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Abstract

Clean, sustainable and cost-efficient fuel alternatives are expected to
replace conventional fossil fuel combustion systems as environmental
and economic pressures rise. Alternative fuel candidates include
synthetic gas, purified natural gas and hydrogen gas. The realization of
an alternative fuel-based economy hinges on the efficient separation and
storage of gases, for applications such as pollutant capture, synthetic
fuel production, fuel purification and fuel storage. Membranes and
adsorbents are materials characterized by an internal network of
angstrom and nano-sized pores which are designed to separate and store
gases, respectively. This thesis is concerned with the development of
simple mathematical models to explain and predict gas transport and
adsorption properties within advanced materials. Such models will guide
the tailoring of porosity to optimize the desired properties. This thesis

makes contributions to the following three areas:

e Gas separation Firstly, a new model that determines the transport
properties of a gas within individual pores is presented. The model
considers the interactions of the gas with the surface of the pore to
characterize the various transport regimes within pores of different
size, shape and composition. This is an entirely new approach to
understanding and interpreting the various diffusion regimes known
to occur within gas separation membranes. The new model can be
used to determine the optimal pore characteristics that maximize the
separation of gas mixtures. Secondly, a new empirical relationship
between gas diffusion and the membrane free volume is introduced
which is found to accurately describe known diffusion behaviour for a
range of polymer membranes. This leads to a new method for
determining the amount of free volume necessary to achieve a desired

gas diffusion rate.
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e Gas storage Based upon fundamental thermodynamic principles, a
new model for gas storage within adsorbents is presented. The model
incorporates the interactions between the gas and the internal surface
area of the adsorbent, and proves to be an accurate and fast method
for predicting storage performance within adsorbents of varying
porosities. This novel approach can be used to determine the pore
characteristics necessary to store the maximum amount of gas under

the required operating conditions.

e Physical aging A new physical aging model based on the mechanism
of vacancy diffusion is derived that accurately matches existing aging
data. Using this model and the existing theory the mechanisms of
physical aging are examined, particularly for thin polymer films.
Specifically, the new approach provides new insights into the
physical aging mechanisms responsible for polymer densification and

can be used as a tool to predict the polymer’s performance over time.

Finally, the new mathematical models that are presented here provide
considerable insight into complex physical processes, and will serve to
accelerate the development of alternative energy technologies by

providing simple guidelines for material design.
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Chapter 1

Overview

1.1  Aim of thesis

Currently there is a world-wide crisis rooted in two interrelated issues:

e the financial melt down of the world trading platform heavily based upon
unregulated assets; and

e the realization that our planet earth is suffering from the atmospheric pollution
caused by the overload of emissions from fossil fuel combustion systems.

An important contribution to the present crisis is to provide cost-effective and pollution-

free energy alternatives to sustain the world-wide economy that survives upon energy

consuming industries. There are three main research areas that have the potential to

minimize the cost and pollution arising from energy sources:

e the post-combustion capture of pollutants to prevent current fossil fuel power
plants from further harming the atmosphere;

¢ the formation of cleaner combustion fuel alternatives including synthetic gas (from
gasified coal) and purified natural gas (with carbon dioxide removed); and

e the complete replacement of fossil fuel systems with renewable energy
technologies, such as the hydrogen electro-chemical fuel cell that produces
electricity with pure steam as the exhaust product.

These solutions depend heavily on the ability to both separate and store gases.

Membranes and adsorbents are materials composed of angstrom and nanometre-sized

pores that can be designed to efficiently separate and store gas mixtures. The aim of

this thesis is to provide simple mathematical models and conceptual frameworks that

will guide the design of these materials to achieve maximum performance. The three

specific areas addressed in this thesis are:
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(i) gas separation process using membranes;
(i) gas storage process using adsorbents; and

(iii) physical aging in polymers.

1.1.1 Gas separation

Problem

Gas separation using membranes is an important operation critical to sustain today’s
energy consuming world without further polluting the environment. The basic concept
of membrane-based gas separation is demonstrated in Figure 1.1. The membrane must
be designed in such a way that it allows only the desired gas molecules to pass through
and consequently separates the mixture. Membranes may be created from a variety of
different materials including carbon, silica, polymer, zeolite and composites. Each
material contains a porous network comprising pores of a particular size, shape,
composition and distribution. The optimal membrane structure depends on the proposed
application. In clean fuel technologies some gas separation applications include:

e pollutants from exhaust mixtures;

e carbon dioxide from natural gas;

e carbon monoxide from gasified coal; and

e hydrogen from various mixtures.

Since gas separation occurs as a result of significant differences in the gas transport
properties of each gas, the goal is to understand the gas transport behaviour within a
range of competing membrane materials. Simple models and conceptual frameworks
are needed that describe and predict the transport properties of each gas within the
different porous systems, which can then be used to design membranes that separate

mixtures faster and more efficiently.
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Membranes

gas mixture purified gas

Figure 1.1: Schematic of membrane-based gas separation.

Solution

This thesis provides new mathematical models for the gas transport within the various

porous networks. Two approaches are taken:

® a nano-scale investigation into the behaviour of each gas within individual pores;
and

® a macro-scale investigation into the relationship between gas transport and the bulk

material property, free volume.

