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SUMMARY

We examined the effect of the pore dimension ofite=oon the separation of gas
mixtures using atomistic simulation methods. Waeligtd two categories of the zeolites
with small pores: pore modified silicalite fop/H,; separation and small pore silica
zeolites for CQ/CH, separation. The effect of pore modification oicsilite on the
H./CH, separation was examined. Under some degreesfatsunodification, the CH
flux was reduced much more than thgflHx, resulting in high ideal selectivities. Theeus
of small pore zeolites for CLILH, separations was studied. In DDR, we showed that
CO, diffusion rates are only weakly affected by thegance of Ck even though the
latter molecules diffuse very slowly. Consequenthgrefore, the permeance of £0
the equimolar mixtures is similar to the permedocgure CQ, while the CH
permeance in the mixture is greatly reduced redftito the pure component permeance.
The calculated C@CH,separation selectivities are higher than 100 feide range of
feed pressure, indicating excellent separationtuéipas of DDR based membranes.
Inspired by the observation in DDR we also examitedseparation capabilities of 10
additional pure silica small pore zeolites for fflCH, separations. From these
considerations, we predict that SAS, MTF and RWRexhibit high separation
selectivities because of their very high adsorpselectivities for CQover CH. CHA
and IHW, which have similar pore structures to DBRpwed comparable separation

selectivities to DDR because of large differencethe diffusion rates of C{and CH.

Xiii



CHAPTER 1

INTRODUCTION

1.1 SEPARATION PROCESSUSING ZEOLITES

Separation is a process that transforms a mixtusebstances into two or more
products that differ in chemical properties or sghgsical properties, such as size
Separation processes are essential to the spechatyical industries, petroleum refining,
and materials processing industries and developofeéhte advanced separation
technologies are critical for reducing waste, inmimg energy efficiency, and increasing
the efficiency of raw material uge.

Membranes are competitive chemical separatiomtdoly in many applications.
Membranes require low energy consumption comparedher separation methods such
as distillatiof. Membrane based separation is an ideal candidasnfenvironmentally
friendly and energy efficient separation processnidranes use different adsorption and
diffusion rates of permeating molecules to permaé &ind shape selectivity. Porous
membranes have been fabricated using many matenelisding polymers, zeolites,
carbon nanotubes and metal organic frameworks.

In this thesis, we will consider the zeolites aeparation membrane. Zeolites are
common class of inorganic materials that possedesred atomic-scale porous netwofks.
Natural zeolites form where volcanic rocks andlagkrs react with alkaline
groundwater but they are rarely pure and are fretpyeontaminated by other minerals,
metals, quartz, or other zeoliteEor this reason, naturally occurring zeolites are
excluded from many important commercial applicagiobhere are a large number of
synthetic zeolites. Synthetic zeolites are formedean hydrothermal conditions with sol-

gel crystallization from alumino-silicalite solutie with organic substances.



Zeolites have several beneficial properties asparation membrane. They have
ordered crystalline structures with pore diameless than a nanometer. Zeolites are
typically thermally, mechanically very stable. Fbese reasons and others, membranes
made from zeolites have been extensively studiedtesctive devices for gas and liquid
phase separatichdn this thesis, we will examine the separatioititgtof specific

zeolite topologies using atomistic simulation mekho

1.2ZEOLITESWITH VARIOUSTOPOLOGIES

The structure of the zeolites plays a key rolthenseparation procedure of the gas
mixtures. In molecular transport, through a membéradsorption and diffusion both
contribute to determining the flux of the given sigs. Therefore, to achieve high
separation selectivities, it would be useful talfout the specific zeolite topologies
among the large number of zeolites that are knawmvhich the adsorption and diffusion
rates of the permeating molecules differ signiftbarOne significant factor that can
make a big difference in the diffusion rates of species is the pore size of the zeolite
structures.

Table 1.1 shows a classification of zeolite frarosks based on their biggest
oxygen member ring sizes. The pore size dependseomumber of rings and the shape
of the pores. Among the various frameworks, the BtRicture, which has 10-membered
rings, has been the most widely studiéd However, the pore size of this framework is
~5.5 A3 which is too large to separate small moleculeh similar sizes such as
H./CH,4 or CQ/CH,. Thus, studies of small pore zeolites are criticalight gas
separation. The use of the small pore framewor&h as surface modified zeolites or
smaller pore zeolites have been explored by sesardies?° but their separation
ability has not been fully understood. Therefonethiis thesis, we consider the pore

modified MFI and small pore zeolite structures w8tmembered oxygen rings.
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Biggest 12
Ring none 7-ring 8-ring 10-ring ring-]
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6-ring | LOS,LTN,MEP,MTN,
NON,SGT,SOD
ABW,AFT.ATN,ATV, AEIAPC,APD ATT,
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8-fing | ESV,KFILPAURHO, | STT | y5era i Db
ERI,UFL,MTF,RTE TSC,RHO,EPI.ITE.
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LTA IHW
9-ring CHI LOV
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| AFLATO.ATS.CAN, AFR AFS AFY BPH, EMT,
129 | ytw.roG.FAU | ME! | GmE MAZMOR.OFF | BOC | BEA
14-ring AET
18-ring VFI
20-ring CLO

Table 1.1: Pore size classification of the zeolite structypes using data from the

overview of the pore sizes of the different struettype$*

Pore modification of the widely used zeolites coloé one good way to achieve

high separation selectivities for small size moleswsuch as # In chapter5, we use

silicalite, which is pure silica form of ZSM-5(stitwre code MFI, space group Pnma).

As mentioned before, the pore of the silicaliteos large to block the other small

molecules mixed with i Moreover, H adsorption in zeolites is generally weaker than

CO, or CH,, two typical gases present during ptoduction. For this reason, various

methods to reduce the pore openings can be coaditieblock the other small

molecules from a membrane by increasing the memstsaurface resistances. In chapter

5 we present an atomistic model of this situation.




Small pore zeolites are materials consists of €agerconnected with narrow 8
membered oxygen rings with 3~4 A diameters as stiniable 1.1. One typical small
pore zeolite is DDR. The key characteristic of these small pore zeii that their very
narrow windows could cause a large difference ffusivities of two given species,
resulting in high selectivities.

In this thesis, we consider 11 pure silica forrhsmall pore zeolites including
DDR for CQJ/CH, separations. All of the zeolite forms were obtdifrem the XRD
experimental dafd** and their window diameters vary from 2.2~4.2 A. DB
examined in detail in chapter 4 and 5 since iteen reported as a good material as a
separation membrane. Additionally, based on thdatgtiogies developed modeling in
DDR, we examine the separation selectivities ol alsmall pore zeolites for G@H,

separation in chapter 6.

1.3 TRANSPORT PROPERTIESOF GASESIN THE ZEOLITESUSING
MOLECULAR SSMULATION

Despite the large number of known synthetic zedituctures, reproducible
membranes can be synthesized and used only forddthaf different zeolite structures.
Synthesizing and studying a zeolite membrane méda arbitrary crystal structure is
very difficult due to cost and time constraintsu$hthere is currently no experimental
way to find which from the hundreds of differenblte structures would perform
optimally for a given separation. As a result, ncalar simulation methods could play an
important role in the examination of the separatbilities of the given zeolite structures.

For the extensive study of the separation alsliienanoporous membranes,
understanding the trends in the permeabilitiestaadelectivities of specific system is
essential. The most widely used approaches footitisome uses the well established
methods of Grand Canonical Monte Carlo (GCMC) aradddular Dynamics (MD) to

measure the adsorption isotherm and molecularsivities of the species of interest.



These quantities are then used as parameters mé&z@scopic transport model based on
Fick’'s Law to make quantitative predictions of lgrmeance of membranes under
practical conditions. Using this approach, thereehaeen extensive studies of the
separation selectivities in various nanoporous mian#s such as large pore zeolites
(silicalite, ZSM-5*3" carbon nanotubes (CNT&§° metal organic frameworks
(MOFsY®*and alumino silicate materiafs

Although the modeling approach outlined aboveprasided the reasonable
predictions for variety of large pore membranes)ibked a critical assumption
regarding the interfaces between a nanoporous nagraland the surrounding bulk
phases, that no mass transfer resistances fodioeion into or desorption from the
porous materidf'® In reality, however, the net transfer resistaiocehe molecules
permeating through a crystalline membrane is a caaibn of the resistance arising
from intracrystalline diffusion and the surfaceiseances associated with entering and
leaving the membrane material. Moreover, for theepoodified silicalite, the key
element to achieve high,KCH, separation selectivity is the blocking of the CH
molecules at the pore mouth, namely, high surfasestances.

To study pore modified silicalite, we used the &ldequilibrium Flux Method
(LEFM) to measure the flux considering surfacestasices. This method has provided
the good predictions of the surface resistancélsesilicalite”*® To model the
modified membranes, a modifying layer was consédictear the surface by adding the
Si and O atoms with the specific critéfid’ With given structures, the permeability and
the ideal selectivities for #ICH, separation in the various pore modified silicalitave
been calculated to examine the effect of the pardifncation on the separation
selectivities.

In the examination of the G{TH, separation in the small pore zeolites, we have
followed the modeling approaches outlined aboveabtit modification to address two

important issues. As we discussed in the previeasa, the small size of the SMR



windows in small pore zeolites lead too strongedtdhce in the diffusivities of two
specied’. We show that the force-field currently used ia fiievious zeolites does not
give accurate predictions of the single-compondéfision rates when compared to
available experimental measurements. Thereforgh@reasonable predictions of the
separation abilities of the entire small pore zeslithe development of new forcefield is
necessary which can describe all available expatmheata. In this thesis we will
present a new forcefield transferrable for smaikpslica zeolites derived from the
experimental single component adsorption isotherdhsingle component self
diffusivities of the CH and CQ molecules in the DDR structure.

Molecular Dynamics (MD) can readily predict théusivities of light gases for
larger pore zeolites such as silicalite. Howewer tfie small pore zeolites, the
diffusivities of CH; molecules are slower than"d6nf/sec, meaning that this situation
cannot be described properly using MD simulatidiesaddress this issue, we formulated
new Kinetic Monte Carlo (KMC) methods for the &0OH,4 binary mixtures transport in
the DDR structures. Hopping rates used as paramietbinary KMC are derived from
Transition State Theory (TST) based calculatiordstae MD calculations for CHand
CQO, at arbitrary loadings.

The overall aim of the entire thesis is to exantireetransport properties of
zeolites structures with different topologies tggest if they are good separation
materials for the specific gas mixtures. Our caltiahs point to the physical origin and
characteristic factors that bring high separateledivities, and ultimately help in

charting a path for fabrication of the high seleetmembranes.



1.3THESISOUTLINE

In chapter 2, we explain the general computatiomethods used to measure
transport properties of the gas mixtures in thdita=oin the thesis. This chapter describes
the potential energy surface that defines the aictesn between molecules and zeolite,
measurement methods for the adsorption isothernddfiudivities, and methods to
calculate flux of the given species will be present

In chapter 3, the effect of pore modification oé tsilicalite on HHCH,4 separation
is examined. The pore modified structures are de=tiat various degree of modification
using molecular simulation methods. With given stinees, ideal selectivities and
permeabilities of ICH,4 are examined with the effect of the surface rasists on to the
each species.

The separation ability of the small pore zeolftesCO,/CH,4 separation will be
discussed in the chapter 4 to chapter 6. Firshapter 4, a new forcefield which can
reproduce all available experimental data for gotsmm and diffusion will be introduced
for CO, and CH in DDR. The single and mixture component adsorpéind single
component diffusion properties are calculated udietgiled calculation in the chapter 4.
In chapter 5, we discuss the mixture componenusiidin properties with new binary
KMC methods formulated for this system. By calculgthe flux and the selectivities,
the separation abilities of DDR structures are asizd. From these examinations, we
find which characteristic of the zeolite structubemgs the high selectivities for
CO,/CH,4 separation.

With the observations from the study of the DDR, $leparation selectivities for
CO,/CH, for 11 small pore zeolites are examined in thetdras. Chapter 7 summarizes

our main findings.
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CHAPTER 2

COMPUTATIONAL METHODS

2.1 POTENTIAL ENERGY SURFACE

The fundamental quantity underlying an atomicdkyailed description of
molecules interacting with a nanoporous adsorlsetita potential energy surface. The
potential energy surface for an adsorbed molesutiefined as the total potential energy
felt by the guest molecule at a given positiorallrof our calculations, the total potential
energy is taken as the summation of individual-pase interactions between a guest
molecule and all host atoms and other guest masculsually the van der Waals
interactions between adsorbate molecules are teslcuising the Lennard-Jones (LJ)

pair-wise potential:

U, =4¢ (rﬂl —[rﬂJ 2.1)

Here,U; is the pair-wise potential energy,is an energy parameter that measures the

well depth,o is a distance parameter that characterizes thengpbetween molecules,

andr; is the distance between particleand . Figure 2.1 shows the shape of the LJ pair-

wise potential as a function of the interparticigtahcer, . As shown in this figure, a

steep repulsive region is present at low intermdbgcspacing while the minimum value

of the potential occurs at intermedigte In Eq. (2.1), the first term describes the

repulsive region while the second term shows tiraaive region, making the overall
well shape of the interacting potential. It is uséd note that the second term is derived
from theoretical expressions of the London potébiih the first term is chosen primarily
for computational convenience to model the repel$orce. This potential has been used

to model the adsorption and diffusion of the lighses in the silica zeolites, CNTs %
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and MOF$%%2 In our molecular simulation, we treat ¢&hd H molecules as spherical
molecules defined by a single interaction cent€, @olecules are defined as linear
moleculé®. To describe the interactions between,@®lecules and zeolites, long

distance electrostatic interactions are defined by

Uijelectro :Ou__?z (22)

i

whereU”e|eClro is the pair-wise electrostatic interaction energyis the electrostatic
charge of the species. For C&CO; interaction,q is chosen to reproduce the
experimental quadrupole moment. The forces actimg molecule due to pairwise

potentials are defined Fy=-0U

ij -

2.0+

1.5+

u(r e

2.5

Figure2.1: The Lennard-Jones pairwise potential as a funafdhe interparticle
distance.

In molecular simulation, the most important ungei assumption is that
potential energy surface can describe the molequti@ractions, in other words, it can
reproduce the all available experimental properfigpically, the potential parameters

are fitted to an experimental adsorption isotherran iterative scheme so that the entire
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adsorption was matched with the simulation val&es.CH,, H, and CQ, the parameters
fitted on the silicalite structures have been wideded?* However, for small pore
zeolite like DDR, these parameters are not traredés because of its narrow 8MR
windows. We will show in subsequent chapters thesv potential parameters had to be
developed to allow molecular simulations to agréé experimental data for this
specific type of zeolite. We developed a new paatitat can reproduce experimental
Henry's constant, the heats of adsorption, theratism properties and diffusion
properties. The details of force field parameteraawill be discussed in the chapter 4.
In our calculations, the van der Waals interadtibatween the adsorbate
molecules and the zeolite frameworks only incluttedframework O atoms of the
zeolites. This simplification is possible becauseinterior of zeolites’ pores closest to
the adsorbate molecules are only O aftthsn all calculation in this thesis, the zeolite
was assumed to be rigid. This physically reasonakde@mption greatly improves the
computational efficiency of molecular simulatiorfgteese materials. Specifically, we
used a pretabulated table and an interpolationnsette rapidly compute the potential

and forces due to adsorbate-zeolite interactionsdoh zeolite we studied.

2.2MODELING ADSORPTION ISOTHERMSUSING SIMULATION

Adsorption isotherms are calculated from atomisiticulations using Grand
Canonical Monte Carlo (GCMC). This is well knowsasuccessful method to describe
the adsorption of the molecules in many matersdiswing good agreement with the
experiment®?’. This section will briefly review the concepts®EMC and its
implementation in molecular simulation of moleculezeolites.

Monte Carlo simulations are a class of computafiafgorithms that rely on
repeated random sampling to compute the resultsaré/eterested in using MC to solve
the physical problem of finding the average densitgdsorbate molecules defined by

some specified chemical potential and temperafloecalculate the adsorption isotherm,
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we use Grand Canonical Monte Carlo, which simuldtetMT} ensemble, for this

method allows the total number of guest molecuwdtuttuate in response to some
applied state point’s chemical potential.

