by the low diffusion selectivities towards Xe since strongly adsorbed Xe
species diffuse more slowly than the weakly adsorbed species. As a result, permeation
selectivities of MOFs for Xe are smaller than their adsorption selectivities. As an example,
adsorption selectivity of bioMOF-11 for Xe/Kr mixture is 11 at 10 bar, 298 K whereas
diffusion selectivity is 0.6 indicating that Kr diffuses 1.6 times faster than Xe in the pores
of bioMOF-11. The combined effect of adsorption and diffusion preferences resulted in Xe

selective bioMOF-11 membrane with a selectivity of 6.6.
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Figure 5.5: Adsorption and permeation selectivity of MOFs at 298 K as a function of
pressure. The composition of the bulk gas mixture is 20/80.

Figure 5.6 compares permeation selectivity and permeability of MOFs for Xe/Kr and
XelAr separations at a feed pressure of 10 bar. The most desirable materials for
permeation-based separation of noble gases should have both high permeation selectivity
and high permeability. High permeability is desired to perform the separation with a
smaller membrane area, thus low capital cost. Figure 5.6 shows that CPOs having one
dimensional large pores in z direction exhibit higher Xe permeability than all other MOFs.
This can be attributed to the high adsorption and fast diffusion of Xe in CPOs (17

molecules per unit cell and 10 cm?s at 10 bar, 298 K).
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Figure 5.6.b shows the Xe permability of CPO-27-Co is slightly higher than that of
CPO-27-Ni which can be attributed to the stronger confinement of Xe atoms in the former
due to the larger kinetic diameter of Co atoms that constraints the pores. Since both
adsorption and diffusion selectivities of CPOs are close to each other, it is expected to see
similar permeation selectivities for these two materials. The diffusivity of Xe in bioMOF-
11 is low (6-8x107" cm?/s), therefore permeability of this MOF is lower than the other
MOFs. It is important to compare the noble gas permeability of MOF membranes with
other nanoporous membranes to assess the performance of MOFs in noble gas separations.
Sholl [168] computed single component steady state permeance of Xe through a 10 um
thick AIPO4-31 single crystal membrane as 10° mol/m%/s/Pa at 300 K. Our calculated Xe
permeances were 7.3x107-1.8x10° mol/m%s/Pa at 298 K for Xe/Kr:20/80 bulk gas
mixtures in 10 um thick MOF membranes. Nakai et al. [169] measured permeability of Xe
in cellulose acetate membranes as 0.97-2.7 Barrers whereas we calculated Xe
permeabilities in a range of 2-55 Barrers in MOFs. Considering the porosity of MOFs, it is
natural to observe higher gas permeabilities in MOF membranes compared to polymer

membranes [148].

5.2. Predicting Noble Gas Separation Performances of MOFs Using Theoretical

Correlations

The results we showed in Figure 5.6 were obtained from detailed molecular
simulations. We then examined whether theoretical correlations can be used to predict
separation performances of MOFs instead of computationally demanding simulations. We
first examined the accuracy of KP correlation for predicting the mixture self-diffusivities of
noble gases in MOFs by comparing the theoretical predictions with the results of mixture
MD simulations. Based on this comparison, we categorized the MOFs into three groups:
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MOFs for which the predictions of KP correlation are in a very good agreement with the
simulations (IRMOF-1, ZIF-3 and ZIF-10), MOFs for which the predictions of KP
correlation are in a reasonable agreement with the simulations (ZIF-2, Zn(bdc)(ted)os,
CPO-Ni and CPO-Co) and finally MOFs for which the predictions of KP correlation do not
agree with the simulations (bioMOF-11 and CuBTC). In every case, we showed the results
for one representative MOF and the results of all other MOFs for Xe/Kr and Xe/Ar
mixtures are given in Figure B.1 and Figure B.2 of the Appendix, respectively.

In all MOFs, the magnitude of the single component self-diffusivities has the following

order: Dy v < Dgg v < Do 4 - The adsorbate with the highest interaction energy

parameter (Xe) has a stronger adsorption tendency and therefore lower mobility whereas
the adsorbate with the lowest interaction energy parameter (Ar) has a higher tendency to
diffuse. The diffusion order also agrees with the molecular weight of the gases, the lighter
adsorbate (Ar) shows the higher diffusivity. As expected from the single component
diffusion behavior, Kr (Ar) diffuses faster than Xe in Xe/Kr (Xe/Ar) mixtures in all MOFs
we studied.