Nano-scale investigation

By employing mathematical modelling, using the Lennard-Jones interaction potential
for the gas molecule and the pore wall, the various gas diffusion regimes occurring
within pores of different size, shape and composition are determined. Existing transport
mechanism theory is combined with the new approach to predict the transport of the
gases He, Hy, CO,, Oy, Np, CHy, CO, Ar, C;Hg, n-CsH; and SF¢ through carbon tubes,
carbon slits, silica tubes and silica slits. The minimum pore size for barrier-free

transport (d,;;) and the minimum pore size for Knudsen diffusion (dk) are calculated for
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each gas and a mechanism for the intermediate region (alternative to surface diffusion)
is suggested in which the attractive van der Waals forces cause an accelerated entrance
velocity of the gas at the pore opening. Experimental results for gas transport in carbon
nanotube (CNT), carbon molecular sieving (CMS) and molecular sieving silica (MSS)
membranes are explained well by this model. Another application of the model is
demonstrated in which the porous structure and corresponding transport mechanisms are
determined from experimental flux. Additionally, separation performance (selectivity vs
permeability) is predicted by the model as a function of pore size and temperature. This
approach provides guidelines for tailoring porosity in membranes, such that desired

separations can be achieved.

Macro-scale investigation

Glassy polymer membranes comprise moveable and amorphous porous networks which
make it difficult to study individual gas transport. An alternative approach from the
macro-scale is to relate gas diffusion with bulk material properties. It has been widely
accepted that gas diffusion can be related to the fractional free volume of the polymer
through the Doolittle relation D = A exp( -B / f ), where f is the fractional free volume
and A and B are certain constants. As the free volume increases and the pores become
connected and bi-continuous, the Doolittle relation does not adequately model the
experimental data. By collecting and analysing an extensive database of conventional
and high free volume polymers, an empirically determined relation of the form D = «
exp( S f), where a and S are constants, is shown to fit the experimental and computer
simulation data well. Plausible reasons for the improved fit of this new relation over a
wide range of f are postulated. In practise the new relation is an efficient tool for
predicting transport properties for a wider range of available polymers, based on one

readily obtainable material characteristic, the fractional free volume.

1.1.2  Gas storage

Problem

Gas storage materials are needed for the capture of carbon dioxide from post-
combustion exhaust products and pre-combustion gas purifying stages, in addition to
the storage of bulk natural, synthetic and hydrogen gas for large-scale exporting and for
on-board vehicular transportation. Gas can be liquified at cryogenic temperatures or

compressed at ultra high pressures. Both methods require a great deal of energy and
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engineering. Alternatively, physisorption is a physical mechanism by which gases bind
(or adsorb) onto a surface, forming highly dense and stable layers of gas molecules.
Adsorbents are materials with high surface areas capable of storing large amounts of gas
at close to ambient conditions, and therefore removing the need for freezers and
compressors. Various materials can be used as adsorbents including zeolites, metal-
organic frameworks, graphite, nanotubes, fullerenes and other nanostructures. There is a
need for simple models and conceptual frameworks that describe and predict the
adsorption properties of each gas within the different porous networks, which can then

be used in the design of adsorbents to store large amounts of gas at close to ambient

conditions.
cl Adsorbents L
Q Q
Qgi} DQQ DGQ 2 QDD
Q d? = et At
o S i
Q
Q QO
Q Q
e o ©
Q o Q
o Q
g .'I'!!
Q
< cﬂ‘
Qo Q

090 Q

Figure 1.2: Schematic of gas storage within adsorbents.

Solution

This thesis provides a novel modelling framework, which has been called the
Topologically Integrated Mathematical Thermodynamic Adsorption Model (TIMTAM),
for understanding, describing and predicting gas storage outcomes within high surface
area materials that utilize the physisorption mechanism. The key factors influencing gas
uptake are adsorption potential (heat of adsorption), surface area, pore size (free

volume) and pore shape, and each factor can be tuned to optimize the storage
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performance for a particular application. The model presented here incorporates each
factor and provides a fast and accurate method of predicting storage properties that
consequently guide the material design. Experimental and simulation results in the
literature for gas adsorption in metal-organic frameworks, nanotubes and activated
carbon are used to verify the reliability of the model and excellent agreement is obtained
with the model predictions. Further, the model is used to investigate recently proposed
adsorbents namely, metal-organic frameworks impregnated with metal-decorated

fullerenes and inorganic nanotubes.

1.1.3 Physical aging in polymers

Problem

Currently polymers are the leading membranes in the gas separation industry as well as
excellent barriers for food packaging, coatings for corrosion protection and gas
adsorbents. One of their drawbacks is their change in properties with time due to a
process termed physical aging. Over time the porous network within the polymer
collapses due to A) the migration of free volume elements to the external surface and/or
B) the shrinking of free volume elements, see Figure 1.3. There is a need for simple
models and frameworks that accurately describe and predict the physical aging process

so that performance over time can be predicted and managed.

Figure 1.3: Schematic of physical aging in a polymer by A) disappearance of free

volume elements at the external surfaces and B) shrinking of free volume elements.
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Solution

A new physical aging model is presented which is based on the mechanism of vacancy
diffusion. The advantage of the model is that it provides users with a simple analytical
equation that can readily predict the membrane performance. The model agrees with the
experimental data and is found to be in similar form to an early established constitutive
kinetic equation. Some applications of the model are demonstrated including the
analysis of ultra thin film aging and the prediction of gas transport, storage and delivery

within an aging polymer.

1.2  Thesis structure

This thesis is presented as five parts and eleven chapters where each chapter ends with
its own list of references and symbols. Details of the contents in each chapter are given

below.

PART 1 INTRODUCTION
Chapter 1: Overview
This chapter outlines the aim of the thesis, the main problems to be addressed, and the

solutions to be presented.

PART II GAS SEPARATION

Chapter 2: Introduction to gas separation

In this chapter fundamental gas separation theory is detailed, porous structures within
various membranes are compared and the previous work in gas separation modelling is
reviewed. Finally, an overview of the thesis work is given that focuses on the issue of

how the thesis work extends and builds upon the previous work.

Chapter 3: Gas transport regime within pores

In this chapter a new nano-scale gas transport model is established. First the
methodology is outlined in detail. Second some fundamental results of the model are
presented including the critical pore sizes that distinguish between the various transport
regimes for light gases, hydrocarbons, and sulphurs, within pores of different shape and
composition. Then a method for determining the transport mechanism from
experimental flux according to the framework of the model is provided. The model

results are shown to agree with the experimental data. The model is then used to predict
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separation performance (selectivity versus permeability) as a function of pore size and

temperature, followed by conclusions.