The GCMC method generates a chain of random etegitsnove the system
from an old state to a new state. Once a possibieerhas been generated, it must be
determined if this move is possibly performed ot. o GCMC, three distinct moves are
defined: insertion, deletion and translation. Inraertion move, a molecule is inserted
into a random position in the simulation volumealdeletion move, a randomly chosen
molecule is removed from the system. In a trarshatnove, a randomly chosen molecule
is moved some random distance within the simulatmome. The acceptance of these

three movements is calculated from the potentiatgias of the old and new st&fes,

Acc(Insertion) = min{l,[v exp(gﬂ -Ura” ))]J (2.3)
A*(N +1)

Acc(Deletion) = min{l,[/\ N exp(—é’ el ))]] (2.4)

Acc(Trangation) = min(L, expE B U1 -Ue ) (2.5)

Here u is the chemical potentia¥/ is the volume of the simulation box, N is the total
number of molecules in the simulation volunde,is the de Broglie wavelength of the
molecule, 5 =1/k,T, U, is the total potential energy of the moleculethm simulation
volume for the current and the trial configurations

In GCMC simulations for the adsorption calculafiarpressure was defined and
the corresponding activity was calculated from qnagion of state. For all of our
calculations, we used ideal equation of state.a&hestate point, some number of GCMC
steps is applied to equilibrate the system undeetjuilibrium, before collecting data

over another set of GCMC moves at the same staté po
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2.3 MODELING DIFFUSIVITIESUSING SIMULATION

2.3.1SINGLE COMPONENT DIFFUSION

To describe the different aspects of mass trah$mosingle component and
mixture transport, several types of diffusion coééhts were calculated in this thesis. To
describe the single component transport, threestgpdiffusivities are used to
characterize the motion of the pure gases in thbtes. First, self diffusion is the
diffusion of the individual, “tagged” molecules among otherwise identical species. The

self diffusion coefficienD,, also known as a tracer diffusion coefficientlédined in the

isotropic system as the mean square displaceméié afdividual molecules through
1)1 ?
D, —['m¥<ﬁ§”ﬁ (M- (O)H > (2.6)

Here,(...} denotes an ensemble average ldnslthe number of adsorbed molecules in

the simulation. The expression ins{d¢ is mean square displacement of the paiticle
A more macroscopic definition of diffusion is besmn the fact that net flux

occurs if a concentration gradient exists. This,flil, is given by the Fick's law

J=-D,(c)0c (2.7)

wherellc is the concentration gradient of the adsorbedispemdD, (c) is the

concentration dependent single component Fickiinsion coefficient. This diffusion

coefficient is directly involved in describing thet mass transfer of material through

amembrane.

The last important diffusion coefficients in siaglomponent diffusion is the

corrected diffusivity, which can be written as

din f
D =D 2.8
‘ "(alncjT (2.8)

Using this definition, once the adsorption isotheetating the adsorbed concentration,
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to the bulk fugacity of the adsorbing speciés,is known, then the transport diffusivity

can be obtained from the corrected diffusivity.STborrected diffusivities also could be

measured using Equilbrium MD simulations (EMD) Wit

D, _6—N||[n <2Hr| (t) - r|(0)H> (2.9)

Similar to the self-diffusivity, the equations alecare written for diffusion in a three-
dimensional isotropic medium. It can be helpfuliimk Eq. (2.9) as describing the
diffusive motion of the center of the mass of thaeuules relative to the reference frame
of the adsorbent.

To describe single component diffusivities, weadtced three diffusion

coefficients: the self diffusivitd_, the corrected diffusivit{p, and the Fickian
diffusivity D, . D, andD, can be measured from the trajectories of thegesti while
D, could be calculated from the corrected diffusigtand the adsorption isotherms.

Since the diffusion in zeolites is generally anigpic the diffusion equation can be
generalized by using a factor of 2 instead of Edn (2.6) and (2.9). The orientationally
averaged diffusivities are calculated with the widlial component of the diffusivities by

D=(D,+D, +D,)/3. Usually, all of these coefficients are concemratiependent and

are are not equal. There is only one limit whegeséhcoefficients coincide®® At low
concentrations, the self, corrected and Fickiafusivities are all equal, so that

lim D,(c) =lim D,(¢) =lim D(9 = D(0) (2.10)

where D(0)is dilute concentration diffusivity.

2.3.2MIXTURE DIFFUSION

Diffusion properties of binary mixtures are img@ont for separation of the two

species using zeolite membranes. Self diffusivibiethe mixtures can be calculated from
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the mean square displacement of individual padiakein the single component case.
However, to calculate the mixture flux, macroscdpamsport coefficients are required.
In the diffusion of the mixtures, the flux bépecies can be expressed in terms of

chemical potential gradients.

Ji == 3 L (ot Y, (2.11)

j=1.N
Here, L; are the Onsager transport coefficients, which fosymmetric matripd | . It is

possible to determine these Onsager coefficientgyulke trajectories from an Einstein
expressiort:
N;

L, = &/iBT lim <|Z:1:(r” (t) -r.(0)) Di(.rkj -, (0))> (2.12)

In this expressiony is the simulation volumelN; is the number of molecules of
species andr, (t) and is the position of molecul®f species at any time.

Equation (2.11) can also be expressed in termsrafentration gradients:

Ji==Y Dy(c,...cy ), (2.13)

ERY
Here the Fickian diffusion coefficients form thensgmmetric matrikD] . Since Eq.
(2.11) and Eq. (2.13) are completely equivalerd,Ritkian diffusivities can be
calculated from the Onsager coefficients measureddlecular simulation. In Eq. (2.11)
the chemical potential gradients can be transforasgd®

Ou =kgT[MNOc (2.14)

where[l'] is the matrix of thermodynamic correction factoesiged by

r, :("'” fiJ (2.15)

alncj

f. denotes the fugacity afspecies and; is its intracrystalline concentration. Therefore,

from Eq. (2.11), (2.13) and (2.14), the elementthefFickian diffusivities can be
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expressed in terms of the Onsager coefficientslarhodynamic correction factors as

follows:
kTN din f.
D. =—t— | —L 2.16
= ;LJ(alan (2.16)
kT & din f
D =-8 L k 2.17
ij Cj ; |k(a|ncj\] ( )

Here, the thermodynamic correction factors areutaled from the binary adsorption
isotherms.
If we examine one-dimensional transport of a yrgas mixture through a zeolite

membrane, the description above leads to
J; __ D,, Dl dc,/oz (2.18)
J, D,, D,,|ldc,/oz
where zis the transmembrane direction. The elements ofitigan diffusion matrix are

in general functions of adsorbate concentratiayendc,.
2.3.3MEASUREMENT OF DIFFUSIVITIESUSING MOLECULAR DYNAMICS

To measure the diffusivities of the molecules, Malar dynamics (MD) is the
most widely used molecular simulation method. M2 isumerical method for solving
the Newton’s equations of motions for many-bodytays in a discretized form, which
are solved repeatedly over many time steps toe@aijectory’>°. In this thesis, for
MD calculations of spherical molecules we usedacity-Verlet integration scheme.

r(t+At) =r(t) + At DY(t) +

At2[F(t) (2.19)
2m '

At [JF (t) + F(t +At))
2m

v(t +At) = v(t) + (2.20)
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Here, r(t) is the position vectory(t) is the velocity vectorF (t) is the force vectorm

is massit is time, andAt is the time step. These equations are solved biyngehe
updated position (t + At) vectors for all molecules, then updating the forBgs+ At) at
given positions to calculate the velocitie@ + At) of all molecules. The positions of the
molecules at next time stepe updated again from these velocities. The patesriergy
surface described above is used to calculate tige fwith the relation of = -0U., for

any given particle.

234 MEASUREMENT OF DIFFUSIVITIESUSING KMC

Although MD is an powerful method for simulating lecular diffusion in
nanoporous materials, this method is not apprapt@teasure very slow diffusion.
Accurate integration of the molecular equationmotion requires time steps short
enough (~18°s) to resolve each molecule’s movement. ConsequeMb is typically
limited to diffusion rates significantly faster tha10° cnf/s*’® Since many of the
small pore zeolites such as DDR, which is consilasea good candidate for @OH,
separation, shows very slow diffusion of Qidolecules, we need to use other methods to
measure the diffusion of these species.

Kinetic Monte Carlo attempts to overcome this latiiin by exploiting the fact
that the long-time dynamics of this kind of systeically consists of diffusive jumps
from state to state. Rather than following theetttgry through every vibrational period,
these state-to-state transitions are treated tiréthen KMC is combined with the
Transition State Theory (TST), it can reach valsthger time scales, and in principle,
give an accurate description of the dynamical prtigeeof a systefit>*® In this section,
we introduce the TST-KMC methods we will use ldtecalculate the transport

diffusivities of CH, in zeolites.
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TST is based on the assumption that diffusive beha&an be described as a
hopping process on a lattice, where particles hapomly from lattice point to lattice
point. This assumption works under the conditiaat the lattice points are separated by
sufficiently high free-energy barriers for the dgfon that a hop is a rare event, and two
subsequent hops can be considered uncorrelatedeivie a reaction coordinatg
which indicates the progress of the diffusion evesrh minimum energy site A to
minimum energy site B, as the Cartesian coordialatieg the axis parallel to the line
connecting the center of site A to site B. The fimeaof the dividing barrier (i.e., the
transition state) is denoted fy. In applying transition state theory (TST) to this
situation, the transition rate for escape fromestat statg is taken to be the equilibrium
flux through a dividing surface separating the states. Because this TST rate is an
equilibrium property of the system, we can alscwialtek; without ever looking at
dynamical trajectories. For a thermal enseniglés simply proportional to the
Boltzmann probability?(g*) of being at the dividing surfacg relative to the probability

of being anywhere. That is, the transition igtérom state to statg is?49
k, =K x(2mmB) " P(q) (2.21)

e—BF (a¥)

P(q') T e (2.22)
Va

Here, ,8=1/(kBT) , ke is the Boltzmann constari, is the temperature) is the mass
involved in the reaction coordinate, an)) is the system’s free energy as a function of
g. TST assumes that the averaged velo@yzmﬁ)_llz, of a particle at the top of the

barrier follows a Maxwell-Bolzmann distributioxs defines the volume of sit&
The transmission coefficient, in Eq. (2.21) defines the probability that the
particle (system) ends up in sBgstatg)) once a trajectory reaches the dividing surface.

This transmission coefficient corrects for recrongsvents; i.e., it corrects for trajectories
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which cross the dividing surface frofnbut fail to end up ifB. From the definition, at
infinite dilute loading, the transmission coeffictg [11. If transition state surface is
known, the transmission coefficient can be caleddtom a series of short MD
simulations, this is known as the dynamically coted-TST methotf*°

Once all values dﬁj are calculated from TST, then we know the localdiog rates of
guest molecules from specific sites to sites inlatiice model. The diffusivities of guest
molecules can then be calculated from KMC simurfetid o describe the diffusion of the
molecules in zeolites, all adsorbate moleculeslatebuted initially into the all lattice sites of

the simulation volume. For each KMC step, for ad@nly chosen molecule, hops in lattice sites

are attempted with the probability &f /k ., . After every attempted hop, time is

incremented bt =1/NK .., whereN is the total number of guest molecules in the

simulation volume. KMC simulations of this kind geate trajectories of the diffusing
molecules, and these trajectories can be useditedbe diffusion properties with the

same formalism that we introduced above for MD $ations.
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CHAPTER 3

H,/CH, SEPARATION USING PORE MODIFIED SILICALITES

Zeolite membranes are robust materials that alleswigéed to be used in harsh
conditions, but they are not typically selective figdrogen. Modification of pore mouth
of zeolite membranes is known as one possible waghieve high hydrogen selectivity.
The key issue for this kind of material here isdtain hydrogen selectivity without
significantly reducing the hydrogen flux. In thisapter we examine the effect of the pore

mouth modification of silicalite on $#CH, separation using atomic-scale simulations.

3.1 H, SEPARATION USING PORE MODIFIED ZEOLITES

Conventional fuel sources are rapidly being depleHydrogen is one attractive
new energy source since once it is produced ibeamsed with little negative
environmental effect. The most practical methodofgaining large quantities of,;Hise
hydrocarbon sources from which ¢an be produced by steam reforming or by partial
oxidation with oxygen. A common characteristic ledse methods is that other gases are
also produced, so separatingéfficiently is important for both economic and
environmental reasoridnorganic membranes have the potential to playrgortant
role in these separations if membranes with swdtpbrmselectivities and durability can
be developed?

As a candidate for membrane-based separation,afdéiwill consider silicalite,
the all-silica analog of ZSM-5(structure code Mépace grouPnma). This structure has

a three-dimensional porous network with typicalepsize of ~5.5 A.Among all efforts

" The results described in this chapter have beblispied in Sang Eun Jee, Alan J. H. McGaughey, idav
S. Sholl,Molecular Smulation(2009), 35,70-78.
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to fabricate zeolite membranes, methods for makieghbranes from silicalite are the
most fully developed?

A characteristic of silicalite that is common teestially all zeolites is that its
pores are too large to block the adsorption of kgas molecules mixed withJHso a
separation cannot be achieved based on simple ulatexieving. Moreover, H
adsorption in silicalite is weaker than &® CH,, two typical gases present during H
production. Experiments that have been performekl silicalite membranes using gas
mixtures including K have not yielded results with selectivities thaiwd be desirable
in H, separationS$* The physical phenomena that make silicalite unsekeéor H; in
these mixtures are also present for essentializeallites, so the limitations of this
material cannot be solved simply by using anotkeefite framework.

One avenue that may allow the properties of zepigenbranes to be improved
for H, separations is to chemically modify the externafaces of membranes. This
strategy has been explored in two experimentalesudsing silicalite membran&s*®
and one using surface modified hybrid membrahésthese experiments, methyl
diethoxy silane was attached to the surfaces of B3iembranes as a modifier with the
aim of reducing the width of the pores at the mambrsurface. Ideally, this modifying
layer could enhance the selectivity of the membfaneél, by reducing the effective pore
size for molecules entering the membrane butadtdv rapid transport of adsorbed
molecules through the membrane. In the experintgntdong et al., the selectivity of the
membrane increased from 1.6 to 33 for th&H,. Unfortunately, this improvement in
selectivity was coupled with a large reduction ét H, flux.'®> An interesting question

generated from these experiments is whether tseaeegime where surface
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modifications of zeolite membranes can be madmfave the selectivity of the
membrane for a small species such asvithout a large decrease in the flix.

In this chapter, we examine the effect of pore rication on H and CH
transport through silicalite via molecular simubais. To model modified membranes, a
modifying layer is constructed near the surfacadlging individual Si and O atoms to an
initially crystalline sample. The net flux of,tdnd CH is then calculated for the modified
silicalite membrane as well as an unmodified cty$tile Molecular Dynamics (MD)
techniques have been developed to simulate trangpough the zeolite membranes,
most of them are based on the assumption thatmgstalline diffusion determines the
transport raté®2° To describe pore-mouth modified zeolite membrahesiever, the
increased surface resistance associated with téyimg layer is a key factor. It is
therefore vital that we use a calculation methad #tcounts for the impact of surface
resistances during the operation of the membranmeloTthis, we apply the Local
Equilibrium Flux method (LEFM)?% a method that can calculate surface resistances
rapidly from an atomically-detailed model of a meeri®e material by describing the

local fluxes that exist at the gas-membrane intexfa
3.2 SURFACE CONSTRUCTION

3.2.1 PORE MODIFICATIONWITH SIMULATION

To describe gas permeation through a modified teeniembrane using molecular
simulations, the atomic-scale configuration of thedified zeolite structure must be
defined. In this section, we describe how a thyeitahat mimics amorphous silica was
added to the external surfaces of crystallinedite. The intention of this procedure was

not to precisely model a specific experimental pthwe, since detailed structural
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information about the modifying layers from theili@d number of experimental studies
that have been performed is not available.