Figure 5.7 shows the self-diffusivities of Xe/Kr mixture as a function of total adsorbed
loading at three different adsorbed compositions in IRMOF-1. The predictions of KP
correlation agree well with the results of mixture MD simulations at all loadings. This good
agreement between theory and simulations can be explained by considering the mixture
correlation effects: IRMOF-1 is the most porous material among the ones we considered in
this work with a large cavity diameter of ~15 A and total pore volume of 74%. Due to this
high free volume, the adsorbates act as they are in the single component case. For example,
the presence of the slow Xe (fast Kr) atoms does not significantly decrease (increase) the
diffusion of fast Kr (slow Xe) atoms. This shows that the correlation effects between
different adsorbates are negligible, which leads to high accuracy of KP. Another

observation from Figure 5.7a-c is that the mixture self-diffusivities of Xe and Kr are almost
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independent from the adsorbed loading since the material’s free volume is high and both
gases are away from saturation. Figure 5.7d compares the predictions of KP correlation
with the results of mixture MD simulations at all compositions and suggests that KP
correlation accurately predicts the self-diffusivities of Xe/Kr mixtures at various
conditions. The same discussion is valid for Xe/Ar mixtures in IRMOF-1 and the results
are shown in Figure A.2. As we mentioned in the beginning of discussion, KP also makes
accurate predictions for self-diffusivities of Xe/Kr and Xe/Ar mixtures in ZIF-3 and ZIF-10
using pure component diffusivities of Xe, Kr and Ar. These MOFs also possess larger
cavity diameters and higher free volumes compared to the other MOFs we considered in
this work. Similar to IRMOF-1, the self-diffusivity values for Xe/Kr and Xe/Ar mixtures
do not significantly change with the loadings in ZIF-3 and ZIF-10.

In Figure 5.8, we showed the results of ZIF-2, a representative MOF for which there is
a fair agreement between theory and simulations for self-diffusivities of noble gas
mixtures. The KP correlation captures the diffusion behavior of equimolar mixtures well
but make less accurate predictions if one component is dominated in the adsorbed mixture.
Figure 5.8a shows that the self-diffusivities of Xe and Kr are almost independent from the
adsorbed loadings in an equimolar adsorbed mixture and the KP predictions agree well
with the simulations at this composition. On the other hand, Figure 5.8b shows that the
diffusivity of Kr decreases sharply when the concentration of slowly diffusing Xe atoms
increases in the mixture. It is well known that more mobile components (in our case Kr) are
much affected from the correlation effects compared to slow components [45]. Since the
slower component (Xe) does not vacate the adsorption site quickly, a sharp decrease is
observed in Kr diffusivity. Here it is important to explain why we did not study the mixture
of Xe/Kr:25/75 in ZIF-2. The industrial gas mixture has a bulk composition of Xe/Kr:20/80
(Xe/Ar:20/80) which corresponds to adsorbed compositions of Xe>50 in all MOFs (see
Table B.1 and Table B.2). The minimum adsorbed Xe composition was observed in
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IRMOF-1. Therefore, except IRMOF-1, we did not show the results for Xe/Kr:25/75 and

XelAr:25/75.
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The deviations between KP correlation and MD simulations can be also discussed in
terms of binary-exchange diffusivities. According to Equation 4.11, the ratio of binary
exchange diffusivities (Djj/Dji) is equal to the ratio of saturation loadings of pure
components (O;jsa/Ojsar) at all mixture compositions. For example, the single component
saturation loadings of Xe and Kr in ZIF-2 were calculated as 25.3 and 28.6 molecules/unit
cell at room temperature, respectively. Since these values are close to each other, the binary
exchange-diftusivities, Dj; and Dj;, are also similar. For equimolar mixtures, getting similar
binary-exchange diffusivity values is reasonable, which is also supported by the accurate
predictions of KP. The KP correlation assumes that the rate of filling a Xe vacancy by a Kr
atom is almost equal to the rate of filling a Kr vacancy by a Xe atom. However, this is not a
good assumption for mixtures where one species is dominant in the mixture such as
XelKr:75/25. Therefore, less accurate predictions are expected from the KP correlations for
this composition. Our results also showed that the KP predictions are generally better for
Xe/Kr mixtures compared to Xe/Ar mixtures and this can be attributed to the fast diffusion
of Ar which is more affected by the correlation effects as we discussed above.

In Figure 5.9, we presented the results of a MOF, bioMOF-11, for which the agreement
between theory and simulations is weak. The mixture self-diffusivities of both components
show sharp decrease with increasing loading for all adsorbed compositions of Xe/Kr
mixtures instead of slightly decreasing behavior proposed by KP correlation. The failure of
KP correlation can be attributed to several reasons: The cavities of bioMOF-11 are 5.8 A in
diameter and its apertures between cavities are 5.2 A in diameter, which indicates that the
pores of this material are too narrow for mutual passage of Xe and Kr. Furthermore, the
pore volume of bioMOF-11 (0.45 cm®g) [133] is low compared to other MOFs and
saturation loadings of Xe, Kr and Ar are very low (see Table B.1 and B.2). Therefore, as

the loading increases, steric hindrance effects become dominant and the self-diffusivities of
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both gases decrease sharply. Since KP does not include steric hindrance and topology

effects, it overestimates the self diffusivities of both components.
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Figure 5.8: The predictions of KP correlation (dotted lines) and the results of mixture MD
simulations (symbols) for self-diffusion coefficients of a)Xe/Kr:50/50 b)Xe/Kr:75/25
mixtures in ZIF-2. c)Comparison of theory and simulations for mixture self-diffusivities at

all loadings and compositions.