Chapter 4: Free volume and gas transport

In this chapter a new macro-scale gas transport model is established. An extensive
collection of experimental data for permeability, diffusivity, solubility, and free volume
is analyzed and a new empirical relationship is shown to describe all the data. The new
model is related to percolation theory and is used to analyze new classes of polymers in
terms of their free volume and transport properties. Finally, the results are summarized

in the conclusion section.

PART III GAS STORAGE

Chapter 5: Introduction to gas storage

In this chapter various methods for gas storage are compared, the theory of the
physisorption mechanism is outlined in detail and three main modelling techniques are
reviewed: geometry-based calculations, molecular simulations and ab-initio
calculations. Finally an overview of the thesis work is given which is shown to

incorporate parts of the current modelling approaches for gas adsorption.

Chapter 6: Gas adsorption model

Here a new gas adsorption model is established, the methodology is explained, and the
model is shown to accurately describe gas uptake results within carbon nanotubes,
carbon slits and metal-organic frameworks. The versatility of the model is demonstrated
by comparing the model predictions within spherical, cylindrical and slit-shaped pores,

followed by conclusions.

Chapter 7: Impregnated metal-organic frameworks
This chapter is dedicated to using the new adsorption model (presented in Chapter 6) to
predict the gas storage potential of a new class of adsorbents, metal-organic frameworks

impregnated with various nanostructures.

Chapter 8: Nanotubes
Similar to Chapter 7, this chapter presents the model predictions for gas adsorption
within nanotubes composed of various elements. The model predictions are compared

with the targets set by the U.S. Department of Energy and various factors are explored
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which should be considered when creating nanotubes for gas adsorption such as heat of

adsorption, mass and tube size.

PART IV PHYSICAL AGING IN POLYMERS
Chapter 9: Introduction to physical aging
This chapter contains the theory of physical aging and a review of various physical

aging models, followed by a thesis work overview which relates to the previous work.

Chapter 10: Vacancy diffusion model

A new physical aging model is presented in this chapter which is based on the
mechanism of vacancy diffusion. The new model is compared with experimental data
and other aging models. Model predictions are also presented for the gas storage and
release process demonstrating the transport behaviour within an aging polymer. Finally

conclusions are given.

PART V CONCLUSION

Chapter 11: Concluding remarks and future directions

The final chapter summarizes the work presented within the thesis and gives some
concluding comments on the major contributions of this work. Finally, potential future

research directions are presented.
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Chapter 2

Introduction to gas separation

2.1 Previous work

Rather than adopting an Edisonian trial-and-erppr@ach to membrane development,
it is more efficient to have an understanding c¢ geparation phenomena to guide
membrane design. For example, relationships haea bmund between experimental
separation results and pore sizes determined frasitrBn Annihilation Lifetime
Spectroscopy (PALS) [1, 2] and Small Angle X-rayaering (SAXS) [3, 4], which are
used to guide the tailoring of pore sizes to enbageparation performance. Similarly,
methods such as Monte Carlo (MC) simulations [5] Bfolecular Dynamics (MD) [6,
7] improve the understanding of the relationshipsMeen membrane characteristics and
separation properties. In addition to these expamtal inputs, it is beneficial to have
simple models and theories that provide an oveualtlerstanding of separation
performance. In this chapter current models ancepmal frameworks are reviewed
that contribute insight into the gas separatiomphgenon and therefore help guide the

optimization of material design.

2.1.1 Fundamental theory

A guantitative measure of gas transport is the fanpermeation rate) which is defined
as the number of molecules that pass through aane# per unit time. Assuming no
chemical activity, it is believed that moleculauXlis in accordance with Fick’s first
law, in that the fluxJ is proportional to the concentration gradient tlglouthe
membrane i.e. the flux goes from regions of higmcemtration to regions of low
concentration, expressed in the form

D dc

J= —_—,
dx

(2.1)
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whereD is the diffusivity (or diffusion coefficientx(X) is the concentration ands the
position across the membrane. This is the classieas flux equation, which will be
used throughout this work to describe gas transpBst assuming a constant
concentration gradient across the membrane, tkecflo be approximated as

J= Dﬂ, (2.2)

L

where C; (= ¢(0)) andC, (= c¢(L)) are the downstream and upstream concentrations
(corresponding to the pressurps and py), respectively, and. is the membrane

thickness, labelled in Figure 2.1.

Upstream Membrane Downstream
o 0, .. .......................... e I o
° o0

.. e C o °
o o ©

o © o o

o
® o ¢ C, e

[ o

[ P o [ ®
o ® o

Figure 2.1: Gas separation membrane with a const@amtentration gradient across
membrane thickneds

The membrane performance of various materials mnoonly compared by the
thickness-independent material property, permegiiiliwhich is related to the fluXin
the following way

JL C,-C
P= :( 2 1]D. (2.3)
P2~ Pt P2~ P

In the case where the upstream pressure is mueltegrthan the downstream pressure

(p2>>p, andC,>>C,) the permeability can be simplified to give
C
P=—2D. (2.4)
P2
By introducing a solubility coefficiert, that is, the ratio of concentration over pressure

C./pz, the permeability is expressed simply as
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P=SD. (2.5)
This form is useful as it assists the understandintdpis property by representing it as
two components:
* Solubility, S, an equilibrium component describing the amounga$ molecules
within the membrane; and
» Diffusivity, D, a dynamic component describing the mobility & gas molecules
within the membrane.
The separation of a mixture of molecules A and Bharacterised by the selectivity
factor oas = Pa / Pg i.e. the permeability of molecules A over the peaitlity of
molecules B. According to Equation 2.5, it is pbksito make separations by

diffusivity selectivityDa / Dg or solubility selectivitySa / Ss.