The diffusion of molecules through silicalite cistis anisotropic because of the
anisotropy of silicalite’s pores. Sinusoidal chdsrgo along the crystallographie
orientation, straight channels go along ykaientation, and although no pores exist
along thez-orientation, net diffusion in theorientation can occur via diffusion in the
andy-orientation”* Since they-orientation of silicalite provides the fastest
intracrystalline diffusion for unmodified membratfésnodifying layers were created on
the surface of 2x2 unit cells in xz plane.

For simplicity in making modified zeolite structsreve modified surface
structures by directly adding individual Si and ©ras. Construction of the modified
layer consists of two procedures. First, physicplausible positions are found via
geometric criteria and then energetically stabktmm is found via relaxation of the
structures. At the end, we finish the modificatmocedure by removing unnecessary
dangling atoms which does not exist in experimesitahtion.

Firstly, to find the reasonable position for ingerf an atom is inserted at a
random position near the surface. The inserted amrandomly chosen from Si and O
with a Si:O ratio of 1:2. Each time an atom isened, a list of neighbor atoms is made
to calculate bond lengths, bond angles and codidmaumbers, with the latter defined
as the number of bonds present within a specifede of bond lengths shown in Table
3.12° The criteria for each of these quantities was teghfsom extensive simulations of

26,27

amorphous silica zeolites by Mukhopadhyhawgl. and simulations of internal grain

boundaries in silicalite by Newsome and SROIf.all the criteria are satisfied for the
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inserted atom, then this atom is accepted. For pkarni an inserted O atom forms bonds
with Si atoms with bond lengths between 1.42 a8@ A, Si-O-Si bond angles between
90° and 186, O-Si-0O bond angles betweer’&hd 146, has a coordination number
between 1 and 3, and has all O-O distances > 2,21ed the insertion of this O atom is
accepted. If one (or more) of those criteria issatisfied, then the trial position is
rejected and the inserted atom is moved to a ngabgion by a random walk. If no
acceptable position can be found within 50 stegh®fandom walk, the atom is
removed and a new insertion is begun. Atoms aegtied to randomly chosen positions
within £5 A from the surface, which was definedtas position of the topmost atoms of
the zeolite including any atoms in the modifyingdathat have already been deposited.

The coordination number criteria for insertion amface of silicalite are slightly
different from those used previously to descrilierimal grain boundari€&.In the latter
case, the allowable coordination numbers for Sev@eto 5. When modifying the
zeolite’s surface, we allowed Si atoms to be irskvtith coordination numbers from 1 to
5, to allow both the creation of new atoms on tkiemal surface and bulk-like atoms.
The valid coordination numbers for O atoms werengef to be the same as earlier work
on grain boundar§?

Secondly, once an atom is inserted as describegeaba@uenching procedure
was used to relax the atomic positions. In thiseduore, the potential enerdy;, of Si
and O atoms was defined using the BKS (van Beesitrlér-van Santen) interatomic
potential for silic&>3' This potential, with the additional Lennard-Jo@ds6 terms

suggested by Guissani and Guilfdor amorphous silica, has the form
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Here, the subscriptsandj refer to Si and O atomg,is the charge of an atom, b, c are
parameters andis an interatomic distance. The first term corgdire long range
electrostatic interaction between the effectivergba and second and third terms
represent covalent bonding interaction and shageaepulsion between oxygen atoms.
Parameters have been derived to stabilize thehtstral structures of amorphous silica.
The parameters for the BKS potential are shownaiold 3.2°°*?The electrostatic
interactions were handled using the Wolf methodhaita value of 0.345 A>3 The
potential cutoff was 12 A.

During our MD simulations using this potential, {@nature was controlled using
the Nosé-Hoover thermostat and the equations abmatere integrated with the Verlet
leapfrogalgorithm with 0.905 fs time step. A temperaturemgh was performed by
removing kinetic energy at the rate of 7.3¥1KVs from 200 K until the kinetic energy
vanishes. The structure that results from thisguiace defines a local minimum on the
potential energy surface. For computational efficie only the inserted atom and its
neighbors were relaxed. We typically inserted midtatoms before MD was used to
relax the positions of these atoms.

The procedure defined above leaves a small nunilbeglady undercoordinated
atoms near the upper boundary of the modifyingrlaiee final stage of defining a
modified layer was to examine the atomic dendity the layer in slices 1 A thick normal

to the zeolite’s initial surface. The atom dengityhese slices abruptly drops from a
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roughly constant value inside the layer to zercidetthe layer. In the region where this

density drop occurs, we removed any Si atoms vathrdination numbers of 1 or 2.

Si-O bond lengthA] 1.62+ 0.20
0O-0 lengthp] >2.21

Si-Si lengthA] >2.79
Si-O-Si bond angle [deg] 135+ 45
O-Si-O bond angle [deg] 110+ 30
Coordination number of O 1-3
Coordination number of Si 1-5

Table 3.1: Criteria for inserting atoms as defined in féxt

Osi. 2.4[e] | O-O Si-O Si-Si

Jo: -1.2 [€]

AleV] 1388.7730 | 18003.7572-

B[AT] 2.76 4.87318 -
CleVA% |175 133.5381 | -

¢ [kJ/mol] | 0.04613 1.0834 1.2768E3
o [A] 2.2 1.3 0.4

Table 3.2: Parameters for the BKS potentfaf®32

3.2.2 PORE MODIFIED STRUCTURES

Figure 3.1 shows side views of modified silicalitgh different degrees of
modification. Although insertion attempts were méafepositions within +5 A of the
zeolite’s surface, the great majority of insertamhas lie on top of the surface rather than
inside the zeolite pores. Figure 3.2 shows top sielwinmodified and modified silicalite.
After modification, the size of pores was reduded reasonable to expect that this may
reduce the flux of molecules into the pores whendiystal is used as a membrane.

One way to characterize the modifying layers in@iorulated structures is to
calculate the free volume in the layers availabtediffusion of adsorbed molecules. Free

volumes were measured by inserting spherical pristbeghe region of interest. To
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measure the available free volume accessible by(8%), a spherical probe of radius 1.9
A (1.445 A) was used. The radius of Si and O ataer® assigned as the van der Waals
radii of rg=2.10 A and'c=1.52 A. The position for a probe sphere was cansidlas the
part of the free volume if no overlaps existed lestwthe probe sphere and the Si and O
atoms, and the free volume was defined by theifnactf feasible locations for probe
spheres after > $®f trial insertions.

We calculated the ratio of free volume per totalwe in a region 2 A thick in
they-direction located 1.5~3.5 A above the initial sigef of the crystalline silicalite.
Figure 3.3 shows the free volume of six modifidatalite membranes as a function of
the two dimensional density of atoms in the modifylayersd. Each membrane is
numbered as 1 to 6. Since the probe sphere usét} fersmaller than for CKl the free
volume is higher for Hin all cases. The free volume for each probe dsa®steadily as
more material is added to the modifying layer. ther membrane with the most Si and O
atoms in the modifying layer, membrane 6, the ir@ame ratio for the Cliprobe is
reduced to 0.008, which is big reduction when campgeto 0.086 in crystalline silicalite.
In addition, the difference in free volume betweeystalline silicalite and the modifying
layer for this membrane for the,lgrobe is less severe; these values reduced frbdn®.

0.035, which differ by a factor of 5.
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Figure 3.1: Side views of (a) unmodified silicalite and (b)-gzirface modified silicalite
with various degree of modification. As modificatiproceeds, the thickness of

modifying layer increases.

Figure 3.2: Top views of (a) unmodified silicalite and (b) sacé modified silicalite

3.3MEASUREMENT OF NET FLUX

3.3.1LOCAL EQUILIBRIUM MOLECULAR DYNAMICS

Molecules pass through a zeolite membrane in thteges. Molecules must adsorb
to the crystal’s external surface, then they déftlwough the crystal’s pores and finally
molecules desorb from the downstream surface atebéte. In most models for

molecular transport through zeolite, surface effece assumed to be far smaller than
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intracrystalline resistances. In this case, thadstestate flux of a single species

permeating through a membrane can be calculateu'fr&>3

1 (e ' '
Jideal :IL D,(c’)dc’ (3.2)

permeate
Here, Creed (Cpermente) iS the adsorbed concentration at the feed (peensale of the
membranel. is the membrane thickness, dxds the transport diffusion coefficient of

the adsorbed species. This diffusion coefficietiticlv is dependent on the concentration
of the adsorbing species, can be calculated usjniljlrium molecular dynamics:3*3°

In the absence of surface resistances, the coatientof the adsorbates is defined by the
equilibrium adsorption isotherm via the gas phassgure on the feed and permeate side,
Preed aNdPperm, respectively.

In the case of surface modified zeolites, surfasestances are key factors in the
performance of the material. One widely used sitradaechnique to measure flux in the
presence of surface resistances is Dual ContraldelGrand Canonical Molecular
Dynamics (DCV GCMD). This is a conceptually simpiethod in which the net flux,
of molecules passing through a membrane is directhyputed under nonequilibrium
conditions. Unfortunately, this method is very catgionally intensive and can only be
applied to crystals much smaller than those reletcacurrent experiments:?2**The
Local Equilibrium Flux Method (LEFM) offers a wag estimate surface resistances
without directly observing.”* The LEFM has been compared to DCV GCMD
simulations of gas permeation through unmodifididadite membranes by Newsome and
Sholl?*?? Although the LEFM is not exact, it was shown towately estimate the size
of surface resistances in a way that can be usexaimine much wider ranges of

operating conditions than is possible using DCV GCMnportantly for our purposes,
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the surface resistances associated with unmodif@tented silicalite membranes were
shown to be small for all conditions we examineobelThe LEFM has also been applied
to estimate the role of surface resistances inocartanotube membran&sn carbon
nanotube membranes, surface resistances may bampmeant than for unmodified
zeolites because of the extremely low resistanceatss transport that exists inside the
membrane’s pore&:*°

The aim of the LEFM is to characterize the net memeé flux in terms of the
local fluxes that exist under equilibrium conditsoff j. (j.) is the one way flux from left
to right (right to left) at any plane through thembrane, the net flukis J =j, —j_. If
the system is at equilibrium, thejg, = j, = j_ andJ = 0. The equilibrium fluxje, can be
measured by counting molecules crossing an interdatg equilibrium MD simulations.

The LEFM assumes the net steady state flux casstireated by the difference of the one

way equilibrium fluxes at different effective presss* The total feed side flux is
Jieea U jeq(Pfeed) - jeq(Pads) (3.3)
Here,Prq is the actual gas phase pressure outside the raamlwhileP,y is an

effective pressure in the membrane boundary |&8sewriting P,,, = P, —OP, we can

ads —
rewrite Eq. (3.3) as
: : dj
J it D Jeq(Prega) = Joq (Prea —OP) :JP(d—;qP ) (3.4)
Therefore, we can calculate the net flux on the f&de if we measure the local
equilibrium flux at various pressures. In the cakmterest to us where the surface
resistance from a modifying layer appears onlyhenféed side, the intracrystalline flux

can be calculated from
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1 Cads ¥ 1
=T [, Die)de’  (35)

In this casegags is the adsorbate concentration that correspontieeteffective pressure
Pags. At steady state, the feed flux and intracrystalfilnx obtained from Egs. (3.4) and
(3.5) must be the same. The net flux can be catmlilay adjustindP.gs iteratively.

It is often convenient to describe net mass tertsifough a membrane in terms
of resistances associated with the different pEevolved. Using this approach, the
resistances to transport due to the feed sidedirystalline region, and permeate side can
be defined afugs, Rinra, aNdRyes. > If surface resistances on both the feed and the
permeate side are negligible, tHeps andR4es may be disregarded. The net flux

associated with this idealized situation is reldteBinya by

3. =Ac (3.6)

ideal
ntra

whereAc is the concentration change in adsorbed concanrtriitom feed to permeate
side andR,,, = L/ D:. The flux in this expression is the same as tive dlefined in Eq

(3.2). For the surface-modified membranes, we wa@obnsider the situation wheRges
is negligible buR.gs is not. The net flux through the membrane can tieeexpressed in

terms of resistances to mass transport as

Ac
&ds + I%ntra

In this expression, the flux is the net flux definteratively using Eq. (3.4) and (3.5).
From Eq. (3.6) and (3.7), it is convenient to defihe ratio of adsorption resistance to the

intracrystalline resistance by

Rus = Jisea 4 (3.8)
Rntra
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3.3.2EQUILIBRIUM SIMULATION OF H,/CH4 FLUX

In our calculation Chland H molecules were treated as rigid spherical molscule
and only dispersive interactions were consideredesrribe the potential energy surface.
A Lennard-Jones (LJ) pair-wise potential was usedcdlculate adsorbate-adsorbate

interaction and adsorbate-zeolite interaction.

Oivi2_ Tij\e
Uij :4‘5}1' [(r_J _(r_J) ] (3.9)
; !

ij

We used interaction parameters forGtid H from the literaturé! These parameters
are shown in Table 3.3. In many calculations feradsorption in homogeneous zeolites,
only the framework O atoms in the zeolite are abesd to calculate the host-guest
potential energy since Si atoms are shielded ftmrgtiest moleculé$:*?In our
calculations, however, we also considered the effethe Si atoms on the total potential
because Si atoms near the external surface cexplosed to the guest molecules.
Interactions between Si atoms and guest molecutes described by a purely repulsive
LJ-12 potential, that is, the first term of the E8,9). The parameters for this potential
were chosen assicuest200 K,o = 1.5 A to create a repulsive force near the @natbut

not to affect adsorption in a homogeneous siliealit

CH;-O | H,-O | CH,-CHy | Ha- Hy
¢[K] | 133.3 | 51.233 147.9 34.02
c[A] | 3.21 2.62 3.73 2.96

Table 3.3: Parameters for LJ potentid
Two assumptions were made in performing our catmns. First, the structure of
the zeolite was assumed to be rigid. This assumiiads to a great reduction in the

computational effort, since the potential energyasie defined by the zeolite can be
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pretabulated>*?1t is possible that local vibrations in the moidtify layer could play a
larger role in the transport of highly hindered ewmlles than in transport of the same
molecules inside the zeolite pores. Inclusion ekthvibrational degrees of freedom
would be a useful topic to pursue in future extemsiof this work. Second, the
interactions of guest molecules with undercoordidaeolite atoms on the surface of the
membrane were treated with the same interactioengiats as fully coordinated zeolite
atoms in the bulk material. In reality, it is likaghat these undercoordinated atoms are
terminated with hydroxyl or similar speci€s” By neglecting any differences in
interaction potentials that might arise from thefects, our calculations are consistent
with previous calculations for unmodified zeolitefaces?**°

To calculate the intracrystalline flux of Gldnd Hin Eq. (3.5), we need the
transport diffusivityD; , and adsorption isotherms in bulk silicalite. Edt,, we used
previously calculated dafa?* The values for biwere calculated using EMD
(Equilibrium Molecular Dynamics) and GCMC (Grandr@aical Monte Carlo)
simulation?>****For all the simulations the cutoff distance fag thteractions was set to
13 A. For GCMC simulation to measure the adsorpotherm, we used 2 x 1®onte
Carlo moves for equilibration, followed by 1 x"IMonte Carlo moves for data
collection. In our MD calculations, systems weriéiatized with 1.5 x 18 steps of
canonical Monte Carlo moves and equilibrated by Ni2jectories were measured for
10 ns with 1 fs time step with 30 trajectories.

The local equilibrium fluye in Eq. (3.4) was measured with various pressures
using EMD (Equilibrium Molecular Dynamics) with #mndersen thermostat.The
length of the gas region was 40 A in ghdirection. Like previous MD simulations, the

system was initialized by canonical Monte Carlo e®and equilibrated by M.
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Approximately 42 to 160 molecules were locatechmtbtal system, and simulations
were performed for 20 ns. From the forward and ixacll movement of molecules along
they direction, the local flux was calculated acrossows planes oriented perpendicular
to the crystallographig-orientation of the zeolite. The minimum local flakserved

from this collection of planes was used for our ME€alculations since this is the
relevant flux for determining the net flux on tleed side. This minimum flux was
observed to occur in the region of the modifyingelaabove the initial surface of

crystalline silicalite that was characterized imte of free volume in Fig. 3.3.
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Figure 3.3: Free volume calculated in a 2 A slice in the mddifylayer on the modified
silicalite membranes used in our calculations, shas/a function of the two dimensional

density of atoms in the modifying layer$, Dashed lines indicate the free volume of

unmodified silicalite.