We also presented the self-diffusivities of Xe/Kr mixtures in CuBTC because the

diffusivity trends of gases in CuBTC are different from the ones in other MOFs. Figure
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5.10 shows that self-diffusivities of Xe and Kr in CuBTC increase with loading and then
approach a plateau at higher loadings. This is in contrast to the loading independent
diffusion in IRMOF-1, ZIF-3, ZIF-10 and decreasing diffusivity trend observed in ZIF-2,
Zn(bdc)(ted)os, CPO-Ni, CPO-Co and bioMOF-11 (see Figures B.1 and B.2). The loading
dependency of self-diffusivity in CuBTC can be explained by the Type Il diffusion
behavior proposed by Karger et al. [170] They suggested that some adsorption sites of the
material have strong adsorption energies and these sites attract the molecules at the lowest
loadings and prevent their diffusion. As the loading increases, these strong binding sites
becomes occupied and other less-strong adsorption sites are filled by adsorbates which lead
to an increase in the self-diffusivity. The self-diffusivity becomes constant as the loading
further increases because every strong adsorption site is filled at high loadings. Figure 5.10
shows that KP captures the increasing trend of mixture diffusivities at low loadings
qualitatively but do not make very accurate predictions quantitatively. This is an expected
result because it is well known that KP correlation does not work accurately for
energetically heterogeneous materials [171-172]. It is important to note that KP was also
reported to be inaccurate for predicting mixture diffusion of CO,/H; in CuBTC [119] and
IAST was reported to be less accurate for Xe/Kr and CO,/H, adsorption in CuBTC [74,
173].

One conclusion from the results we had so far is that KP correlation makes accurate
predictions especially at low loadings although it may not be accurate at high loadings. At
zero loading, the single component self-diffusivity is equal to the corrected diffusivity since
there is no adsorbate-adsorbate interaction. At low loadings, the mixture self-diffusivity

approaches  to single component  self- and corrected diffusivities

D 9°(6 > 0) =D, ; (0 —>0)=DJ""(6, > 0,0, > 0)(see Equations 4.10 and 4.12).

ielf i self ,i
Therefore, KP makes accurate predictions at low loadings for mixture self-diffusivities by

using the single component self- and corrected diffusivities. As the loading increases,
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adsorbate-adsorbate interactions become important and predictions of KP get less accurate.
If the mixture self-diffusivities show similar trend to the single component self-
diffusivities, a high accuracy is expected from the KP correlation. In order to examine this,
we computed the ratio of pure component self-diffusivity to the mixture self-diffusivity

( Dsnete y pmure) for each component in Xe/Kr and Xe/Ar as a function of total loading

self elf
using MD simulations. If this ratio is around one that means mixture self-diffusivities do
not deviate from the single component diffusivities and the KP correlation makes accurate
estimates for mixture diffusivities using single component data. Figure 5.11 represents that
this ratio is close to one for equimolar adsorbed composition of Xe/Kr mixtures in all
MOFs except bioMOF-11 and we already showed that KP correlation makes accurate
estimates for all MOFs except bioMOF-11 if the composition is equimolar. Deviation from
one was observed for Xe/Kr:75/25 mixtures and become more observable for bioMOF-11,
ZIF-2 and Zn(bdc)(ted)os, the materials for which KP makes less accurate predictions for

non-diagonal compositions.
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We also examined the effect of composition on D:"% / D™ using the data shown in

self ,i self ,i

Figure 5.11. For example, the maximum value of D% /D™ for Kr in bioMOF-11 is

self i self i
3.94 at Xe/Kr:50/50 mixture. This value increases up to 5.06 for Xe/Kr:75/25 because the
mixture self-diffusivity of Kr decreases as the number of slow Xe atoms increases in the

mixture. Similarly, the maximum value of D:%%" /D™ for Xe in bioMOF-11 is 5.19 at

self i self i
Xe/Kr:75/25 and this value decreases to 3.87 for Xe/Kr:50/50 mixture. As the amount of
Kr increases in the mixture, Kr atoms fasten the slow Xe atoms, the self-diffusivity of Xe