2.1.2 Transport (diffusion) mechanisms

Gases are known to diffuse within membranes acegrdio various transport
mechanisms, illustrated in Figure 2.2. In this isecthree mechanisms of transport are
discussed, namely:

* Activation diffusion (size sieving);

» Surface diffusion (also an activation process); and

* Knudsen diffusion.

Quantitative expressions are given for the diffilgihD and solubilityS and their
product, permeabilit{p.

Activation Qo X .
diffusion ° = L) d < e

Surface g 9O GOIN0 OO I Chin < d < di
diffusion QA QI 9

Q
Knudsen @ Q I dk < d
diffusion Q9 o O

Figure 2.2: Dominant transport mechanism withinggauf sized.
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2.1.2.1 Activation diffusion (d < dn )

Diffusivity

Gas molecules attempting to enter pores of diamdéss thard.,, will need to have
sufficient initial kinetic energy to overcome tha&eegy barrier experienced at the
entrance of the pore in order to make a succedgfukive jump, which is indicative of
transport generally known as activation diffusidfith an average kinetic energy &t
the Arrhenius expression represents the probalitiaf a gas molecule will have a
kinetic energy greater than the energy bargr(> 0). In view of this, the activated
diffusion coefficient can be expressed as

-E
Dp =D exp{ RTAJ, (2.6)

where D,. is a pre-exponential coefficient depending on alrerage length of each

diffusive jump, the frequency of the gas moleculeaintering the pore entrance and
the average velocity of each diffusive jump.

Solubility
The gas concentration within the membrane dependbe pore free volume and is
assumed to not significantly depend on temperatuigas-gas interactions, so that the
solubility may be expressed as

SA = SarVs (2.7)
whereSy+ is a proportionality constant.
Per meability

The permeability is dominated by the activatedudifbn coefficientD,, which is an

increasing function of temperature, expressed as

-Ea
Par = Da*SaxVs €X . 2.8
'A = DaxSarVe F{ RTJ (2.8)

2.1.2.2 Surface diffusion @, <d <dx)

Diffusivity
Surface diffusion is the diffusion mechanism whadminates in the pore size region
between activation diffusion and Knudsen diffusi@. Note that surface diffusion

occurs in all pores larger thah, but is only the dominant mechanism within the
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region betweemli, anddx. Surface diffusion is also a form of activatiofffasion; the
energy barrier is the energy required for the mdketo jump from one adsorption site
to another across the surface of the pore. Gitlilahal. [9] established an equation for
the surface diffusion coefficient expressed here as

—al
D, =Dy exp{R—qu, (2.9)

where D, is a pre-exponential coefficient depending onfteguency of vibration of

the adsorbed molecule normal to the surface andisit@nce from one adsorption site to
the next.q (> 0) is the heat of adsorption aads a proportionality constant (Oa< 1)
such thataq is the energy barrier which separates the adjaadsbrption sites. An
important observation is that more strongly adsdrb®lecules are less mobile than

weakly adsorbed molecules [10].

Solubility

In the region of surface diffusion, the gas conitdn has been well described by
Henry’'s Lawc = Kp, with the temperature dependent Henry's Law cokeffit K =
Koexp@/RT), whereKy is a proportionality constant armlis pressure [10, 11]. Since
solubility is the ratio of the equilibrium conceaion over pressure, the solubility is

equivalent to the Henry’s Law coefficient,
Ss =Kg exp{ij , (2.10)
RT

which implies that solubility is a decreasing fuantwith temperature.

Permeability
The product of diffusivity and solubility gives

(1-a)qj
RT )’

Ps = KoDgr €Xx (2.11)

and since 0 «a < 1, the total permeability will decrease with ne@sed temperature
meaning that the increased diffusivity is overrulbg the decrease in surface

concentration [10].
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2.1.2.3 Knudsen diffusion @x <d)

Diffusivity

Knudsen diffusion [12-14] applies to pores betw&8rA and 500 A in size where the
majority of gas molecules travel in the free spa@®uently bumping into the walls and
each other. Herdy is defined as the pore diameter such that Knud#éursion is the
dominant transport mechanism within pores larganttl. The Knudsen diffusivity
coefficient can be expressed in the following form

d
Dy =—V, 2.12
K =3 (2.12)

whered is the pore diametet, is the pore tortuosity andl is the average molecular
speed. This expression shows that the separatioorme depends on the differences in
molecular speeds (or molecular mass). The averagecolar speed/ is calculated
using the Maxwell speed distribution,

__[sRT
V= —, (2.13)
mm

wherem s the molecular mass.

Solubility
The simplest expression for the solubility comesrfithe ideal gas law,
LVt (2.14)
RT

Per meability
Finally, the total permeability for Knudsen trandpis a decreasing function of

temperature and molecular mass and takes the fdn [

R —iv 8
K ™3 "VmRT

(2.15)

2.1.3 Membranes: Porous structures

The available range of membrane materials inclym#gmeric, carbon, silica, zeolite
and composite. Each type of membrane has a ditfeaous structure, as illustrated in
Figure 2.3. Membranes can be thought of as havifiged (immovable) network of

pores in which the gas molecule travels, with tkeeption of polymeric membranes.

Polymeric membranes are composed of an amorphaxisoimpolymer chains
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bound together mostly by van der Waals forces. @hiangement allows polymers to
vary in their flexibility, ranging from very stifpolymers known as “glasses” to very
flexible polymers known as “rubbers”, distinguishbg the mobility of the chains.
Although polymeric membranes have often been bmnde non-porous, in this

modelling framework it is convenient to considegrthas porous. Glassy polymers have

pores that can be considered as “frozen” over dsihods scales, as demonstrated in

Figure 2.4a, while rubbery polymers have dynamiepdhat move, shrink, expand and

Microporous glass

Ve D A A
e -"wa

Carbon nanotubes

disappear, as demonstrated in Figure 2.4b [5].