37



3.3.3H,/CHs FLUX MEASUREMENT

Using the methods described above, we examinesirigée-component flux of
CH, and H through silicalite membranes with various degiesurface modification.
We will discuss our results using the numberingesysassigned to our simulated
membranes in Fig. 3.4. Figure 3.4 shows the ngtdfuCH, calculated with the LEFM as
a function of membrane length, with Preeq = 10 bar andPpem = 0.3 bar. It can be seen
from Eq. (7) that if the surface resistance is igggle, then a plot of lod versus lod. is
linear. This situation accurately describes theltesn Fig. 3.4 for membranes 1-3. This
supports our earlier statement that the surfagstamses of the unmodified membrane
could be neglected in our description of the petmemle of the membrane. For larger
degrees of modification, the curves in Fig. 3.4idevstrongly from linearity, indicating
that the surface resistance becomes an importizutt.€fhese results are consistent with
the free volume results shown in Fig. 3.3. For memebés 4 and 5, the calculated fluxes
are not very different, and the free volume actésg$o CH, in these two membranes is
similar. For membrane 6, Glould no longer permeate through the membrantheso
surface modification had blocked the pores tq @tdlecules on MD time scales.

Figure 3.5 shows results similar to those in Big.for the permeation of Hvith
Preed = 10 bar andPperm = 0.3 bar. For surface modifications for membrahés the H
flux is negligibly affected by the modifying laydfor membrane 6 the,Hlux was
significantly reduced by the modifying layer. Fomambrane witth. = 1 um under these
conditions, the kiflux was reduced by 72% compared to the unmodsikchalite

membrane. Crucially, however, GiWas blocked by this modifying layer.
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The ratios of adsorption resistance to intraatiise resistances for GHnd b
are shown for a variety of operating conditionsrfmbrane 4 in Fig. 3.6. Figure 3.6
includes results witReeq = 1, 10, and 20 bar. In this figure, circles dre tesults for
membranes with a transmembrane pressure drop teqthe feed pressure, while crosses
are for membranes where the pressure drop is éalgfithe feed pressure. For a given
feed pressure, these two pressure drops spanlthafge of possible pressure drops.
Ragd/Rintra 1S large wherk is small becausi ., is proportional td (see Eq. (3.2) and
(3.6)), whileRygs is only weakly dependent @n The most important observation from
Fig. 3.6 is that for a broad range of operatingdittons the surface resistance due to the
modifying layer is much larger for GHhan for H. The magnitude of the surface
resistance is more sensitive to the operating ¢tiomgi for CH, than for H. While this is
in part simply due to the much larger resistanbasexist for CH, this sensitivity also
stems from the fact that the range of pressurésded in Fig. 3.6 spans a larger range of
adsorbate concentrations for £tHan for B because of the stronger adsorption of,CH

Figure 3.7 summarizes the ideal selectivity, thathe ratio of single-component
fluxes, of the membranes we have considered adethgty of the modifying layer is
increased. For membranes 1-3, the ideal selects/ggsentially that of the unmodified
membrane, which significantly favors permeatiorCéf, under all operating conditions.
As the thickness and density of the modifying lapereases, the ideal selectivity
increases somewhat for membranes 4 and 5. Inahger the membrane is only selective
for H, if the membrane thickness is less than 500 nnri¢ating zeolite membranes
with this thickness is currently a challed§&’ For membrane 6, however, the ideal

selectivity becomes infinity because £ excluded from the membrane. This
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modifying layer is selective for +hecause of a simple molecular sieving mechanism.
When both species can permeate through the membhenselectivity of the membrane
when exposed to a mixed gas feed can differ freeridbal selectivity? This
complication does not arise, however, if one sgeisiexcluded by molecular sieving.

Figure 3.8 shows the selectivity and flix for membranes 4-6 whé®eq = 20 bar and
Pperrm = 0 bar. For the unmodified membrane, the iddakseity is smaller than 1
because Clis more favored by this membrane. For membranied! iselectivity
decreases to 1 at L = 270 nm. The ideal selectdfithe membranes increased when
degree of modification increased. For membranbéideal selectivity decreases to 1 at
L = 400nm. While the ideal selectivity of membradesnd 5 are larger than that of the
unmodified membranes, we can observe that thiguld with those membranes is
decreased slightly from the flux of the unmodifreémbranes. For these two modified
membranes, the reduction of Cftux is far more significant than the;lux. That is, the
modified pore mouths can effectively block £éhly while they still allow transport of
most H molecules. The most useful membrane, however,dvoellone in which CiH

was excluded from the membrane, such as membrai@léthis membrane, the ideal
selectivity is infinity. H can still diffuse through this membrane with 72#the flux
through unmodified membrane when L=1000 nm. likisly that membranes with
thicker modifying layer could also exclude molecules. To date, however, we have not
performed simulation for membranes with modifyiagdrs thicker than the one already

obtained.
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Figure 3.4: Net flux of CH, through surface modified silicalite. In every case

Preer=10 bar andPpern=0.3 bar.
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Figure 3.5: Net flux of H, through surface modified silicalite. In every case

Preed=10 bar andPpe=0.3 bar.
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3.4 CONCLUSIONS

Our results indicate that it is possible, at l@agtrinciple, to make modifications
to zeolites such as silicalite to make membranatsddin selectively transport ffom
H./CH,4 mixtures without a catastrophic drop in the membmH, flux. These
membranes take advantage of a situation whereasedesurface resistances for,CH
transport make it possible to separate,@6m H, with high selectivity. The general
concept of making a local modification in the sadatructure of a zeolite membrane
may be useful in other separations in additiomé&H,/CH, separation we have
considered here.

Although our simulations give some insight into thasibility of this approach,

several practical issues exist that would neecetodvefully understood in order to use
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this idea experimentally. If the density of the nfigidg layer is too high, the porous
layers could become completely blocked, stoppingipation of both Hland CH. It is
not clear what level of control in the surface nficdtion would be necessary to create
layers that block Cliwithout blocking all molecular transport. Anotleamplication in
real zeolite membranes is that net transport thrquadycrystalline films involves
contributions from both zeolitic and non-zeolitierps. High quality zeolite membranes
are assumed to be dominated by transport througiiegpores, but non-zeolitic pores
are always present and are typically thought tocedseparation selectivify>° It is
conceivable that efforts to modify zeolite surfacesld also block or reduce access to
non-zeolitic pores, although our simulations previa direct information on this
possibility. The simulation methods we have intregtlihere may be of use in
understanding what impact modifying layers couldehan non-zeolitic pores in

polycrystalline films.
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CHAPTER 4

CO,/CH, SEPARATION USING DDR ZEOLITES

The silica zeolite DDR is a strong candidate &pagations of C&dCH, because
of the narrow windows that control molecular tras$jinside the material’s pores. To
examine CQCH, separation via molecular simulation, however, isgues remain
unresolved: Forcefield parameterization and diffilgicalculation. In this chapter, we
will introduce a new forcefield for this systemtiiar the first time gives results that are
consistent with all available experimental meas@masand examine the mixture
adsorption and single component diffusion propsmvdich is essential for the mixture

flux calculation.

4.1. CO,/CH, SEPARATION USING DDR

Separation of Cofrom CH, is an important problem because of the large
volumes of natural gas that are known to contagh tevels of CQ.(1,2) Development
of robust materials to achieve this gas separati@m energy efficient manner would
have a significant impact on the possibility ofngsthese resources in a manner that
mitigates CQ emissions. Using small pore zeolites as separat@mbranes is an
attractive approach to this challenge. A numbestoflies have focused on membranes
made from SAPO-34, an aluminophosphate material 84tnembered rings (8MR).(3,4)
Several pure silica zeolites also have pores detiye8BMR. Among these, the silica
zeolite DDR (Si»d0240) is especially attractive. The 8MR windows are68.3.44 nm in

size, similar in size to Cjbut larger than C&X(5) This, in addition to the hydrophilic

" The results described in this chapter have beblispied in Sang Eun Jee, David S. Shalburnal of
American Chemical Society (2009), 131, 7896-7904
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character of DDR, has led several groups to consideuse of DDR as a membrane for
CO,-related gas separations (6-11).

Despite the work that has been reported with DBFnbranes, some important
issues remain unresolved. To design a process asieglite membrane, it is essential to
understand how mixtures of the relevant speciesrbdmd diffuse through the zeolite.
Characterizing mixture diffusion in zeolites vigoeximents is a challenging task, and
molecular simulations have become an importantitoptoviding detailed physical
understanding of how diffusion in adsorbed mixtwesurs.(9,10,12-18) Molecular
simulations have been reported to accurately desthie experimentally observed single
component adsorption of Gldnd CQ in DDR, and these simulations have highlighted
features of the mixture adsorption of these spebigsare quite unusual compared to
other zeolites and nanoporous materials.(9,10) &svill show below, the forcefields
that were used in this previous work give inacaimedictions of single component
diffusion rates when compared to experimental measents.(9,10) This means that
previous efforts to characterize molecular diffusio DDR via molecular simulations
cannot reliably describe the properties of diffgsmixtures.

In chapter 4 and 5, therefore, we will describer@ées of molecular simulations
that provide the most accurate description ob/C8B, mixture transport in DDR to date.
Throughout the calculation of DDR, we consider #dsorbed mixture at room
temperature. The implications of our results fdresttemperatures are discussed in
conclusion. Our results highlight some unusual prixgs of this material that greatly
enhance its ability as a membrane for this gasratpa. These calculations required a
novel combination of simulation methods that wilabe useful in studies of other small
pore zeolites. In this chapter, firstly, we intradua new forcefield that, for the first time,
correctly describes the diffusion coefficients $orgle component C{and CH at low
loading that have been reported experimentallgeiveloping this forcefield, we focused

on the characteristics of the transition statesabatrol molecular hopping between
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adsorption sites in DDR. Previous forcefields hiagen based only on adsorption
data,(19) meaning that they probe the energeticament near preferred adsorption
sites but include almost no information about tii@os states for diffusion. The
experimentally observed diffusivities for Gkh DDR point to a complication that has
not been addressed in previous treatments ofykters, namely that this molecule
diffuses so slowly that its diffusion cannot bessfully described using Molecular
Dynamics (MD) simulations. To address this issueused a Transition State Theory
(TST) approach discussed in chapter 2 to charaetére site-to-site hopping rates of
CH, as a function of molecular loading in DDR. SubsegKinetic Monte Carlo (KMC)
simulations using our TST-derived hopping ratevjol® information on the loading-
dependent diffusivity of Cid CO, diffuses much more rapidly than GHo it is possible
to assess this diffusion using standard MD meth@fth a new forcefield, we describe
mixture adsorption properties at various conditjonsich is necessary to calculate flux
and selectivities. Single component diffusivitiéssd, and CH are also examined to
understand the transport mechanism in DDR, suggestsight of mixture transport
properties.

Mixture diffusivities measurement is another sigpaiht factor in flux calculation.
However, the difference in time scales between @iflusion and CQ@diffusion in DDR
raises technical challenges for accurately desggibmixture diffusion with molecular
simulations. We will show how these challengesloaievercome by developing new

methods in chapter 5 and make a conclusion witlfltixecalculation.

4.2. TRANSPORT PROPERTIESMEASUREMENT
We used the DDR crystal structure measured expetatily by Gies et
al.(5) The 19-hedra cages in DDR are the only ceglesant for molecular transport; the

decahedral and dodecahedral cages are not acedassiiffusing molecules. Molecules

49



were not allowed to adsorb inside the smaller cagesr simulations. The structure of
one of the 19-hedra cages that defines the actessilume in DDR is shown in Fig. 4.1.
Our simulations treated the DDR crystal as beigglriThe molecule-DDR
interaction energies were precomputed for a highlution spatial grid and in
subsequent simulations these energies were compwtieidh quality interpolation from
the precomputed values. Periodic boundary conditveere used in all simulations. All
calculations were performed at room temperature.
CH4-CH4 and CQ-CO; interactions were treated using the potentiatethtced
by Goodbodyet al.(20) and Makrodimitrigt al.(21) without adjustment. The potentials
are summarized in Table 1. All cross-species ioteyas were defined using Lorenz-
Berthelot combining rules based on the interagbiotentials listed in Table 1. All
calculations used spherical cutoffs of radius 1f®@Lennard-Jones potentials and 25 A

for the Coulombic contributions to G& O, interactions.

Top Side

view view
Figure 4.1: Top and side view of a single 19-hedra cage irRDith shaded regions

indicating the a cylindrical volume with radius 3 associated with adsorption in this

cage. In the top view, the three 8MR are visiblthoright, the bottom left and top left.
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Grand Canonical Monte Carlo (GCMC) was used toutate adsorption
isotherms in a simulation volume containing 6 DD# gells. These simulations
involved a total of 5x10moves for equilibration and up to 5XI@oves for data
collection for each state point. All results belawe reported in terms of fugacities. At the
highest fugacities we simulated, the non-idealft€®, would need to be included to
convert fugacities to pressures.

As we will show below, single component diffusidnGH, in DDR gives
diffusivities less than I0cnf/s in most cases, making simulation of this siaratiith
MD challenging. We only applied MD to measure setngbmponent diffusion in cases
where the resulting diffusivity was larger than’kvf/s. This restriction allowed us to
examine CQdiffusion at all loadings with MD, but only a sthabmber of CH loadings.
MD simulations were performed using a simulatiotuate of 6-24 unit cells, depending
on the adsorbate loading. In single component Milukitions, 2x104x10° GCMC
steps were used to initialize each system wittdéered number of molecules. We found
that this procedure was important in order to aglyalistribute molecules on DDR’s
inhomogeneous potential energy surface. Each siionlavas further equilibrated with
1.5x10 canonical MC moves and 1.5¥ID steps. Data was then collected from MD
simulations 20 ns in duration using 1 fs timestdgese MD simulations were used to

measure both the self diffusivity),, and the corrected diffusivityp, by averaging over

30 independent trajectories for each adsorbaterigdd?,14,22)

As mentioned above, MD is not suitable for accuyagenulating CH diffusion in
DDR because of its slow diffusion. Instead, we digwed a transition state theory (TST)
based lattice model that accurately describesoédig-dependent diffusion of Ghh
DDR. Once this model is defined, Kinetic Monte ©aiKMC) can be used to simulate
diffusion. This approach is based on the methodaiota and Ford(23-26) and the

subsequent work by Dubbledam and coworkers.(2¥&8}lefine the hopping rate of
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CH4 molecules from a DDR cage containingolecules into an adjacent cage containing

j molecules as
\'287m [dgexp(-BF @)

where, B =(k,T)™, gis the reaction coordinate,* defines the dividing plane associated

with the transition statef- (q) is the system'’s free energy when the moving moéesuat
g, and the integral is evaluated over the microstafsmed by one DDR cage. We
assume that the transmission coefficient,is unity. At some loadings, it is possible to
directly compare MD simulations with our TST/KMGCstdts and we show below that
these two methods are in good agreement, suppahtngalidity of this treatment. We
find that the maximum loading of Ghh DDR is 5 molecules per cage, so 6x5 distinct

hopping ratesk. , were computed with<i <5and0< j < 5. Once these rates are

ij o
known, KMC can be used to simulate net diffusioarat loading of interest.

To apply Eq. (1), we computed the free enefgfq) , using a histogram
sampling method.(24,25) We considered a dividirripse in the middle of an 8MR
window asq* . At the beginning of the simulation, molecules iaserted in each site at
the loadings required for the transition rate eéiast. 1x1®canonical MC moves per
particle were then used to equilibrate system aridcanonical moves were used to
produce data. All degrees of freedom, that isptbetions of all adsorbed molecules at
the loading of interest, were sampled in these lsitins. Moves that would have
transferred molecules past the dividing surfaceewejected. After every MC step,

particle positions are recorded, allowing the ®eergy to be computed

usingBF (gq) =-In < P(q) >, whereP(q) is the probability that the molecule of
interest lies at reaction coordinate No bias potential was applied during these

calculations.
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4.3. FORCEFIELD PARAMETERIZATION IN SMALL PORE ZEOLITES

Previous simulations of CHand CQ adsorption in DDR(9,10) were based on
adsorbate-zeolite potentials introduced by Dubbmelezal.(19) and Makrodimitrigt
al..(21) However, we have found these potentials do nobrkpre recently reported
experimental data by Hedebal. and Chancet al..(29,30) Figure 4.2(a) shows
adsorption isotherms from GCMC simulations for&@d CH in DDR at 298 K using
the forcefields cited above, as well as experimetdta.(29,30) The uncertainties in the
simulated data are smaller than the symbol sizesa@sorption isotherms are presented
in terms of molecules per unit cell and fugacityloAding of 1 molecule/unit cell
corresponds to 2.22 (6.11) mg/g adsorption fog GED,). To allow a comparison with
experimental data, the Peng-Robinson equatioraté stas used to estimate the fugacity
associated with the experimentally reported pressut is clear from Fig. 4.2(a) that
these interatomic potentials provide a reasonagergption of CQ and CH adsorption
in DDR.