atoms increases and the value of D:hd®/DM™decreases. Figure 5.12 shows

self ,i self ,i

Dsingle y pmixurey 51 yes for Xe/Ar mixtures. Similar to the Xe/Kr case, the deviation of the

seif i | Dself i
ratio from one is less for equimolar gas mixtures. If we compare Figure 5.11 and 5.12, we
can see that deviation of the ratio for Ar is higher than the one for Kr in the mixtures where
adsorbed composition of Xe is 75%. For example, at a total loading of 18 molecules/unit
cell for Zn(bdc)(ted)o s, the value of ratio is 2.53 and 3.68 for Kr and Ar, respectively. This
observation also supports the idea of fast diffusing component (Ar) is much more affected
from the correlation effects. These results suggest that one can predict whether the KP

correlation will give accurate estimates or not by computing D%/ D™ using MD

self ,i self ,i
simulations at a few loadings prior to doing extensive calculations. If the value

of Di"9" y pMxure s around 1, then the KP correlation can be used to accurately predict the

self ,i self ,i
mixture self-diffusivities of the components at a wide range of loadings for that material. It
is important to note that the adsorbed loadings considered in Figures 5.5-5.6 are different
for each MOF. Since saturation loadings of IRMOF-1, ZIF-10 and CuBTC are higher than
the other MOFs, pure component and mixture-self diffusivities were examined up to higher
loadings for these MOF compared to others.
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After testing the accuracy of a theoretical correlation for predicting mixture self-
diffusivities, we now turn to the theoretical method that can predict the mixture adsorption
based on single component adsorption data. Figure 5.13 shows adsorption selectivity and
working capacity of MOFs calculated at 10 bar and 298 K using mixture GCMC
simulations and IAST. The results showed that IAST predictions for adsorption of Xe/Kr
and Xe/Ar mixtures are good for all materials. Small deviations were observed in
predicting working capacity due to the accumulation of the errors in adsorbed
concentration values at 1 bar and 10 bar. The largest deviation between the mixture GCMC
simulations and IAST was observed for the Xe/Ar adsorption selectivity of bioMOF-11.
IAST overestimates Ar adsorption and underestimates Xe adsorption in bioMOF-11
therefore its selectivity prediction is less than the one calculated from mixture GCMC. This
figure shows that using IAST instead of computationally demanding mixture GCMC
simulations can give accurate answers for evaluating the adsorption-based separation
performance of MOFs. Previous research showed that NaX zeolite has an adsorption
selectivity of ~6 for Xe over Kr, [74, 174], NaA zeolite has a Xe selectivity of 4-4.5 (20-
25) from an equimolar Xe/Kr (Xe/Ar) mixture at 300 K between 1 and 10 bar [47]. Except
IRMOF-1 and ZIF-10 all the MOFs considered in this work show higher Xe selectivity
than NaA and NaX zeolites.
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Figure 5.13: Adsorption selectivity and working capacity of MOFs calculated from GCMC
simulations and predicted by IAST for a)Xe/Kr and b)Xe/Ar separations at 10 bar, 298 K.
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Once mixture self-diffusivities are predicted using KP and mixture adsorption isotherms
are predicted using IAST, the permeation selectivity and permeability of MOFs for
membrane-based separation of Xe/Kr and Xe/Ar mixtures can be estimated using
Equations 4.15 and 4.4, respectively. Figure 5.14 compares the Xe permeability and
permeation selectivity calculated from mixture simulations (GCMC and MD) with the
values predicted from theoretical correlations (KP and IAST) for Xe/Kr and Xe/Ar
mixtures. Since permeation selectivity is the product of adsorption selectivity and diffusion
selectivity, the differences between theory and simulations is due to the deviation of IAST
and/or KP. Figure 5.13 showed that adsorption selectivities predicted from IAST are in a
good agreement with the ones directly calculated from mixture GCMC, therefore
differences observed in permeation selectivity in Figure 5.14 must be due to the deviation
of KP. For example, Xe/Kr:20/80 bulk mixture in bioMOF-11 corresponds to an adsorbed
mixture of Xe/Kr:73/27.
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Figure 5.14: Permeation selectivity and gas permeability of MOFs calculated from
simulations (GCMC and MD) and predicted by theory (IAST and KP) for a)Xe/Kr and
b)Xe/Ar separations at 10 bar, 298 K.