Silica Zeolite

Carbon layers

Figure 2.3: Porous structure within various typemembranes [12, 15, 16].

a) Glassy polymer

Figure 2.4 ¢ontinued to next page)
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b) Rubbery polymer

Figure 2.4. Computer simulations performed by @Gfiedd and Theodorou [5] for free
volume clusters before and after’ Monte Carlo steps within a) glassy polymer and b)

rubbery polymer.

2.1.4 Transition State Theory (TST)

The diffusion of molecules within porous networksitar to that of microporous silica
and glassy polymers can be modelled within the éwork of Transition State Theory
(TST) [16, 17]. A gas molecule bounces around ie thactant cavity eventually
bouncing towards the transition state by whichréinsports through to the product
cavity and therefore successfully makes a diffugivep, demonstrated in Figure 2.5a.
Within glassy polymers, see Figure 2.5b, the ttaorsistate is a dynamical section that
becomes available through polymer chain motionsthWimicroporous silica, see
Figure 2.5c, the transition state is a permanethvwsy for the transport of the gas
molecule. The transition state theory offers a métto express the rate of diffusi@n
(or diffusivity) within these porous networks iretfollowing way:
D = the probability that the molecule will travelntards a transitiornpg)

X the probability that the molecule will pass tigb the transitionog)

X the velocity of the molecule through the traosit{u)

X the jump length from the reactant cavity to piheduct cavity ).
This formula,D = pg pe u 4, provides some insight into the factors contribgtio the
separation of particular molecules. If the traositistate has the form of a narrow
constriction then the smaller molecules are mdtelyito pass through and therefore

have a higher rate of diffusion than their largeurtterparts. On the other hand, if the
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transition state is wide enough for both moleculesreely pass through then the
velocity at which they travel may be the dominaattér in determining the rate of
diffusion. Further, within glassy polymers the rafediffusion could be dominated by

the rate of polymer chain movements which occadlippaovide a transition pathway

for the molecules.

a) Demonstration of the transition state theory.

product
cavity

reactant
cavity

neck
(transition state)

jump length )

b) Diffusive jump in glassy polymer. Taken from St al. [18].

2ZIS 8|0y

Figure 2.5: Transition State Theory.
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2.1.5 Transport models for ordered pore networks

Membranes with ordered structures such as zeofitagtubes and graphene have great
potential as gas separation membranes. In additionaving thermal and chemical
stability, the porosity of these structures is oedeand therefore there is usually more
control over separation properties. The pores withese structures are such that gas
transport can not be completely explained by than3ition State Theory. This is
because, in nanotubes for example, there is ordyti@msition, from outside of the tube
to inside of the tube and similarly with grapherssdd structures. Two alternative
models are outlined here, which are illustrateigure 2.6, and which are explained in
depth by the work of Gilron and Soffer [19].

2.1.5.1 Parallel transport model

The parallel transport model considers the totak fas the contribution from the
molecules travelling via surface diffusion and fraime molecules travelling via
Knudsen diffusion. This model does not considenditéon stages and is applicable to
straight pores that continue throughout the entiembrane such as nanotube-based

membranes. Gilron and Soffer presented the follguweixpression,
Pot =Ps + Pk, (2.16)
where Ps is the surface diffusion permeability arRk is the Knudsen diffusion

permeability, defined by Equations 2.11 and 2.&5pectively.

2.1.5.2 Resistance in series transport model

The resistance in series model assumes that th@gjasules encounter constrictions at
certain positions throughout the pore which conttw¢ rate of diffusion. For this
scenario the total permeability is inversely redatie the total resistance

I Xt  @-xg)IT
Riot = =L+ e,
Rot Pk Pa

(2.17)

wherex is the fraction of the total pore lendthvith pore sized,, in which Knudsen
diffusion dominates while (¥x) is the fraction of the total pore lendthwith pore size
dp1 in which activation diffusion dominates ands the pore tortuosity, see Figure 2.6b.
Total permeability simplifies to

PaPx
r(xk Pa+ L= xg )P )’

Pot = (2.18)
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where P, is the activation diffusion permeability arRk is the Knudsen diffusion

permeability, defined by Equations 2.8 and 2.15peetively.

‘-
(b) (1-x)q! xql
Figure 2.6: Schematic models for a) parallel tramns@nd b) resistance in series

transport. Taken from Gilron and Soffer [19].

2.1.6 Modelling approaches

There are many material properties that relateeionpability which can be used to

predict and enhance separation performance. Herapproaches are reviewed:

* investigations into the transport mechanisms withifividual pores at the nano-
scale where pore size, shape and composition asedared (Section 2.1.6.1); and

* investigations into the relationship between petvigg and the bulk free volume

at the macro-scale (Section 2.1.6.2).

2.1.6.1 Gas-pore interactions

Particles at the nano-scale are attracted at @iggances and repelled at short distances
due to van der Waals forces. These forces causetdrgctions between particles have
become crucial in understanding molecular motiome @articular case of interest is the
Cso-nanotube oscillator device which has been modétted two approaches: 1) a MD
computer simulation approach and 2) a mathematieatinuum modelling approach.
According to the MD simulations [20, 21] of thisuvilee, the G fullerene positioned at
the opening of the CNT is either repelled away fritw@ tube or sucked inside the tube
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where it begins to oscillate back and forth betwketin openings due to van der Waals
forces. The MD approach is limited to the invedimaof a single case at one time and
is incapable of considering the infinite variatiasfstube size, length and composition.
The mathematical modelling approach for the odoitlalevice treats the tube and
fullerene as continuous surfaces where the intersctbetween them are found by
integrating the van der Waals potentials acros$ sacface [22, 23]. This approach
allows the various tube properties to be studied was found to deliver important
information such as the minimum size of a CNT toeqt a fullerene and the size of a
CNT that provides the maximum suction energy, whiompares well with the MD
simulations [21, 22]. The method has since beew 3 successfully model nanoscale
gigahertz oscillators [23], drug acceptance intoTGNor “golden bullet” drug delivery
[24, 25], water transport through CNT’s [26] antetapplications [27, 28].