Figure 4.2(b) shows the computed self diffusionficcients for CQ and CH
from simulations using the interatomic potentiadied above. These results for both
species were computed using MD because the prddiétaesion coefficients are larger
than 10 cnf/s. These results are compared to experimentafoiatiffusion of each
species at dilute loadings, which is also showthersame figure.(29,30) In contrast to
the adsorption isotherms, the predicted diffusioefiicients differ strongly from the
experimental data. These simulations overpredeH, (CO,) diffusivity at dilute
loadings by about two orders (one order) of magiaitdt is useful to note that because
the diffusion data in Fig. 4.2(b) comes from PFG-RIExperiments, it is clear that the
slow diffusion that is observed is associated Withintrinsic pore topology of DDR, not
with intracrystalline grain boundaries or otheretg$ that might affect diffusion rates

over large length scales.
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Figure 4.2: (a) Single component adsorption isotherms of, @ CH in DDR from

GCMC simulations and experiments at 298 K. Openb®jsishow GCMC simulation
results using a previous potential,(19) closed symbshow GCMC results using
potentials from this work. Crossed symbols showeexpental data.(29,30) (b) Single
component self diffusivities of CQand CH in DDR from MD simulations at 298 K,

using the same notation as (a).
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Motivated by this observation, we have developed forcefields that are more
consistent with the experimental adsorption anfilisibn data. To improve the treatment
of diffusion for each species, we focused on thadition states for diffusion of each
molecule. In DDR, Chladsorbs inside the zeolite cages(9,10) and thsitian states for
CH, diffusion are the 8MR rings that separate adjacages. The energy of Glih the
8MR is strongly influenced by the repulsive cordgle CH-O potential. We examined

CH4-O potentials of the form

_ G G
V= (o oy

) (4.2)

Whenn=12 andC,=C,=4, this is the standard LJ potential. For othéuesofn, we

definedC, and C, so the minimum of the resulting potential lieshet same coordinate

as the standard LJ potential and so that they manienal differences in energy at the
coordinates the define the inflection points oftive potentials. With these choices, the
differences in adsorption energy between the tweritls are small in the vicinity of
the energy minima that dominate adsorption. Afi@meining a range of parameters, we
found that the slow diffusion of Ctbbserved experimentally could best be reproduced
by usingn=18 instead of 12. The key feature of this appraac¢hat the repulsive wall

of the potential is considerably steeper than taedard Lennard-Jones potential. It was
not possible to correctly describe £#iffusion and adsorption using potentials that
varied the well depth of the potential without alswying the steepness of the repulsive

portion of the potential.
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CHs- CHy CHs- Oze0 Ccoz Cco2 Ocoz Oco2 Oz Ozeo
n=12 n=18 n=12 n=12 n=18
c=4 C=4 C=a C = C=4
C,=4 C,=3 C,=4 C,=4 C,=3
Elky= Elky= Elky= Elky= Elky=

147.9 [K] 160.9 [K] 28.129 [K] 80.507 [K] 76 [K]

0=3.73 [A] 0=3.218[A] | 0=2.757[A] | 0=3.033[A] | 0=2.5][A]

Table 4.1: Interaction potential and forcefield parametdr€H,, CO, in DDR structures

are developed to reproduce experimental data.

The adsorption sites of G@h DDR are very different from CHThe most
energetically preferred sites for g@dsorption lie inside the 8MR, with G@dsorbing
in the zeolite’s cages only after the 8MR are oc=dyf9,10) Diffusion of CQin DDR is
controlled by the transition state for hopping @,Grom an 8MR into an adjacent cage.
Examination of this TS indicated that the TS enasgyrimarily controlled by the
electrostatic interactions between £f0d the zeolite. As a result, the only avenue for
significantly altering the energy of this TS whikgaining the form of the interatomic
potentials defined above was to increase the paheges of O and Si. We chose to
increase these charges to -1.5e and +3e, whiatbasgderably larger than would
typically be assigned in materials of this kind,@t33) Using smaller charges
significantly decreased the agreement betweenitfusidities calculated with MD and
the experimental data. Because increasing thesgehacreases adsorption of £0
DDR, the LJ-parameters for interactions betweematm CQ and the framework
oxygens were also adjusted. An 18-6 LJ potential wsed for these interactions because
we found that this slightly increased the TS enegjgtive to the energy minimum in the

8MR. The effect of modifying the LJ potential inghvay was relatively small compared
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to the effect of the framework partial charges.m@gking these adjustments, our
forcefield simultaneously reproduces the Henry'sfioient of adsorption and the dilute
loading diffusivity at the same time.

Table 4.1 summarizes our new forcefield. With potential, we calculated
adsorption with GCMC and diffusion using MD (for @@nd TST-based KMC (for
CHy), giving the results shown in Fig. 4.2. By constion, these potentials reproduce the
experimental adsorption isotherms and dilute logdiiffusivities with reasonable
(although not perfect) accuracy. We emphasizetthsaforcefield was derived by
treating the zeolite framework as rigid, as wendiezaforcefield in the literature. If a
flexible framework was to be considered, a newdbetd for molecule-framework
interactions would have to be developed in ordetHis approach to yield results
consistent with the experimental data. The adsampsotherms from the earlier
potentials and our new potentials are similar,@lth the earlier C&potential is in
better agreement with the experimental isothernt thesfull range of pressures for
which data is available. In the remainder of thegsawe use the forcefield introduced

above to examine adsorption and diffusion ofzAQBi, mixtures in DDR at 300 K.

4.4. ADSORPTION PROPERTIES

As described above, G@nd CH molecules prefer different adsorption sites in
DDR.(9,10). Understanding the impact of these siteadsorption of C&CH,4 mixtures
is important for understanding diffusion of thesel@cules, so in this section we
highlight several aspects of G/IOH, adsorption. C@adsorbs more strongly than ¢id
single component as well as binary adsorptionhass in Fig. 4.3 and Fig. 4.4, which
show GCMC results for adsorption from an equimgks phase mixture. Figure 4.5

shows GCMC results for mixture adsorption overrageaof bulk compositions at two
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representative fugacities. The adsorption seldigts/for CQ relative to CH are 2~9
under these conditions.

To characterize where molecules adsorbed in DDRjiwided adsorption into
volumes associated with 8MR windows and DDR cage€, and CH. The main
cages of DDR are similar to spheres with radius ¥V& partitioned the pore volume by
defining molecules with their center of mass loda8eX or closer to the center of a cage
as lying in a cage and all other molecules as bgitngted in a window. This partitioning
differs slightly from the method used previouslyKxyshna,(9) but we feel it describes
the geometry of the pore volume in a somewhat materal way. Figure 4.6 shows
single component adsorption isotherm in terms efatisorbed amounts in the two
regions. No Chwas found to adsorb in DDR’s windows, so only it@#, loadings are
shown in Fig. 4.6. C@prefers the windows at low total loadings and thecupies cages
as the pressure is increased.(9,10) Figure 4.7 sbmadsorbed GOnolecules per
window as a function of total adsorbed amount o @oth single component and
binary mixtures. It is clear that the @&dsorption in DDR windows is almost
independent of the CHoading. This shows that G@dsorption and CiHadsorption is

competitive only in the cages.
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The results above provide useful insight into ptay mixture adsorption
isotherms in DDR using Ideal Adsorbed Solution TiggbAST). IAST is a well-known
method to predict mixture isotherms from single-poment data,(34) but applying
conventional IAST to CEHCO, mixtures in DDR overestimates (underestimates) the
adsorbed amount of GQCH,).(8-10) Figures 4.6 and 4.7 suggest that a simple
modification of IAST can be used to describe migtadsorption in this system.
Specifically, we used IAST to describe the adsorptf mixtures of ChHand CQ in the
cages of DDR, but then predicted the total adsodmedunt of CQby adding the
adsorbed C@in the 8MR windows directly from our single-compgon data. Figure 4.4

shows that our modified IAST method works accusatet equimolar bulk mixtures,
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although the amount of GHdsorption is overpredicted at the highest fugecive
examined. Figure 4.5 shows that this method alptucas the trends in adsorption
selectivity seen in our GCMC calculations as thegosition of the bulk phase is varied.
This application of IAST does not predict the mnetisotherms at high loadings with
guantitative accuracy, but its performance is aersibly better than the results of

conventional IAST for this adsorbed mixture.(34)

4.5. SINGLE COMPONENT DIFFUSION PROPERTIES

Figure 4.8 shows single-component self and cordediféusivities, D,and D,

respectively, as a function of loading for £&hd CHin DDR at 298 K from

calculations using the new forcefields we descridleolve. Here, the CQesults were
computed using MD while the GHesults were computed using TST-based KMC. The
individual hopping rates determined from TST for {&fe shown in Fig. 4.9. From Fig.
4.8, three observations can be made. First, diffuses 1-2 orders of magnitude faster
than CH in DDR at all loadings. This is an important olvsgion for practical use of

DDR as a membrane to separate@®l, mixtures, because it means that both
adsorption and diffusion in this material favomisport of CQ. Second,D, = D, for

both species. That is, collective motions of tHfeuding molecules are minimal,(14) a
situation that is not unusual in cage type zeo(28528,35,36) Finally, the CQliffusion
coefficients decrease as a function of loading &/@iH; diffusion initially increases as a
function of loading and then decreases.

The qualitative trends in the loading-dependerudion coefficients of Ciland
CO, can be understood in terms of the adsorption piteferred by each species. For
CH,, diffusion is dominated by the large energy baithat exists for molecules hopping

through the 8MR windows between cages. As the IG&lling increases, adsorbate-

62



adsorbate interactions between additional @idlecules in the initial and final cages in
this process reduce the net energy barrier, caasingcrease in the overall diffusivity.
This tendency is reversed as the Qdading become very high and steric hindrance
effects reduce the possibility of Glfholecules hopping from cage to cage. This behavior
has been seen in the diffusion in a variety of panous materials with cages separated
by sizeable energy barriers.(9,27,35,37-41)

Unlike CH;,, the diffusivity of CQ decreases monotonically as the loading is
increased. This occurs because adsorbegdn@flecules preferentially occupy the 8MR
windows and, while in these positions, block hogpay other C@molecules. The fact
that the preferred site for G@an accommodate only one molecule makes thistisitua
quite different from the behavior of GHvhere multiple molecules can coexist in the
preferred adsorption sites.

In measuring CHldiffusion in DDR, we used TST-based KMC methodesiMD
cannot measure slow diffusion in the range 6f &¢07/s, as discussed above. One
outcome from our calculations is that for a smatige of CH loadings, the diffusivities
predicted via this TST-based KMC method are latigan 10’ cnf/s. We therefore
performed MD simulations to examine C#iffusion at these loadings (14-18
molecules/unit cell). The results from these MDcaddtions are shown in Fig. 4.8. The
close agreement between these MD results and othb@Sed KMC calculations

provides strong support for the validity of thadatapproach.
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4.6. CONCLUSIONS

The development of materials that can efficiendgarate C@from other gases
has the potential to allow large-scale mitigatioi/£@, emissions. The efficient
separation of C@and CH is challenging because of the similar size of¢hem
molecules. This specific separation has great jgedcignificance because of the large
volumes of C@-contaminated natural gas that are known worldwide.

We have shown that the adsorption properties arglescomponent diffusion
properties of C@and CH in the silica zeolite DDR have potentially usgfubperties
that make this material attractive as a membran€@/CH, separations.

Our results required a methodological advancewiea¢ crucial for an accurate
description of DDR and will also be relevant foraetng of other small pore zeolites.
We have introduced new forcefields to simulate eéreedsorbed species that for the first
time correctly capture the experimentally obseradsorption and dilute loading
diffusion data. Previous molecular simulations @M®used forcefields that greatly
overpredicted the diffusion rates of both molecsjaecies, so they could not give
reliable information on the performance of DDR ama&mbrane. Once the diffusion of
CH, is described accurately in DDR, it is clear thdd M not suitable for characterizing
this slowly diffusing species. We introduced a #ifion state theory-based approach that
rigorously describes the loading dependent diffusibCH, as a single adsorbed
component.

Mixture adsorption isotherms have been measurddveitv forcefields and we
confirmed the well known results: G@dsorbs preferentially in DDR relative to £&hd
CO, adsorbs the window and cage sites of DDR whilg &t$orbs only in the
cage(10,39). COmolecules saturate window sites at first bothimgle component and
mixture adsorption and G@nolecules per window is not affected by {Holecules,
suggesting the prohibition of the mobility of ¢ diffusion procedure. We will discuss

about the effect of window saturation on the migtaomponent diffusivities at chapter 5.
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Modified IAST method showed more accurate restis tconventional IAST by
considering competitions of two species only in¢hges.

Single component diffusivities with new forcefielslsowed that CO&molecules
diffuse faster than Cjone to two orders of magnitude. However, usuaffysion in
mixtures is expected to occur via what can be thobafreversion to the mean: the
existence of a slowly diffusing species slows danore rapidly diffusing molecules and
vice versa. We will examine mixture diffusivitiesdadiscuss interactions at chapter 5

and conclude with permeability calculation base@dsorption and diffusion.
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CHAPTER 5

PERMEANCE OF CO,/CH, MIXTURESIN DDR ZEOLITES

5.1. MIXTURE DIFFUSION PROPERTIES

In chapter 4, we examined the adsorption propednel single component
diffusivities of CQ and CH in DDR. As we discussed in chapter 2, to exantiee t
selectivities and permeability for mixtures throwmgmembrane, binary diffusivities and
mixture adsorption properties are required. Thelioation of rapidly diffusing C@and
slowly diffusing CH, in DDR superficially makes this material extremattractive for
membrane-based separations, since this differendéfusivities can enhance the
adsorption-based selectivity of DDR for €f@lative to CH. Unfortunately, a general
expectation for mixture diffusion in nanoporous emetls is that the presence of a slower
species will retard the diffusion of a more molsiteecies, and vice versa When this
occurs, any beneficial effects that might be irddrirom the differences in single
component diffusivities tend to be diminished ungiexctical conditions where transport
of an adsorbed mixture occurs. For this reasometbee, measurement of diffusivities in
both species is important for separation sele@@vit

As we discussed above in chapter 4, one impoctaadtenge in measuring
diffusion of CH;in DDR via computer simulation is it is too slowrteeasure using
conventional MD. As a result, the development @ csjic tools to measure binary
diffusivities in the mixture is required. This chiepshows how we used binary KMC to
solve this challenge using two methods: TST-KMC BiatKMC. To measure the self
diffusivities to examine the effect from the otlsgecies during transport, self
diffusivities of CH, were calculated using TST. Using this informatibimary KMC was
used to describe CHiiffusion in adsorbed mixtures. This approacthen extended to

assess interactions of @@d CH molecules in binary diffusion. These methods give
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useful information about DDR, but will also be uddbr future studies of other small

pore zeolites.

5.2. MIXTURE DIFFUSION USING MD AND TST-KMC

All of the results below examine GIKO, mixtures in DDR at room temperature.
For the reasons discussed above, it is not pogsildeectly characterize diffusion of
both species using MD. We therefore used an apbroachich CQ diffusion in an
adsorbed mixture was directly characterized usimywihile CH, diffusion in a mixture
was described using an extension of our TST-ba$¢@ Kpproach that includes rapidly

diffusing CQ molecules. Results from each of these calculatoesliscussed below.