We showed that KP overestimates both Xe and Kr self-diffusivities compared to EMD
at an adsorbed composition of Xe/Kr:75/25 in Figure 5.9, and overestimation for Kr was
higher than Xe. Due to this reason, permeation selectivity calculated from theory is less
than the value calculated from simulations. One interesting case from Figure 5.14 is the
XelAr separation performance of ZIF-2. In this case, theory overestimates Xe permeability
of ZIF-2 in Xel/Ar separations but predicts the Xe selectivity well compared to the
simulations. This is due to the overestimation of individual diffusion coefficients by the KP
correlation. The KP correlation overestimates the mixture self-diffusivities of Xe and Ar

(Do and DJy“) in the same amount and therefore predicts almost the same diffusion
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selectivity (D / Do) with the mixture MD simulations. Since the estimates of IAST

agree well with the GCMC results, the Xe permeations selectivity calculated by the
simulations and predicted by the theories are almost same although the Xe permeability
was overestimated (see Table B.2).

In summary, Figure 5.14 indicates that using theoretical correlations to evaluate the
performance of MOFs for permeation-based separation of noble gas mixtures for
prescreening purposes is appropriate. The predictions of theory agree with the results of
simulations about the materials’ performance in separation applications. For example, both
theory and simulations suggest that CPOs are good candidates in adsorption-based and
membrane-based separation of noble gases due to their high gas permeability and good
selectivity. The example that we discussed above for ZIF-2 indicates that diffusion
selectivity derived from theory and the one obtained from simulations can be very similar,
but this does not guarantee that the individual diffusion coefficients are accurately
predicted by the KP correlation. Because of this reason, it is better to compare the adsorbed
amounts and self-diffusivities of each component obtained from theory and simulations to
make a better judgment about the accuracy of theoretical correlations. With this aim, we
compared the results of simulations and predictions of theories for the adsorbed
concentrations and self-diffusivities of each component in Xe/Kr and Xe/Ar mixtures at 10
bar, 298 K in Figure B.3. The adsorbed amounts predicted by IAST perfectly agree with
the ones calculated from GCMC in Figure B.3a-b. On the other hand, deviations between
KP correlation and MD simulations are observed for bioMOF-11 and Zn(bdc)(ted)os in
Figure B.3c-d. For instance, KP correlation underestimates (overestimates) both Xe and Kr
mixture self-diffusivities in Zn(bdc)(ted)o s (bioMOF-11) by nearly the same ratio, therefore
Xe permeation selectivities obtained by simulations and predicted by theory are similar to

each other for this MOF even though the self-diffusivities are not.
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We finally compared the ideal selectivity of MOFs for Xe/Kr and Xe/Ar separations
with the mixture selectivities calculated from theoretical correlations and simulations.
Table 5.2 and Table 5.3 show that ideal selectivity calculated using single component data

is significantly different than the mixture selectivity for Xe/Kr and Xe/Ar separations.

Table 5.2: Comparison of permeation selectivity and ideal selectivity for Xe from Xe/Kr
mixture at 10 bar and 298 K.

MOFs Spermeation,theory | Spermeation,simulation | S ideal with composition effect | O ideal
BioMOF-11 5.62 6.63 1.99 0.49
IRMOF-1 1.77 1.97 1.78 1.30

ZIF-2 4.35 4.73 2.07 0.50

ZIF-3 3.59 3.65 2.31 0.67

ZIF-10 2.79 2.84 2.52 0.83

Zn(bdc)(ted)os|  4.01 3.44 1.45 0.51

CPO-Co 3.87 3.74 2.93 0.71

CPO-NI 3.66 4.42 2.44 0.73

CuBTC 2.23 1.48 1.49 0.78
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Table 5.3: Comparison of permeation selectivity and ideal selectivity for Xe from Xe/Ar
mixture at 10 bar and 298 K.

MOFs Spermeation,theory | Spermeation,simulation | S ideal with composition effect | S ideal
BioMOF-11 13.37 21.69 2.16 0.61
IRMOF-1 1.90 1.99 2.00 131
ZIF-2 10.31 10.19 2.22 0.53
ZIF-3 7.91 6.54 2.06 0.58
ZIF-10 3.77 3.72 2.88 0.94
Zn(bdc)(ted)os|  14.26 8.43 131 0.41
CPO-Co 7.54 8.64 3.68 0.84
CPO-Ni 6.59 8.72 2.91 0.76
CuBTC 3.90 1.74 1.36 0.71

The ideal selectivity that considers the composition effect is slightly higher but its
predictions are not close to the mixture selectivity since the competition between
adsorbates is not considered. For example, both theory and simulations suggest that ZIF-2
is a good candidate for separation of Xe/Ar mixtures due to its high Xe selectivity
(predicted as 10.3 by theory and computed as 10.2 by simulations) compared to other
MOFs. However, ideal selectivity assumes that ZIF-2 is only weakly Ar selective (1.89)
under the same conditions. This result underlines the importance of evaluating a material’s
separation performance based on mixed gas feeds rather than the single gas feeds. We can
conclude that if the single component adsorption and diffusion data is available, using KP
and IAST to estimate the mixture selectivity is much more accurate than calculating the
ideal selectivity in order to evaluate the performance of a material in separation processes.