The van der Waals interactions between particles raodelled well by the
Lennard-Jones function containing two parametées kinetic diametes (the distance
where the potential energy between the particlezei®) and the well depth (the
greatest potential minimum between the particlesplained in further detail in Section
5.1.2. These parameters were used by Freemand2&tablish a theoretical basis for
the upper-bound relationship (empirically deterrdiney Robeson [30]) between
selectivity and permeability for a range of polysiand gases. The diffusion of a gas is
dependent on its kinetic diameter while its soltypilmainly depends on the
condensability of the gas and consequently on tédepth for gas-gas interactions. It
is noted by Freeman [29] that gas-polymer inteoactiare also an important factor but
the dependence was not determined.

Gas-pore wall interactions have been consideredidatify different pore size
regimes for gas adsorption by Everett and Powl 1 later modified to determine gas
separation scenarios by de Lange et al. [10]. Eigu7 shows the potential energy
within slit-shaped pores. A deep single minimumusscwithin small pores and the
shallower double minimum occurs in larger pore;udated by Everett and Powl. This
potential energy is thought of as the adsorpticergymwhich is enhanced at an optimal
pore size, indicated by the peaks in Figure 2.8cfdindrical and slit-shaped pores.
Everett and Powl used these calculations to fudihelerstand adsorption of noble gases
within microporous carbons. One of the key pointdioed in Everett and Powl's work
is that the separation outcomes may be predictedobyparing the potential energy

curves of particular gases.
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Figure 2.7: Potential energy(z) between two parallel planes (10:4) and two palall
slabs (9:3) at a distance apart dff@r (a)d/ro = 1.60, (b)d/ro = 1.14 and (cif/ro = 1.00,
normalized by the energy minimusy, located at a distance of from a single slab.

Taken from Everett and Powl [31].
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Figure 2.8: Scaled potential energy minima/ ¢ 1 within cylindrical and slit-shaped
pores with varying radiuR and slit size &, respectively, where - is the minimum
potential within the pore and; is the minimum potential with a single flat sudac
Curves that go below the horizontal axis are thedescpotentials within the centre of
the pores(0) / ¢'1 where the potential in the cent@) becomes less than the minimum
potential with a single flat surfaceey, i.e.&(0)/e 1 < 1, within larger pores. Taken from
Everett and Powl [31].
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de Lange, Keizer and Burggraaf [10] lateteaged the work of Everett and Powl
by relating transport mechanisms to potential eneoglculations. Figure 2.9
demonstrates the separation scenarios within aytialdshaped pores. Situation ‘a’ is
where molecule A is accepted within the pore wimlelecule B is rejected by the
repulsive forces experienced. This refers to trugleoular sieving or size-sieving.
Situations ‘b1’ and ‘b2’ are where both molecules accepted within the pore but
molecule A has a much deeper potential than maeBulSince the pore is cylindrical,
molecules may not pass each other and therefomatih@f diffusion is governed by the
slowest component. Situations ‘c1’ and ‘c2’ are vehmolecules may pass each other
and the potential energy becomes weaker havingitgkgence on transport. These
scenarios are combined with an extensive modelititatrporates different stages of

transport through the membrane and existing trahggmations.

|
”
HfaA- 0.9 1.086 1.239 2 3

Figure 2.9: Separation regimes determined by thenpi@al energies within pores of
different sizes. Potential energy(z) for molecule A within cylindrical pores with
radiusR, scaled by the potential minimusn for molecule A with a single free surface
and the Lennard-Jones kinetic diameter paranagteFaken from de Lange et al. [10].
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The extensive model considers the total flux as dbetribution of the flux at
different stages, indicated schematically in Fig2rE0: 1) Adsorption onto surface and
flux from position 8p s t0 B9 at the pore entrance via surface diffusion (f22));
Adsorption directly at the pore entrance at posifig (f1.J); 3) Flux directly to pore
entrance with no adsorption taking place (F1.J)Ed)rance of adsorbed molecules at
position By to positionB; within the pore (F2.J); 5) Micropore diffusion dluigh the
pores (J); 6) Desorption of the molecules from witihe pore to the external surface or
directly to the gas phase; 7) Desorption from tktermal surface to the gas phase.

GAS PHASE

f\ f +f2=F2)
2. fd || P Fi+F2=1

Bo,surt

Figure 2.10: Schematic model of the total flux camgnts through microporous

membranes. Taken from de Lange et al. [10].

2.1.6.2 Free volume within polymers

There is a wide range of polymers available for asenembranes which differ greatly
in their structure, mobility, and packing, all ohwwh influence transport properties. In
glassy polymer membranes, the study of the tramsgoan individual gas molecule
provides insufficient information to form a comm@eanodel for the total flux outcome
throughout the entire membrane. Factors at theorsmale that have a significant effect
on gas transport are free space, pore connectiaitg pore size distribution.
Fundamental equations, molecular simulation proeedwand Positron Annihilation
Lifetime Spectroscopy (PALS) techniques for analgsihe macro-scale properties are

discussed here.
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Free space can be quantified by various methodslitbe [32] originally showed
that the viscosities of liquid normal paraffins agéated to the relative free space of the
liquid. Relative free space was defined/alsvy wherev: is the volume of free-space per
gram of liquid at any temperature angis the volume of 1 gram of liquid extrapolated
to absolute zero without a change of phase. Viscogs then related to relative free

space by this expressiow, = AedevO/vf). The relative free space of the liquids

ranged from 0.2178 to 0.6868 or in other words 18%0% free volume. The relation
applies to simple liquids at high enough tempeestuso that the proportion of free
volume is relatively high.