5.2.1SELF DIFFUSIVITIESOF CO, AND CH4IN DDR

Because of the relatively rapid diffusion of £i@® adsorbed mixtures, we used
MD simulations to describe GQelf diffusion in CQ/CH, mixtures. For MD simulations
of this kind, the system was initialized by 2%3@x10 GCMC steps to get an
appropriate distribution of the adsorbed molecuftagwed by 1.5x10canonical MC
moves and 1.5x¥@teps of MD for equilibration. Subsequently, MDalatas collected
for 20 ns with a 1 fs time step. At each loadirgg independent trajectories were used to
measure the self diffusion of GABecause CPadsorbs preferentially relative to ¢
DDR, we only examined adsorbed loadings with,@®le fractions varying from 0.9 to
0.5. At a pressure of 2 (20) bar, for example, l& phase composition that is 10% €0
and 90% CHlis in equilibrium with an adsorbed phase that3s8446 (48.3 %) C@

The CQ self diffusivities observed in these MD simulasaare shown in Fig. 5.1.
The most important observation from these ressithat the diffusion of CQs not
greatly affected by ClHat most physically relevant mixture compositidast loadings
of 10 CQ molecules/unit cell or less, the g@iffusivity is only reduced significantly

when the adsorbed phase is 50%,Ciisituation that requires a gas phase with >90%
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CH,. This is a very unusual result; it is typical netdiffusive transport of gas mixtures to
find that the diffusivity of the more mobile spegis reduced by the presence of a slower
species:**This unusual (and potentially useful) outcome oshecause of the different
adsorption sites and diffusion mechanisms of theedpecies.

To include CQin our TST-based KMC simulation of Gdiffusion, we assumed
that CQ can be treated as being at equilibrium in ouidattnodel because G@iffuses
much more quickly than CHThis assumption was strongly supported by direct
examination of MD trajectories from adsorbed migginWe therefore treated the
population of CQin the 8MR windows using the solid curve showirig. 4.7 for all
adsorbed mixtures. When a €@olecule was present in an 8MR, the hopping @te f
CH, through that window was assumed to be zero. Atyestep in our KMC simulation,
the population of each 8MR window was assignedaoarig

We also assumed that the quantities ob @Qhe windows appearing in the Fig.
4.7 were only dependent on the molecules in thesathis means that the TST-based
calculations we discussed in chapter 4 can be d&teto describe CHopping rates as a
function of the number of CHand CQ molecules in each cage. We applied the
histogram methods defined previously to calculb&hopping rate of CHnolecules
from cage to cagg in terms of the numbers of molecules in each cage,

ki =K (Ney, 5 Nepy, 1 Neo, 11N, ) - Calculations of this kind were performed for G@,

molecules per cage and 0-2 £idolecules, a range that allows us to describe stlalb
possible adsorbed loadings. For each rate calonlati canonical MC moves per
particle were used to equilibrate the system arid®&anonical moves per particle were
used to produce data. The hopping rates foy €&ittulated using this approach are

shown in Fig. 5.2.
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Using our TST-based KMC model, we examined,Gelf diffusion at a range of
mixture loadings. At each loading, the system waslibrated for >1.5x10KMC steps
per particle and data were produced from 5>téps per particle. Figure 5.3 shows the
calculated CHldiffusivities in adsorbed C}HCO, mixtures. The response of ¢t CO,
is quite different from the effect of Gidn CQ because the presence of adsorbed CO
reduces the diffusivity of CH At low loadings, the diffusivity of Cldin mixtures is
reduced to ~40-80% of the values for single compb@#,. Larger decreases are seen at
higher loadings.

It is useful to discuss the diffusion of ¢lh the presence of adsorbed £i@
terms of two competing effects. First, the presenficadsorbed C®tends to block the
8MR windows in DDR and hinders GHiffusion. The diffusivity obtained from a KMC
simulation that included these effects but no o®®s effects is shown in Fig. 5.3(b). As
expected, this effect reduces the diffusivity of /Gl all loadings. The presence of £0
also has an effect on the cage-to-cage hopping fatéCH, molecules. Similar to what is
seen for single component adsorbed,He presence of GOnolecules in cages acts to
reduce the net energy barrier for hopping of,@tblecules. This effect is quantified in
Fig. 5.3(b) by results from a KMC simulation thatluded the effects of GOn our
TST-based rate calculations but did not includedaim blocking effects. It is evident
from this figure that this effect increases thdutilvity of CH,. The overall influence of
CO, on the diffusion of Chloccurs through a combination of these two effdetsding
to the net outcome shown in Fig. 5.3(a).

A useful way to further illustrate the unusual pedpes of molecular diffusion in
DDR is to compare our observations with the resafta correlation that have been
developed to predict mixture properties from singdenponent data. A particularly
successful correlation for the self diffusion of lesular mixtures in zeolites and other

nanopores was introduced by Krishna and Pasthek.
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In the mixture, two diffusion coefficients can defithe correlation effects, the self-

exchange coefficientD! , and binary-exchange coefficieBt] . Once the single-

component self and corrected diffusivities are knpthie self-exchange coefficients are
defined via

1
I 8§
_—t—
DOI (e) DII

corr

D, (6) = (5.1)

Here, § is fractional loading of speciésn binary mixture with specigs D' is the self
diffusivity and D' is the pure component corrected diffusivity of @psi. The binary-

exchange coefficient®),! , reflecting correlation effects between differspecies in a

corr !

mixture, are then estimated using

QLDL, (6) =[clu Dl (A1 N DL g

Here, q. Iis saturation loading for speciesFinally, the binary self diffusivities in the

mixture are predicted using

i 1
D, = 1 7 5 (5.3)
i
DOI D(I)IOI’I’ D(I‘,JOI’I’

This correlation has given relatively good prediot in a variety of nanoporous
materials, including the silica zeolites ITQ-7, FAAFI and MFI?°®carbon nanotubés
and CuBTCY Using an earlier forcefield for GOand CH in DDR, Krishnaet al.
showed this correlation did not accurately capttire mixture diffusivities seen in
mixture MD simulations in DDR'*? Because our new forcefield predicts molecular
diffusion coefficients that are considerably slowtban those from the earlier MD
calculations (in accord with experimental obseomtias discussed above), it is useful to
revisit the ability of Krishna and Paschek’s caatn for describing C&@CH, mixture

diffusion in DDR.

76



The accuracy of Krishna and Paschek’s correlation describing CHCO;,

mixtures atx., =0.9 in DDR is shown in Fig. 5.4. The ratios of the pected

diffusivities to the measured diffusivities are aimoas a function of total loading. For
both species, the ratio is far from 1, indicatireyidtion of the predicted values from
simulation data. The deviation was particularhg&at higher total loadings for G@nd

at lower total loadings for CH Similar tendencies were observed at all other
compositions we examined (data not shown). In lgfhthe diffusion mechanisms that
exist in DDR, it is not surprising that this coatbn gives inaccurate results, since the

correlation is based on the heuristic idea thaattsorbing molecules are well mixed.
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Figure 5.4: The ratio of the predicted mixture self diffusigs from Krishna and

Paschek’s formulation to the simulation data froun work atx., =0.9 as a function of

total loading. Circles and rectangles denote @@l CH respectively.
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5.3 MIXTURE DIFFUSION USNG BINARY MD-KMC

In the previous section we used different methodsrfeasuring the self diffusion of GO
and CH in DDR. Since MD is not suitable for characterigthe slowly diffusing CH a
transition state theory based approach that riggyalescribes the loading dependent diffusion of
CH, was used. However, to estimate the permeancenarsktectivities of mixtures permeating
through DDR, a description of self diffusion is soifficient. Instead, information on the binary
Fickian diffusion coefficients, or equivalently etimixture’s Onsager coefficients, is requited
To make this possible, we need developed a nevoappito describe simultaneous transport of

the two species in DDR to measure their Onsagdficieats.

5.3.1 DIRECT MEASUREMENT OF k;; USING MD

Binary KMC using a lattice model of molecular dgfan would be a good method to
describe binary mixture diffusion if the hoppingesfor each molecular species can be defined
in an appropriate wayrhe main quantity used to define a model of thiglks the matrix
of transition ratesk;;, defined as the hopping rates from well definetide sites to
neighboring sites as a function of the occupatiomearby sites. When TST is applied,
the transition rates for escape from stdtestatg are taken to be the equilibrium flux
through a dividing surface separating the two stalis approach worked well for GH
diffusion in DDR, as described in the previous ¢bkaBecause the dividing surfaces
associated with hopping of G@ this material are more complex than for Lhbwever,
achieving accurate results using this idea fop @@s more difficult. To avoid this
complication, we took advantage of the observatan CQ diffusion is fast enough to
be observed with MD, and derived values of the imappates for C@directly from MD
trajectories.

Figure 5.5 shows a representative trajectory ef ©6y molecule in DDR during

an MD simulation. The preferred sites for 8@ DDR are window and center of the
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DDR cages. The large circles in Fig. 5.5 indicatiividual cages, and the center of each
cage is represented by a solid symbol. The 8MR awirsdthat connect adjacent cages lie
at the intersection of the large circles in Fid. 5lt is clear from the figure that the
trajectory of the C@molecule can be described as hops between winddweage sites.
Molecules were considered to be within the windde when they were within planes
located 1 A from the plane of the window. The roales in other location are regarded
to present in the cage. The transition r&tesere measured from the number of observed
hopping rates during MD trajectories similar togashown in this figure.

We defined the transition rate for a single moled¢wpping from cage A to one

of the neighboring window ak,, . , wingod Na) WhereNa is the number of total molecules

in the cage A. Similarly, the hopping rate from iadow to cage A is written as

Kuindow o cagd Na» Ng ) » WhereNa andNg are the number of total molecules in the cage A

and cage B, where cage B is the other cage actefsiim the window. The maximum
number of C@ molecule per cage (window) was set to 3 (1) basecesults from our
binary adsorption calculation. To interpret our MBjectories, the effectivid, andNg

were taken to be the instantaneous configuratioenvehhop is observed. To allow for the
possibility of “bounce back” trajectories, hoppwgs recorded only when the molecule
stays in the new site for more than 18 ps. Thiserigal value was chosen after visual
inspection of a number of representative trajeesoriFor MD simulations of this kind, the
system was initialized by 2x304x10 GCMC steps to get an appropriate distribution of
the adsorbed molecules, followed by 1.5%d#honical MC moves and 1.5XKleps of

MD for equilibration. Eachikwas collected from MD for ¢b=1~20 molecules with

Xc02=0.3, 0.5, 0.7, 1 at 298 K.
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Figure5.5: Trajectory of one C@molecule in DDR measured by MD. The x and y axes

show the molecule’s position in DDR in A.

Figure 5.6(a) shows the calculated transition raf&30, froma cage to a
neighboring window as a function of total numbenuflecules in the cagBl. The
transition rate is an increasing functionlNpf We verified that these rates are not sensitive
to the loadings of the other window sites thatregighbors of the same cage. Figure
5.6(b) shows the transition rates of a hop ot @@m a window site to the center of cage
J. These rates are not only a functigrbut also strongly affected By, the number of
particles in the cage which is on the opposite sfdde window into which the CO
molecule is hopping. The transition rates from cageindow sites are larger than those
for hopping from a window to a cage, indicating thte determining steps for GO
diffusion are window to cage hops. This is consisteth the observation that window

sites are energetically more favorable for,@@sorption.
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Figure 5.6: Measured values ¢f; for CO;, in an adsorbed mixture in DDR. (a) Hopping

rates of CQfrom cage to the window and (b) hopping rates ©f €om window to cage.
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5.3.2BINARY KMC MEASUREMENT AND FLUX CALCULATION

The model summarized above defines the local mgp@ites of C@molecules
and CH molecules in a lattice model that includes boffuding species in a consistent
manner. The dynamics of molecules in this adsorbetlre can now be simulated using
KMC. Once a lattice model like this is availableg tmethods required to measure the
Onsager coefficients associated with binary diinser mixture self diffusion are well
developed?

To use KMC calculate the diffusivities of G@nd CH in DDR, CQ is initially
distributed among the window and cages sites baselde GCMC calculation shown in
Fig 4.7 and Chmolecules are randomly distributed among cags.ditemaking a single
KMC step, an adsorbate molecule is selected randfyorh all adsorbate molecules in
the simulation volume and a move direction fronrent site is selected randomly from
the three (two) directions available for a cagenflew) site. Our KMC algorithm
requires knowledge of the fastest transition réiis; was set by inspection to
(ke

=k ..). Hops that move a GOnolecule from a cage site to a window

cage to windowh= 3
site are accepted with probabilkykmax, While hops that move a G@olecule from the
window to a cage site are accepted with probal®2kiyBknay, Wherek;; is the specified
transition rate. The factor of 2/3 in this acceptprobability arises from the different
number of hopping directions of the attempted gps that move a CHmolecule from
a cage to cage site are accepted with probakiliks.x only when the interconnecting

window is vacant. After every attempted hop, tisiencremented bt =1/3Nk

max?
whereN is the total number of guest molecules in the &tian volume. This algorithm

rigorously describes a realization of the dynaroicthe adsorbing molecules with the set
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of individual hopping rates used as input to timewdation. Unlike most previous
implementations on binary KMC for molecular diffasiin zeolites, the hopping rates in
our calculations were directly determined from gonac-scale description of the
diffusing species.

To measure the diffusivity of guest molecules atotss loadings in our lattice
model, the lattice size was varied from 90 to 2168fes and the total number of guest
molecules was varied from 100 to 200, dependintheroverall loading. After molecules
were initially distributed as described above,rgdanumber of KMC steps (typically >
500000 MC steps per particle) were then used tdilecie the system. After
equilibration, a further 500000 MC steps per p&twere performed while collecting
data on the trajectory of each molecule. Each sitiar of this kind corresponds to a
trajectory of length ~1.3x10s. Direct simulation of this system with MD reasrtime
steps of ~1 fs, so each KMC trajectory correspdadssituation that would require more
than 1§ MD steps.

First, we compared the self diffusivities from thieary KMC simulations with
our earlier results. Figure 5.7(a) compares theutated self diffusivities of CO
calculated directly from MD with the outcome of dainary lattice model at a range of
adsorbed compositions and loadings. In this cageMD results should be viewed as
giving the “correct” values of the self diffusivag, since no assumptions had to be
imposed to extract these quantities from the Mz dahe good agreement between the
outcomes from the binary lattice model and the Mibads strong evidence that the
binary lattice model accurately describes,@@¥usion in this adsorbed mixture. It is not
possible to make such an unambiguous comparisahdaelf diffusion of CH since
MD cannot be used to directly calculate this qugnli is interesting, however, to

compare the self diffusivities of GHalculated with our binary KMC method with our
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earlier KMC calculations that assumed &@oved infinitely quickly relative to CH

This comparison is shown in Fig. 5.7(b).
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Figure5.7: Comparison of Dcomputed using the binary lattice model with deten (a)
MD for COand (b) the simplified lattice model for GiHh CO,/CH,4 mixtures over the

entire range of interesting adsorbed compositimsaalsorbed loadings.
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The good agreement between the two KMC calculatiodisates that the assumption
made in our earlier calculations that the movenoéi@H, could be decoupled from the
more rapid movement of GQvas reasonable.

To make it possible to describe the flux of miegipermeating through a
membrane, we used our binary KMC simulations toudate the Onsager coefficients of
a variety of adsorbed mixtures. The technical tketdithis calculation were explained in
chapter 2. 20 independent trajectories were usaddomulate data for each adsorbed
composition and loading of interest. Fig 5.8 shtlwescomputed Onsager coefficients as
a function of loading for 80:20 adsorbed composgidBecause of the adsorption
selectivity of DDR for CQ, this adsorbed composition corresponds to a gasepthat is
approximately equimolar. Here and below, speci€y) tienotes C&O(CHy).