More details of this part can also found in our recently published paper [175].
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Chapter 6

CONCLUSIONS and FUTURE PROSPECTS

In this thesis, potential of MOFs for diffusion, adsorption and separation of noble gases
were investigated using molecular simulations and theoretical correlations. Adsorption and
diffusion of Xe, Kr and Ar and their binary mixtures were predicted using grand canonical
Monte Carlo (GCMC) and equilibrium molecular dynamics (EMD) simulations,
respectively. Ten representative MOFs that have different metal sites, organic linkers, pore
size, shape, pore volume and chemical structures were selected to examine their Xe
adsorption selectivity, working capacity, permeation selectivity and permeability.

In the first part of this thesis, adsorption simulations of noble gases in MOFs were
compared with the available experimental data. There was a good agreement between the
results of our molecular simulations and experimental adsorption isotherms. Comparing the
single component adsorption isotherms of Xe, Kr and Ar in MOFs and several zeolites
showed that MOFs have higher noble gas adsorption capacity than most zeolites. Single
component adsorption isotherms of noble gases in MOFs showed that at low pressures, Xe
adsorption is higher than Kr (Ar) due to energetic effects. However, as pressure increases,
Kr (Ar) adsorption gets higher than Xe adsorption, as a result of entropic effects.
According to binary mixture adsorption results, MOFs having small pores (bioMOF-11,
Zn(bdc)(ted)o s, ZIF-1, ZIF-2, CuBTC) show higher Xe adsorption selectivities than MOFs
having large pores (IRMOF-1, CPO-27-Ni and CPO-Co), which is attributed to the



Chapter 6: Conclusions and Future Prospects 85

stronger confinement of Xe atoms in smaller pores that leads to stronger interactions
between framework and Xe atoms.

Binary mixture EMD results show that Xe self-diffusivity is lower than Kr (Ar)
diffusivity in Xe/Kr (Xe/Ar) mixtures in all MOFs. The reason is the strong adsorption of
Xe, which slows its diffusion through the pores. Both high adsorption selectivity and high
working capacity are desired for efficient gas separation. However, a trade-off between
adsorption selectivity and working capacity was seen in all MOFs for noble gas
separations. Among studied MOFs, Zn(bdc)(ted)o s gives the best adsorption selectivity and
working capacity combination.

Xe permeabilities and permeation selectivities were compared for both Xe/Kr and
Xel/Ar mixtures in all MOFs. High adsorption selectivity for Xe was compensated by low
diffusion selectivity for Xe and this led to low Xe permeation selectivities in all MOFs. A
promising membrane should have both high Xe permeability and high Xe permeation
selectivity. The results showed CPO materials have higher Xe permeability than the other
MOFs since CPOs have higher Xe adsorption and faster Xe diffusion in their pores. Xe
permeabilities of MOFs considered in this thesis were found to be higher than several
nanoporous materials due to high porosity of MOFs.

In the second part of the thesis, adsorption and diffusion of Xe/Kr and Xe/Ar mixtures
were predicted using theoretical correlations. Mixture self diffusivities were predicted by
Krishna-Paschek (KP) correlations using single component self diffusivity data and
compared with the results of EMD simulations. Three different mixture compositions
(25/75, 50/50 and 75/25) were examined for Xe/Kr and Xe/Ar mixtures. According to the
results, MOFs were categorized into three groups: MOFs for which correlations show very
good agreement with the simulations (IRMOF-1, ZIF-3 and ZIF-10), MOFs for which
correlations show reasonable agreement with the simulations (ZIF-2, Zn(bdc)(ted) s, CPO-
Ni and CPO-Co) and finally MOFs for which KP correlations do not capture mixture
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diffusivity trend (bioMOF-11 and CuBTC). Good agreement between KP correlations and
EMD simulations in IRMOF-1, ZIF-3 and ZIF-10 is attributed to the larger cavity
diameters and larger pore volumes of these materials. Due to this high free volume,
adsorbates behave like they are in the single component diffusion case. This shows that
correlation effects between different adsorbates are negligible in these MOFs, which results
in a high accuracy of KP.

For ZIF-2, Zn(bdc)(ted)os, CPO-Ni and CPO-Co, KP correlations capture mixture self
diffusivity in equimolar mixture, but make less accurate predictions if one component is
dominated in the adsorbed mixture. For bioMOF-11 and CuBTC, the agreement between
theory and simulations is weak. In bioMOF-11, cavity diameters and apertures between
cavities are small which indicates that these pores are too narrow for mutual passage of Xe
and Kr (Ar). Therefore as loading increases steric hindrance effects become dominant and
the self diffusivities of gases decrease sharply. Steric hindrance effects and material
topologies are not considered in the KP correlations, therefore KP correlation overestimates
the mixture self diffusivity of gases. The weak predictions for CuBTC were attributed to its
heterogeneous adsorption sites which are also not considered in KP correlations.