Williams, Landel and Ferry (WLF) [33] then used adified Doolittle expression
to relate the shift factor (a factor characterising time shifts of various properties at
different temperatures) of amorphous polymers t® #mount of free space. They
assumed that for supercooled systems Doolittlelmign could be modified by noting
thatvs is small andy, is practically equal to the specific volumg ¢ vi ), sovs / vp can
be replaced by the fractional free volume,/ (o + ¢ ) = FFV. For decades this
assumption was valid when applied to glassy polgnvath a typicalv; of 10% (for
example polysulfone PSF, polycarbonate PC, polyphattthacrylate PMMA, and
polyvinylacetate PVACc) [34]. The advent of very hifyee volume glassy polymers [6,
7, 35-39] has meant that now there are supercaysteéms with fractional free volumes
of up to about 35% (for example polytrimethylsilsdpene PTMSP, polymethylpentyne
PMP, and polytetrafluoroethylenebistrifluoromethfficorodioxole AF2400) which
make the WLF assumption invalid. However, replacigative free space with

fractional free volume does not change the basro faf the equation as shown here,

V, +V
Aex;{B ¢ T j = Aexr{Bﬁ + B] = Aede)ex;{Bﬁ] = Alexp( Bﬁ]. (2.19)
Vi Vi Vi Vi

Therefore even though the WLF assumption does praydo newly available high free

volume polymers, the Doolittle relation remains seme, with a different constant
A;1=AexpB). Today the Doolittle relation is most frequentxpressed in terms of
fractional free volume-FV, which isvs / (Vo + v¢) rather then the ratig / vo.

Cohen and Turnbull [40] later provided a theordtegplanation for the Doolittle
equation by considering the transport in a liguidhard spheres where a molecule can
not diffuse unless there is a critical amount adicgpavailable for it to move (usually

equal to its occupied space). Subsequently CohdnTambull combined Doolittle’s
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expression with the Stokes-Einstein relation tcatean expression for the diffusion

coefficientD within liquids and glasses. The result was offtren

- __B
D= Aex;{ FFV] (2.20)

where the constamhA depends on the system’s temperature and the géecutes
volume and shape ar8, while originally labelled as a material constangs later
found to depend on the gas molecule’s kinetic diamd1]. Equation 2.20 will be used
throughout this thesis as the Doolittle relation.

In previous work [42-44] the permeabilities of pwoigrs approximately obey this
Doolittle expression where a linear relationshipliserved when viewed on logarithmic
permeability versus inverse free volume axes, sgar& 2.11. This approximation is
valid for families of polymers but breaks down whmslymers are compared that have

widely varying free volume [7, 45, 46].
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Figure 2.11: @ permeability for glassy polystyrenes (PS) atG$7], polycarbonates
(PC) at 35C [48, 49], polyamides (PA) at 25 [50], polyesters (PE) at 3D [51] and
liquid crystalline polyesters (LCP) at 85[52, 53]. Taken from Yampolskii et al. [44].

An alternative relation has been used in the pgsiia and Xu [54], to fit the
permeability of sixty homopolymers, expressed mfthlowing form
P =aexpbFFV /CED), (2.21)
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wherea and b are parameters found to be related to the squiatbeogas kinetic
diameter, andCED is the cohesive energy density calculated from d8engroup
contribution method [55, 56]. This relation waselafound to be a poor predictor when
tested against a different dataset, carried odthygn et al. [43].

A more complex version of the Doolittle equatiostadlished by Vrentas and Duda
[57], is capable of predicting permeability behawrian polymers, taking into account
that the free volume is dependent on gas concanrirand therefore gas sorption data
is required to make the prediction. Once gas smmptiata is collected an extensive
prediction can be made for gas permeability ated#fit temperature, pressure and
molecular weight [58]. Thran et al. [43] have intvgsted six gases and seventy-one
polymers from the Landolt Bornstein database amshdosignificant deviations to the
log(D) versusFFV * relationship that are not predicted by the themfr\}/rentas and
Duda. Thran et al. [43] suggested that the sulbiatatgviations from linearity are due to
the influence of an additional polymer property; &xample cohesive energy density
and/or glass transition temperature. For a commshe review of models for diffusion
in polymers see Frisch and Stern [59].

The definition of occupied volume, is different throughout the literature. As
stated earlier, Doolittle defined occupied volungethe volume of 1 gram of liquid
extrapolated to absolute zero without a changehafsp. Over time the most popular
definition of occupied volume for polymers has corfnem using Bondi's group
contribution method [55, 56] which is based on peeking densities of molecular
crystals at absolute zero and the van der Waalsnwlof each of the various groups in

the polymer structure,

K
Vg = 1.32 (Vi) - (2.22)
k=1

where K is the total number of groups into which the repeait structure of the
polymer is divided andv{)x is the van der Waals volume of each gr&uphe factor of
1.3 was estimated by Bondi and is assumed to becable to all groups and structures.
Park and Paul [60] modified Bondi’s group contribatmethod by allowing the
occupied volume to vary depending on the gas usegdrmeation and on each group
within the polymer structure. In this way fractibrieee volume becomes more of an

accessible fractional free volume for the particgias being used [5],
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(FFV), = [v—(vo)n]/v, (2.23)
(Vo) = Zynk (Vi) (2.24)
k=1

where EFV), is the fractional free volume accessible for amgasis the total specific
volume andy is an empirical parameter for a gaand grougk. Park and Paul used a
comprehensive database of polymers and theivalues were chosen so that the new

(FFV)n possible fit to the Doolittleslation
P=A" exr(— B/(FFV)n), whereA" is the product oA and a solubility constar®@ As

values had the Dbest

shown in Figure 2.12 the spread of the data isaedlwwhen comparing the modified

fractional free volumeRFV)co, with the conventional fractional free volurREV.
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Figure 2.12: Carbon dioxide permeability versusemse a) fractional free volume and

b) modified fractional free volume. Taken from Parid Paul [60].