As we observed before in Fig 5.3, £€© more mobile in DDR than CHThis

observation can also be made from Fig. 5.8, where> L, at all loadings. The off-
diagonal Onsager coefficients,,, are even smaller. In a number of our KMC

calculations, the off-diagonal Onsager coefficiemése found to be negative; these
values are indicated by solid symbols in Fig. 5/& suspect that the off-diagonal
Onsager coefficients are positive at all loadingd #hat the observation of negative
values comes from the statistical uncertainty aased with these calculations. In any
event, the off diagonal components are very sneatigared to the diagonal components.
This suggests that we can accurately approximatefthdiagonal Onsager coefficients

as zero. We take this approach below when calagidie binary Fickian diffusivities.
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In the macroscopic model of the permeance we aftplicse the Fickian
diffusivities calculated from the Onsager coeffiteand adsorption isotherms with the
use of equation (2.16) and (2.17). Fig 5.9 showdHibkian diffusivities of CQICH,
mixtures at representative conditions. It is cléat Di;>D,,, showing that the diffusivity
of CO;, is faster than Clin DDR structure. By and B, show only a weak concentration
dependence under the conditions examined in Fg.Cne important observation here is
D, is relatively large, meaning that gradients in,@@ncentration have a strong
influence on transport CHnolecules. By, in contrast, is negligible, meaning that CO2
transport is only weakly influenced by gradientshie CH, concentration. Under the
conditions shown in Fig. 5.9,,;pincreases monotonically with the pore loadingewaer
concentration and sharply increases at a totaligaaf ~9 molecules/uc. At this loading,

almost all of the window sites are occupied by,@@lecules.

5.4 BINARY PERMEANCE PREDICTIONS

In this section we examine the permeance of/CBy mixtures through a defect-
free DDR crystal at room temperature. Three imparactors that affect the flux are the
feed pressure, feed composition, and the transnasmalpressure drop. For simplicity,
we assumed that the permeate is a vacuum andetidés a 50:50 composition. All
calculations were performed using@aimembrane thickness, although this choice only
influences that overall flux, not the selectivitfhe calculated mixture permeances for
50:50 bulk phase C£LCH, mixtures are shown in Fig. 5.10, along with thegks
component flux of C@and CH at the same conditions. One interesting obsenvéigre
is that the C@permeance in the mixture and the single compasyestem are quite
similar, while the CH permeance in the mixture is greatly reduced imtheure

compared to the single component flux. That isntiddure selectivity of this membrane
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is far more favorable than the ideal selectivitlisTis consistent with what we discussed
in the diffusivity calculations: the CAiffusivity is not reduced by the presence of CH

while the CH diffusivity is strongly reduced by the presence€ah.
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Figure5.10: Calculated permeance of 50:50 bulk phase/CB, mixtures at 298 K and

single component fluxes at the same condition. gdreneate pressure is assumed to be a

vacuum and the membrane thickness was taken tprbe 1

Fig 5.11 shows mixture selectivities from our fleedculations as a function of
feed pressure. The predicted membrane selects/it9®-1000 over the entire range of
pressures, indicating that DDR is a highly selectihvembrane material for this gas
separation. Several experimental measurementvailatde from experiments where the
permeate pressure is 1 bar; the observed mixtigetséties from these experiments at
301 K'°, 300 K¢, and 298 K are also shown in Fig. 5.11. The agreement betiveen
predicted and experimental data is very good. Thdigted mixture selectivities are

somewhat higher than the experimental observatBesause practical zeolite

88



membranes always allow some molecular transpastgir non-zeolitic pores, it seems
reasonable to conclude that the observed behav@membrane with a high selectivity
for a defect-free zeolite will typically be lowerénlsome extent by non-zeolitic pores.
The calculations shown in Fig. 5.11 involve faielpborate calculations involving
the mixture diffusion coefficients. It is useful¢ompare these predictions with those
made with less time consuming methods. In particwa examined the simplified
approach introduced recently by Keskin and Shdtlat was motivated by earlier
suggestions by Krishna and coworkers. In this aggitpthe membrane’s mixture

selectivity is approximated by

5=(®/%) D.(G.q) (5.4)
(Y1/Y,) Ds°(A1,9 ;)

where y, is the mole fraction of the componenn the bulk phase ang is the adsorbed

amount of species A central idea in this approximation is that thixture self

diffusivities are measured at binary adsorbed loggli g, defined by the binary

adsorption isotherm. As discussed by Keskin andl Shes approach is designed to be
most applicable (that is, the least approximatedmiine permeate side is a vacuum. The
results of this approach are compared to our met&ldd calculations in Fig. 5.11. The
two calculation methods are not in exact agreenvemth is not surprising given the
approximate nature of Keskin and Sholl’'s methodvé¥heless, this approximate
method clearly captures the overall trends in the mixture selectivities, suggesting that

this approximate approach could be useful in rgmdleening other materials.

89



1000

100

o~ mixture selectivities
~&- mixture selectivities (screening)
103 = ideal selectivities
] e vanden Bergh et a/,300K
A  Himeno et al.,298K
Tomita et al,, 301K
1_
0.1 I1 1|0

P, [bar]

Selectivities

Figure5.11: Mixture selectivities of 50:50 bulk phase @OH,; mixtures at 298K from
Onsager coefficient, estimated membrane sele@sviising Eq. (5.4) and ideal
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5.5 CONCLUSIONS

In chapter 5, we have examined the diffusion prisgeeof DDR membranes for
separation of C&)CH, and more importantly, calculated the permeabditg selectivity
of these membranes over a wide range of feed preesSimce MD is not a suitable
method for characterizing slowly diffusing GHholecules, we introduced a binary KMC
method to measure diffusivities. To describe thagition rates used for KMC, a
transition state theory-based approach was usexktmine the loading dependent
diffusion of CH4 in the mixture and MD-based apmtoavas used for CO

It is well known that C@Qadsorbs preferentially in DDR relative to £Hhe
typical expectation in nanoporous materials is thatmore strongly adsorbing species
will diffuse more slowly than more weakly adsorbsecies. Moreover, diffusion in
mixtures is expected to occur via what can be thobafreversion to the mean; the
existence of a slowly diffusing species slows danare rapidly diffusing molecules and
vice versa. These expectations mean that, in gememanoporous membrane will have
lower selectivity than when the same material edus an adsorption-based separation,
and the selectivity of a membrane for a permeatindure will be less pronounced than
the selectivity that would be predicted from singtenponent experiments. The key
macroscopic observation from our calculations eséhexpectations are incorrect for
CO,/CH, diffusion in DDR. As was already known from expeents, single component
CO, diffuses much more rapidly than ¢Hit dilute loadings. Our detailed calculations
predict that in adsorbed mixtures of £€&hd CH, the rapidly diffusing CQis only
slightly affected by th@resence of Cl{ while the slowly diffusing CHlis strongly

retarded by the presence of £@his situation is very unusual, and it occursause the
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two molecules prefer different kinds of adsorptsites inside DDR. C©&molecules
prefer to sit in the 8MR windows that separate DE&dges, but these same windows are
the transition states for hopping of Ciolecules from cage to cage.

CO,/CH, selectivities of the equimolar mixtures are higtamn 100 at the entire
range of feed pressure, indicating that membraragterfrom DDR can be expected to
have a significantly higher performance for sepamatThis selectivity prediction is
consistent with the experimentally measured sefiiets in the literature, confirming the
estimation of the unique transport properties infDDembrane.

The main factor to achieve high separation selgigtsvin DDR is its
characteristic structures differing diffusivitiebtero species. It seems likely that this
situation is not unique to DDR, so our methods &hmake it possible to search for
other small pore zeolites with similarly attractimeperties. In chapter 6, we will
examine other small pore zeolites with the forddfeand tools we have developed for

DDR.
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CHAPTER 6

SMALL PORE ZEOLITESWITH DIFFERENT TOPOLOGIES

As we discussed in the previous chapters, DDRysoal candidate as a
separation membrane for @QOH, separations. The most important factor for aciigvi
high selectivities for this separation is the nar&MVIR windows that control molecular
diffusion in DDR. According to this, we can exp#tat other small pore zeolites may
have high separation ability for GI@H, separation. In this chapter, we will examine the

separation ability of 10 small pore silica zeolites

6.1 SMALL PORE ZEOLITESFOR CO,/CH4 SEPARATION

The silica zeolite DDR is a strong candidate f@»CH, separation because of
the narrow 8MR window that control molecular tramgpnside the material’'s pores.
Therefore, other zeolite structures with 8MR arpested to share this desirable property.
In this chapter we consider 10 pure silica zeoliwgh small windows for CgICH,
separation. These materials are listed in TableThé structures of zeolites were defined
using the atomic coordinates measured experimgritdll Among these materials, DDR,
CHA, LTA and IHW have large cages that are intermated with 8SMR windows. STT
also has large cages interconnected with 7MR and @ihdows. ITE, ITWMTF, SAS
and RTE have 1D channel with 8MR. RWR has two iedejent channels without
interconnection.

When CQ and CH diffuse in the DDR, we observed that the diffuses of CQ
are only weakly affected by the presence of,Gthile the slowly diffusing molecule
CH, is retarded by the COleading very high separation selectivity. We @pate that
similar phenomena may occur in the other small gpeddites, especially for cage type

structures such as CHA, LTA, IHW and STT.
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The aim of this chapter is to find good candidétesCO,/CH, separation from
the 10 structures in Table 6.1 based on an exalmmat molecular transport properties
in these zeolites. We first screen candidates basedmodel for membrane selectivity in
more detail. Subsequently, transport propertiesegéral selected candidates are
examined in more detail to verify their separasefectivities at relevant conditions.
Finally, we calculate the separation selectiviGéselected materials and compare these
properties to the performance of DDR. For all & #tomistic simulations in these small

pore zeolites, we will use forcefield parameter€6% and CH derived for DDR in

chapter 4.

Structure 8MR size [A] Chemical formula Channels
DDR! 3.6x4.4 Si1200240 2D
LTA? 4.1x4.1 Siig20384 3D
CHA?® 3.8x3.8 Si; 054 3D
IHW* 3.5x4.3 Si10204 2D
ITE® 3.8x4.3, 2.%5.8 SigsO108 1D
ITW® 3.9x4.2, 2.45.4 Sip4Oug 1D
MTF’ 3.6x3.9 Sis4Oss 1D
RWR? 2.8x5.0 SizOg4 2D
SAS 4.2x4.2 Si;¢0s2 1D
STTY 3.7x5.3, 2.43.7 SisO128 2D
RTE" 3.7x4.4 Siz4Oss 1D

Table6.1: List of pure silica zeolites with 8MR pores Matdsidenoted * have

channels that are interconnected forming cages.
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6.2 DETAILSOF SCREENING CRITERIA

Calculating CQ'CH, separation using detailed atomistic calculatiarttie entire
small pore zeolites requires a good deal of effsstdiscussed in the previous chapters
for DDR. Therefore, rapid screening using a minimwmber of calculations is
extremely useful to find interesting materials @éntly. To approach this task, we
estimated membrane selectivities using binary gudieor and diffusivity calculations at
relevant conditions with methods described by Keskid Sholl’'s method for screening

MOFs' In this method, the adsorption selectivitiesaateulated from

_(9/q,) (6.1)
(Y./Y,)

a

where Yy, is the mole fraction of the component the bulk phase anq is the adsorbed

amount ofi species. Secondly, the self diffusivities of tds@bed molecules are
calculated at relevant adsorbed loadiggsind the diffusion selectivities are defined as
g, =2 (%.%) 6.2)
D,"(a,.a.)
where self diffusivities of the mixtures are measuusing MD at adsorbed loadingysq,
for given condition. For the structures like DDRIEW, CH, diffusivities are slower
than 1Pcn/sec, which is not measurable using MD. For thésetsires, we assumed
DM = 108 cné/sec, which gives a lower bound op8hen CH is taken to be species 2.
The membrane’s mixture selectivity at a specifieeldf pressure and composition is then

estimated using

_ _(a/9,) D.J(q,9,)
S=S = 6.3
5 (%,!Y,) D(9,,9,) (©:3)

In principle, the feed pressure, transmembranespresirop and compositions are all

important factors to decide selectivities for tle@aration. For simplicity, we assumed a
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50:50 bulk phase on the feed side of a membran@aaduum on the permeate side.
Binary adsorption selectivities were calculate@-845 bar as shown in Fig. 6.1.
RWR and MTF have very high adsorption selectiviteggresenting the dominance of
CO, molecules. This is due to the narrow, one dimeradiohannel exclude the GH
adsorption even in the single component adsorpsionye can consider these materials
are good candidates for all compositions due tw thgh selectivities at adsorption. Fig
6.2 shows the amount of G@dsorbed in these two materials is smaller tharother
zeolites. SAS also shows high adsorption selegtiViherefore, we can suggest that MTF,
RWR and SAS can be good candidates as separatimbraees based on adsorption
data alone. For CHA and ITE, the adsorption selgis are higher than the remaining
structures, but still there is considerable amadif@H, present during binary adsorption.

Therefore, we need to consider diffusion seledtisifor these materials.

a & . B
= —o—RWR
2 —8— MTF
3 —+—SAS
o —%x—ITE
” =4—CHA
% —>—LTA
2 " #u— DDR
= p————— AT 20— HW
? e =g v—ITW
© —o—STT
<E(€ —<—RTE
n
T T T T T
20 30 40

f [bar]

Fig 6.1: Room temperaturBinary adsorption selectivities of G@nd CH in 11 small

pore zeolites at 0~45 bar with 50:50 bulk compos&i
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Fig 6.2: CO, adsorption amount in SAS, CHA, ITE, RWR and MTRa#5 bar with
50:50 bulk compositions.

Diffusion selectivities based on the self diffusas at the given feed pressure are
shown at Fig 6.3 for materials except MTF, RWR &#A®&. The self diffusivities are
calculated at the specific adsorbed loadings of &t CH at given feed pressure. The
self diffusivities of CH in DDR were calculated from TST-KMC. The ¢Hiffusivities
of IHW at entire range of the pressure and the &t CH diffusivities of ITE at P<15
bar were assumed to be®’/sec as discussed above. The diffusivities in thero
structures were calculated using MD at relevanbdm=i loadings. As can be observed,
the diffusion selectivities of IHW, DDR and CHA dreggh compared to other structures.
The structures of IHW and CHA are very similar tD®in that they have large cages
interconnected with small 8MR windows. In DDR, cagee interconnected with three
windows in 2D, while the cage of the CHA has sixi@ows and the cage of IHW has

four windows.
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Fig 6.3: Binary diffusion selectivities of C£and CH in 11 small pore zeolites at 0~45

bar with 50:50 bulk compositions.
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Fig 6.4: Estimated membrane selectivities using Eq. (6.8)-d6 bar with 50:50 bulk
feed. For DDR, selectivities calculated from figkidiffusivities are also shown for

comparison (filled squares).
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The membrane selectivities estimated from equd8d3) for 8 small pore
zeolites are shown in Fig 6.4. The selectivitie€6/CH, from chapter 5 for DDR,
shown as filled squares, can be compared withdleetvities using Eg. (6.3), shown as
open squares. The approximate results based a6 Bjjare in good agreement with the
more detailed calculations, supporting the uséisfapproximate approach as a
screening tool. The predicted selectivities of IlWd CHA are comparable with those of
DDR. Therefore, from screening procedure, we carticole that MTF, RWR, SAS,
IHW and CHA may be good candidates as separationbranes. Below, we examine

these materials in more detail.

6.3 TRANSPORT PROPERTIESOF SELECTIVE MATERIALS

6.3.1. TRANSPORT PROPERTIES OF SAS

As shown before, SAS has very high adsorptiorcsiglges for 50:50 bulk
compositions, allowing very few CHnolecules in the adsorbed mixture. To examine if
this material is selective when for other bulk casiions, the adsorption selectivities for
a range of compositions were calculated. As seé&ngi6.5, selectivities are higher than
100 for all bulk phase compositions, indicatingtt6&, is strongly selected in adsorption
in SAS.