The results showed that at low loadings KP make accurate predictions for all MOFs and
for all mixture compositions. As loading increases adsorbate-adsorbate interactions become
important and predictions of KP get less accurate. Results showed that if the mixture self
diffusivities show similar trend to the single component self diffusivities than KP gives
accurate predictions. It was also found that KP predictions are generally better for Xe/Kr
mixtures rather than Xe/Ar mixtures. This was attributed to the fast diffusion of Ar which
is more affected by the correlation effects.

Mixture adsorptions were predicted by applying IAST and results were compared with
the GCMC. The results showed that IAST predictions for adsorption of Xe/Kr and Xe/Ar
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mixtures are good for all materials. Adsorption selectivity and working capacity calculated
by both GCMC simulations and IAST gave similar results.

Xe Permeability and permeation selectivity were calculated using both simulations
(GCMC and EMD) and theoretical correlations (IAST and KP) for Xe/Kr and Xe/Ar
mixtures and results were compared. The reason of deviations between simulations and
theoretical correlations in Xe permeation selectivity was attributed to the weak predictions
of KP correlations. It was concluded that presence of heterogeneous adsorption sites,
existence of different pore sizes, shapes, loading, and composition of the adsorbates may
play important role in some cases although they are not considered by theoretical
correlations. When all the results were taking into account, it was found that for
prescreening purposes using theoretical correlations to evaluate the performance of MOFs
for permeation-based separation of noble gas mixtures is appropriate. By using these
correlations, it is possible to rapidly examine a large range of potential operating conditions
(pressure, temperature, composition) for chemical mixtures as soon as information on each
species in the MOF of interest is known.

Finally, ideal selectivity of MOFs for Xe/Kr and Xe/Ar separations were compared with
the mixture selectivities calculated from theoretical correlations and simulations.
According to the results, using KP and IAST to estimate the mixture selectivity is much
more accurate than calculating the ideal selectivity based on single component adsorption
and diffusion data in order to evaluate the performance of a material in separation
processes.

As a conclusion, studies on noble gas separation by nanoporous materials in the
literature are very limited which is the main motivation of this thesis. This thesis can be
considered as the first study in the literature which predicts the separation performance of

MOFs as membranes and adsorbents. The results of this thesis and the approaches
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presented in this thesis will be helpful for design and development of new MOF adsorbents

and membranes for noble gas separations.
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APPENDIX

A:Modeling MOFs for Adsorption, Diffusion and Separation of Noble Gas Mixtures
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Figure A.1: Single component and binary adsorption isotherms of Xe and Kr in MOFs at
room temperature. The composition of the bulk gas mixture is equimolar. The continuous
and dotted lines represent the fitted single component adsorption isotherm and the
prediction of IAST, respectively.
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Figure A.2: Single component and binary adsorption isotherms of Xe and Ar in MOFs at
room temperature. The composition of the bulk gas mixture is equimolar. The continuous
and dotted lines represent the fitted single component adsorption isotherm and the

prediction of IAST, respectively.
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Figure A.3: Adsorption selectivity of MOFs for Xe from Xe/Kr mixtures at room

temperature.
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Figure A.4: Adsorption selectivity of MOFs for Xe from Xe/Ar mixtures at room

temperature.
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temperature. The composition of the bulk gas mixture is 20/80.
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Figure A.6: Adsorption and permeation selectivity of MOFs for Xe/Ar mixtures at room

temperature. The composition of the bulk gas mixture is 20/80.



131

B: Predicting Noble Gas Separation Performance of Metal Organic Frameworks
Using Theoretical Correlations
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Figure B.2: The predictions of KP correlation (dotted lines) and the results of mixture MD
simulations (symbols) for self-diffusion coefficients of a)Xe/Ar:50/50 b)Xe/Ar:75/25

mixtures. c)Comparison of theory and simulations for mixture self-diffusivities at all

loadings and compositions.
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Table B.1: Selectivities and permeabilities of MOFs calculated from theory and simulation for
Xe/Kr mixture. The bulk composition of the mixture is 20/80 at 10 bar and 298 K.