In a membrane-based separation, permeation gfi<C&dso an important factor.
Therefore, even though SAS gives high selectivitiemdsorption, the diffusivities of
CO; in the presence of GHhould be examined. Figure 6.6 shows that the self
diffusivities of CQ in the mixture is not significantly decreased bg presence of CH
while giving self diffusivities of a 16~10° cnf/sec. We also verified that the single file
diffusion does not occur in this structtit& These results strongly suggest that SAS is a

good candidate membrane material for B, separations.
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Fig 6.5: Room temperaturkinary adsorption selectivities of GIGH, in SAS
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6.3.2. TRANSPORT PROPERTIES OF CHA

The CHA has large cages which are interconnectddsi 8MR windows
(window size 0.380.38 nm) in 3 dimensiofisThe shapes of the cage and its six
windows are shown in Fig. 6.7. The cages are apmaiely spheroid shapes with the
polar axis diameter of 0.11 nm and equatorial diamef 0.8 nm. The calculated free
energy profile between CHand cage sites show that transition states ex&WViR
windows for CH as it did in DDR. Although it has a similar struit to DDR, the
slightly larger size 8MR windows in CHA might nause as much difference in
diffusion rates of C®and CH as in DDR. To examine the selectivities at akvaht
conditions, the adsorption and diffusion propertiese calculated for various

compositions and pressures.

q*
1m g .
|
P ]
o -2
o
= .
=R
> [ ]
2> g n
Q - [ ]
u:J 41 n ]
o | |
o " .
L 5 L]
n | |
ng”
6 .
0 1 2 3 4 5
window Reaction coordinate [A]  center of the cage

Figure6.7: (left) View of cage of CHA and reaction coordinatesCH, molecule (right) The
calculated free energy profile of Gkh CHA zeolite at infinite dilution at 298 K adanction of

the reaction coordinate

Binary adsorption selectivities at various composg are shown for a range of
bulk compositions for three practically relevangdigities in Fig. 6.8. The adsorption

selectivities range over 3 to 12, showing highéedwities than in DDR (Fig. 4.5) for
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CO, rich bulk phase. We also examined the adsorbediantd CQ and CH in the cage

and window sites separately to examine the segoggat the molecules at specific sites.

Adsorption selectivity

144 —o—f=2 par
—o— f=10 bar
129 —a—f=20 bar /
10 5 5
- /O/
81 o}
| A/j/
%1 O/ m|
- D/
.
4 - o
O
2 -
O T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0
XCOA

Fig 6.8: Binary adsorption selectivities of G&CH, in CHA

Figure 6.9 shows the self diffusivities of €for adsorbed binary mixture. As

shown, faster molecule G@ slowed down by the CHn CHA. For loadings of 10 CO

molecules/unit cell, the CQiliffusivity is reduced to <50% at adsorbed £0Omposition

is 0.9 when compared to the single component difiisss. This decrease rate is larger

than in DDR but still smaller than the interactiwagppening in other large pore zeolites.

As shown in Fig. 6.10, CHliffusivities are accelerated by the presence®f, @hich is

usual situation for the diffusion of the mixturadike in DDR. This is because it is

difficult to block all of the six window sites pene cage in CHA, so GOn the cage

sites accelerated CH4 diffusion without blocking gathways. Therefore, as a result, the

selectivities of the diffusivities are expectedlexrease significantly in the mixture than

we expect from the single component data.
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6.3.3. TRANSPORT PROPERTIES OF IHW

The structure of the all silica form of IHW (IT@Bwas defined using atomic
coordinates measured experimentally by C&ntif\W has a similar structure to DDR.
One unit cell consists of large cages, leadingrwagerial with relatively large micropore
volume (0.17crifg), interconnected with four 8MR oxygen windowsr{dow size
0.3%0.43 nm) which are smaller than the window sizBDR (window size 0.360.44
nm). The cages are interconnected in the xz plan®ur interconnecting windows
while the cages are interconnected with three wirgdio the xy plane in DDR. The cages
are approximately spheroid shapes with the poler @ameter of 0.4 nm and equatorial
diameter of 0.12 nnmCherefore, we could expect similar transport properexist in
IHW, which is favorable for C&CH, separation.

Recent publications about IHW have started to igleodata on gas adsorption.
Palominoet al. experimentally measured the adsorption of progamepropene. The
adsorption isotherm of ethane, propane and nitregemninvestigated by Liet al.*® and
Rahmatiet al.'”. To the best of our knowledge, there is not a regbstudy of C@CH,
separation by IHW to date. In this section, we @&MC, MD and KMC simulations to
study the C@CH, single component and mixture adsorption and ddfust relevant
conditions to calculate membrane selectivitied .

Figure 6.11 shows the calculated binary adsorgeeactivities over a range of
bulk compositions at three representative fugagifldne adsorption selectivities for €O
in IHW are 1.5~3.5, which are lower than those DFDat low %o As we did for DDR,
the adsorption associated with windows and cagsscadaulated to examine the
segregation of C&CH,4. When the center of the mass of the adsorbed melecs
located within 3.5 A of the center of the windowey are defined as window sites and all
other molecules are considered to be in the cagard-6.12 shows the adsorbed
molecules in equilibrium with equimolar GI@H,4 bulk mixtures at these sites. €H

molecules only adsorb in the cage sites, @@sorbs in both sites but window sites aer
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preferred. Figure 6.13 represents the,@®lecules per window as a function of total
adsorbed amount of G@n both single component and binary mixtures. A&solserved
in DDR, CQ adsorption in the window is almost independertHf, loading, showing
the competition between G@nd CH molecules exist only in the cage. The binary
adsorption shows that similar tendencies occuHW land DDR: CQ prefers window
and cage sites while Ghdnly occupies cage sites. One difference betwied&v &nd

DDR is that IHW has larger cages, causing less i@@he window sites. This might be
important in CQ/CH, diffusion since the presence of €@ window sites is related with

the blocking of CH moves between cages.
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Figure6.11: Room temperature binary adsorption selectivitieS§©,/CH, in IHW
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As we discussed before in section 6.2, the dwitysof CH4 in IHW is slower
than the measurable range accessible with MD. Térereve computed self diffusivities
of CO,using MD and CHusing TST-KMC as we did for DDR in chapter 5. D
simulations to measure G@iffusion, the system was initialized by 1.5%&@nonical
MC moves and 1.5x18teps of MD for equilibration. The MD data was séedfor 20
ns with a 1 fs time step. GQelf diffusivities are shown as a function of #usorbed
CO; loadings for single component and mixtures in Big4. For loadings of 7 GO
molecules/unit cell, the CQiiffusivity is reduced to <50% when compared te single
component diffusivities. The presence of ZEduced C@diffusion in IHW more than
in DDR. However, considering GQ@liffusivities are 2~3 orders of magnitude lardeart
CH, diffusivities, this decrease is likely to not leelte problematic for considering IHW

as a membrane.
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Fig 6.14: Self diffusivities of CQ shown as the adsorbed ¢l0adings at single

component and at various compositions ofCKD, mixtures
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To measure the CHliffusivities in IHW, we used the TST-KMC method
described in chapter 5 for GHiffusion in DDR. To identify the transition statee
divided the volume of the cage and carefully deteeah the transition state for GH
molecules. Figure 6.15 shows the cage of IHW apdgtitential energy surface as a
function of a reaction coordinate for a £iolecule at infinite dilute loading. The
dominant local energy minimum lies at the centethefcage and a line connecting the
center of two adjacent cages defines a convengaction coordinate.

The transition rate for CHnolecule as a single component and in adsorbed
mixtures was measured using Canonical Monte Carlibeacribed in chapter 2.
Specifically,k;; (N, Nj) was computed where; nd N is the total number of molecules
in adjacent cagdsandj. For each rate calculation, 2¥i&nonical MC moves per
particle were used to equilibrate the system arid®sanonical moves per particle were
used to produce data. Since we observed the maximuamber of molecules per cage is

<4 in adsorption, transition rates were calculdtedN;=1~3 and N.0~3. As seen in Fig.
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6.16, the CH hopping rates increase when the total number déecntes in cage
increases because of the decrease in energy baimenumber of molecules in the cage
J did not affect the transition states except whers 8.

Using TST-based KMC, we examined £self diffusion at a range of mixture
loadings. At each loading, the system was equiiitaréor >2.0x10 KMC steps per
particle and data were produced from 8xdi@ps per particle. Figure 6.17(a) shows the
self diffusivities of CH as a single component and for adsorbed with tixéunas at
0.1~0.5 xn4 compositions. This choice of adsorbed phase coitpogover a large
range of bulk phase compositions because of IHW&ogption selectivity. When GGs
present, the self diffusivities of GHor the same adsorbed loadings increase compared t
the single component diffusivities. This is diffetérom what we observed from DDR,
where CH diffusivities are reduced by G@nolecules by blocking the windows, the
transition state for CiHdiffusion. We examined the effect from the theaatdled CQ in
the cage and window sites, which are two competiferts for CH diffusion at
Xcn4=0.25. This adsorbed phase compositions corresgorgsproximately equimolar
bulk mixtures. As can be seen from Fig. 6.17(bg,gresence of COn the cage
increased the diffusivities of GHignificantly, while the C®in the window sites does
not reduce the CHliffusivities as much. As we showed above in Bid.3, CQ adsorbs
less into the window in IHW than in DDR. This casi$ee reduction of the window
blocking effect by C@molecules followed by the increase of diffusiotesaof CH by

the presence of the GO
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6.4 CONCLUSIONS

Our aim in this chapter was to examine separatmlity of small pore zeolites
that can be synthesized in pure silica form and §jood candidates for G(@H,
separation. To screen the 10 possible structufieseetly, we initially calculated
selectivities for binary adsorption and the setfugiivities using MD at loadings for
50:50 bulk compositions. Based on this screeninBFMRWR, SAS, CHA and IHW
were identified as potentially giving high seledias for separation. The separation
abilities of SAS, CHA, and IHW at various conditsowere then measured using detailed
calculation.

SAS has very high adsorption selectivities (>8Il bulk compositions with
considerable amount of G@dsorption. The computed self diffusivities of J®this
material are 18~10" cn/sec. Therefore, SAS is a good candidate as a naeratior
CO,/CH, separation. The narrow, one dimensional poree@MA'F and RWR structures
excluded the Clladsorption, resulting very high selectivities iatire compositions.
Although the adsorbed amount of €@ smaller than in SAS structure, they could be
considered as good candidates.

Adsorption isotherms and diffusivities for a lamgege of compositions in CHA
and IHW were examined using detailed calculatiolth@dugh the structures of the CHA
and IHW are similar, the detailed calculation resghowed that slight differences in the
structures, especially the 8MR size and the cagge saused large differences in the
diffusivities of the mixtures. In CHA, the fasteotacule (CQ) is retarded and the
slower molecule (Clj is accelerated in the mixture as observed inumediffusion in
large pore zeolité&?2 The 8MR window of IHW is even smaller than thaD®R, so
only CG; is favored in the window sites. Thus, £diffusivities are not reduced by the
presence of the CHn IHW. However, the larger cage volume attrabts €Q molecules
into the cage as well as window sites so, betwkeretfect of the C@in the cage and

window, the effect from the cage sites is largantfor DDR. Because the small 8MR
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windows leads to large differences in £&hd CH diffusion rates, still the C£CH,4
selectivity in diffusion might be large enough MW to make this material a good
membrane.

The predicted membrane selectivities for the spaié zeolites we have
considered for feeds with a 50:50 composition amw in Fig.6.18 (a). The selectivities
are calculated from the equation (6.3) using theutation results in the previous section
for CH, diffusion in IHW. For this feed composition, IHWWDR and CHA showed high
selectivities compared to other structures. Moecgjgally, IHW gives the highest
selectivities among these three zeolites while CIDB CHA selectivities are similar.
Several experimental measurements are availabie dsgeriments for SAPO-34,
analogous of the CHA in the literature though d@lé@s largely depend on the supports
of the membrarf@?®. The maximum experimental selectivities for £iltH, separation
are 180 for P-3baf>, 171 P=2baf® while permeate pressure is 0.8 bar for equimolar
mixtures, showing reasonable agreement with oudigted selectivities All three zeolites
have selectivities that are high enough to makmtéecellent candidates as membranes.
In Fig 6.18 (b) and (c) we show the calculateddelities for 10:90 and 90:10 feed
compositions for DDR, IHW and CHA. When the £€dmposition is low in the feed,
DDR shows highest selectivities at most press@e\ shows the highest selectivities

at CQ rich feeds because of its high adsorption seléesvat this condition.
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CHAPTER 7

CONCLUSIONS

In this thesis, we examined the effect of theeptimension of zeolites on the
separation of gas mixtures using atomistic simorathethods. Among the large number
of zeolite structures, zeolites with small pores @nsidered as particularly good
candidates for separation of light gas mixturegam the idea that having pores with a
similar size to the size of the species being sgpdrcould lead to large differences in
diffusion rates, and therefore high selectivitiesthis thesis, we studied two categories
of the zeolites with small pores: pore modifiedcsilite for H,/CH, separation and small
pore silica zeolites for C4ICH, separation.

Although zeolites are widely used, their transpodperties are not entirely
understood. The diffusion properties of adsorbetemues, which are expected to be a
key factor in determining the flux of moleculesatigh small pore zeolites, are very
difficult to measure experimentally. Molecular silation methods can play an important
role in understanding of the physical origins ajthseparation selectivities for zeolites
with specific pore dimensions and consequentlyjrattie identification of additional
materials for related applications.

In the first section of this thesis, the effecpofe modification of silicalite on the
H./CH, separation was examined. We developed methodsnbicrthe chemical vapor
deposition of Si and O atoms near the surfacestdfcalite crystal, and examined the flux
of CHsand H through the resulting materials using the Localidgrium Flux Method.
Under some degrees of surface modification, thg fitid was reduced much more than
the H flux, resulting in high ideal selectivities. Thidgervation indicates that careful
control of surface modifying layers may be a usefiglans of tailoring the performance

of zeolite membranes for t$eparations.
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In the remainder of the thesis, the use of smalle pzeolites for C&CH,
separations was examined. First, we examined #esport properties of these two
species in DDR. Our simulations introduced a newcdbeld for DDR, which is
transferrable to other small pore zeolites, thattfe first time gives results that are
consistent with experimental measurements of siogheponent adsorption and diffusion.
Diffusivities obtained from previous simulationsegtly overestimated the transport rates
of CH,, and to a lesser extent, @CBince CH diffuses extremely slowly in DDR, we
developed a Binary Kinetic Monte Carlo scheme toueately describe the diffusion
transport of CQCH,4 mixtures. The most important observation from calculations is
that the characteristics of GIGH, diffusion in DDR are very different from the usual
situation in nanoporous materials, where the psesf a slowly diffusing species
retards transport of a more rapidly diffusing speciln DDR, we showed that GO
diffusion rates are only weakly affected by thesprece of Cl even though the latter
molecules diffuse very slowly. Consequently, theref the permeance of GQn the
equimolar mixtures is similar to the permeancegore CQ, while the CH permeance
in the mixture is greatly reduced relatively to there component permeance. The
calculated CQCH,separation selectivities are higher than 100 farde range of feed
pressure, indicating excellent separation capasliof DDR based membranes. The
physical origins of this unusual behavior are exyd by different adsorption sites for
CO, and CH and diffusion mechanism for each species. Goodeagent between our
predictions and experimentally measured seleawifrom the literature confirmed that
our description of the transport properties of moles in DDR is reasonable.

Inspired by the fact that the small pores of DBRhie main factor that makes it

possible to to achieve high separation selectwitiéh this zeolite, we also examined the
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separation capabilities of 10 additional pure aibmall pore zeolites for G(TH,
separations. To model these small pore zeolitegsgd the forcefields derived from our
initial work on DDR. By adapting screening methdlast have been developed for other
crystalline nanoporous materials, we identifiecuenber of interesting materials which
are predicted to have high separation selectivitéesed on calculations for equimolar
bulk mixtures. Based on this screening methodsiliea zeolites SAS, MTF, RWR,

CHA and IHW were identified as potentially givinggh selectivities for CQICH,4
separations. The separation abilities of these nadgeat various conditions were then
described using more detailed calculations usieg3@MC, MD and TST-KMC
methods we developed for DDR. From these considasgtwe predict that SAS, MTF
and RWR will exhibit high separation selectivitigscause of their very high adsorption
selectivities for C@Qover CH,. CHA and IHW, which have similar pore structures t
DDR, showed comparable separation selectivitid3D&. That is, these zeolites are
predicted to have moderate adsorption selectivityalbhigh overall selectivity when used
as membranes because of large differences in tlusidn rates of C@and CH. These
calculations are a useful example of using atonyiadtailed molecular simulations to
focus experimental efforts on materials that hastemtial value for chemical separations

with large-scale applications.
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