Saturation Saturation
loading of loading of Total adsorbed
pure Xe pure Kr loading
(molecules/unit | (molecules/unit | (molecules/unit | Xe in adsorbed
Materials Calculated property Theory | Simulation cell) cell) cell) phase (%)
Adsorption selectivity 11.167 10.898
BioMOE-11 Diffusion selectivity 0.503 0.608 15.86 19.20 15.09 73.15
Permeation Selectivity 5.616 6.629
Permeability (/102 Barrer) 296.450 218.384
Adsorption selectivity 3.749 4117
IRMOE-1. Diffusion selectivity 0.472 0.478 14050 165.64 58.00 50.72
Permeation Selectivity 1.771 1.966
Permeability (/10? Barrer) | 1553.305 | 1851.994
Adsorption selectivity 8.270 7.928
ZIF-2 Diffusion selectivity 0.526 0.596 25.30 28.60 20.33 66.47
Permeation Selectivity 4.354 4.726
Permeability (/102 Barrer) 1229.150 | 1326.213
Adsorption selectivity 6.591 7.050
ZIF-3 Diffusion selectivity 0.545 0.518 31.45 37.10 24.05 63.80
Permeation Selectivity 3.592 3.650
Permeability (/102 Barrer) 670.518 700.048
Adsorption selectivity 5.979 5.991
ZIF-10 Diffusion selectivity 0.467 0.474 7954 103.04 46.66 59.97
Permeation Selectivity 2.793 2.841
Permeability (/10? Barrer) | 1015.281 | 1098.163
Adsorption selectivity 9.731 9.648
Zn(bdc)(ted)os |-20TUsioN selectivity 0.412 0.357 23.30 25,65 19.19 70.69
Permeation Selectivity 4.009 3.443
Permeability (/10° Barrer) 654.976 1067.905
Adsorption selectivity 7.194 6.825
CPO-Co Diffusion selectivity 0.538 0.549 36.38 29.91 20.14 63.05
Permeation Selectivity 3.873 3.744
Permeability (/102 Barrer) 5206.006 | 5518.177
Adsorption selectivity 7.180 6.840
CPO-Ni Diffusion selectivity 0.510 0.647 3053 31.10 18.90 63.10
Permeation Selectivity 3.661 4.425
Permeability (/10% Barrer) 4271.031 | 5210.283
Adsorption selectivity 6.418 5.907
cugTc  |Diffusion selectivity 0.347 0.250 168.74 223.61 86.29 59.62
Permeation Selectivity 2.228 1.477
Permeability (/102 Barrer) 1079.407 905.477
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Table B.2: Selectivities and permeabilities of MOFs calculated from theory and simulation for
Xe/Ar mixture. The bulk composition of the mixture is 20/80 at 10 bar and 298 K.

Saturation loading of Xein
pure Ar Total adsorbed loading | adsorbed
Materials Calculated property Theory Simulation | (molecules/unit cell) (molecules/unit cell) phase (%)
Adsorption selectivity 41.266 49.518
BioMOF-11 Diffusion selectivity 0.324 0.438 2935 1481 95.54
Permeation Selectivity 13.372 21.690
Permeability (/10° Barrer) 343.140 20.136
Adsorption selectivity 7.878 9.005
IRMOF-1 Diffusion selectivity 0.241 0.221 288.19 40.78 69.24
Permeation Selectivity 1.897 1.991
Permeability (/102 Barrer) 1498.010 | 1752.096
Adsorption selectivity 30.232 27.632
ZIE-2 Diffusion selectivity 0.341 0.369 31.33 18.88 87.36
Permeation Selectivity 10.310 10.194
Permeability (/10° Barrer) 1472.662 577.780
Adsorption selectivity 22.727 25.360
ZIF-3 Diffusion selectivity 0.348 0.258 48.59 2908 86.38
Permeation Selectivity 7.913 6.543
Permeability (/10% Barrer) 805.743 763.061
Adsorption selectivity 15.875 16.594
ZIF-10 Diffusion selectivity 0.238 0.224 124.14 39.79 80.58
Permeation Selectivity 3.772 3.719
Permeability (/102 Barrer) 1117.967 | 1166.783
Adsorption selectivity 36.201 38.377
Zn(bdc)(ted)os Diffusion selectivity 0.394 0.220 29.44 18.21 90.56
Permeation Selectivity 14.262 8.425
Permeability (/102 Barrer) 733.186 864.926
Adsorption selectivity 24.807 24.634
CPO-Co Diffusion selectivity 0.304 0.351 3247 18.19 86.03
Permeation Selectivity 7.539 8.645
Permeability (/10% Barrer) 5934.461 | 6041.490
Adsorption selectivity 24.468 24.898
CPO-Ni Diffusion selectivity 0.269 0.350 34.04 17.16 86.16
Permeation Selectivity 6.585 8.722
Permeability (/102 Barrer) 4963.519 | 4402.581
Adsorption selectivity 20.220 17.880
CuBTC Diffusion selectivity 0.193 0.097 235.31 74.93 81.72
Permeation Selectivity 3.903 1.740
Permeability (/102 Barrer) 1175.434 | 1003.075