The amount of free volume alone does not providrination about the
connectivity and tortuosity of the pores. This prgs a problem when searching for a
model that explains transport data for the widegeaaf polymers using the amount of
free volume as the determining factor. Percolatimory sheds light on this problem by

suggesting that once a certain amount of randortdged free volume elements is

added to a system a percolation threshold will éachhed and there will exist a

connected pathway from one side of the system d¢oother. Since glassy polymers

consist of randomly placed free volume elementseraolation threshold exists and has
been determined by Greenfield and Theodorou [5] aeaputer simulations and
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Hedstrom et al. [3] via molecular dynamics (MD) siations guided by small angle X-
ray scattering (SAXS) experimental results. It segiausible that a relation between
permeability and free volume should have the abitih predict the increase in
permeability due to pores becoming interconneated,connected channels forming a

percolation pathway.

2.2 Thesis work overview

The new models presented in this thesis are bpiiinuthe previous work reviewed
above. First in Chapter 3 a nano-scale approactaken by considering gas-pore
interactions, similar to the works by Cox et al2,[23], Hilder and Hill [61], Everett

and Powl [31], de Lange et al. [10] and Freemar.[38cond in Chapter 4 a macro-
scale approach is taken by considering the bulk frelume, similar to works by

Doolittle [32], Williams et al. [33], Park and Pd@0], Ventras and Duda [57], Jia and
Xu [54], and Thran et al. [43]. More details arerd below.

2.2.1 Nano-scale: Individual pore transport

A key investigation that has not been explorecha grevious work is the development
of a method to determine the pore size regionshithvdifferent transport mechanisms
dominate. This thesis provides a method by compiaimd extending upon the previous
work. Mathematical formulations for the interacsdoetween the gas molecule and the
pore are developed following the work of Cox et [@R, 23] who investigated the
interactions between the fullerene and the nanofiibe formulations are then used to
provide insight into the transport behaviour offegas within differently shaped pores
similar to the work of Everett and Powl [31] whot@&nined adsorption scenarios
within microporous silica and the work of de Larggeal. [10, 62] who investigated the
separation scenarios within ceramics. By combirtimgse results with the existing
transport theory, pore size regions are distingdsin which different transport
mechanisms dominate and quantitative expressianthéopermeability are given. The
main features that the model predicts are minimone [gize for barrier-free transport,
pore size that maximizes the suction force at titeaace, and minimum pore size for
Knudsen-type transport. Experimental results madkeh model predictions well and

provide insight into the separation properties ol [15, 19, 63, 64].
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2.2.2 Macro-scale: Bulk free volume transport

The previous Doolittle-derived free volume baseddais [32, 33, 57] have had great
success in modelling transport properties in polgmeaving free volume within a
certain range. Yet a global model is highly souafier that can describe gas diffusion
in the wide range of polymers currently availablgh fractional free volumes ranging
from 10 to 35 %, and has hither to not been avialdBy using an extensive collection
of data for conventional and high free volume pays[6, 7, 36, 37] a new relation is
proposed of the form

D = aexpBFFV). (2.25)
This is in similar form to the expression from dad Xu [54] and is a reasonable
predictor without the need for calculating the cothe energy density or measuring the
sorption data for each polymer, and is based onlthe structural parameter, fractional
free volume. This new relation fits, much betteartlthe Doolittle relation, this wider
range of polymers and also shows the increasermesbility/diffusivity at the critical
free volume where pores are predicted to becomeomtinuous by the work of
Hedstrom et al. [3]. Equation 2.25 also fits th@exmental diffusion coefficients and
MD simulated accessible volume fractiohvf) data of Hofmann et al. [7] for oxygen
in a range of polymers, which display the percolatinduced increase in the rate of
molecular transport at the critical accessible fvekime predicted by Greenfield and
Theodorou [5].
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J
D
C
C .G

P2, P1

flux or permeation rate

diffusivity

gas concentration

upstream and downstream gas concentration

upstream and downstream pressure
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dmin
dk

Ea

\%i
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Pg

PE

e=(2)
FFV

FFV,

position across membrane

membrane thickness

permeability

solubility

pore size (between surface nuclei)

minimum pore size for barrier-free transport

minimum pore size for dominant Knudsen transport
activation energy

temperature

free volume

heat of adsorption

Henry’'s law coefficientk = Koexp@RT), whereK is a constant
mass of gas molecule

pore tortuosity

average molecular gas speed

probability that the molecule will travel towardgransition
probability that the molecule will pass througle transition
velocity of the molecule through the transition

jump length from the reactant cavity to the produsotity
resistance (£ /P)

pore length

fraction of pore length in which Knudsen domirsate
potential energy between two parallel planes

fractional free volume

gas-specific fractional free volume
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CED

Vo

Vi

cohesive energy density
occupied volume
van der Waals volume

total specific volumew + v)

Part I1: Gas separation



Chapter 3

Gas transport regime within pores

3.1 Introduction

This chapter outlines the mathematical details usedvestigate the kinetics of a gas
molecule entering a pore. Subsequently, the reatdteombined with existing transport
theory to determine new critical pore sizes for tiansition between diffusion

mechanisms and their corresponding equations fomeueility. The results are

compared with experimental data for gas flow ramesarbon nanotube (CNT)-based,
carbon molecular sieve (CMS) and molecular siegifiga (MSS) membranes. Possible
applications of the model are presented and separnatedictions are calculated. As the
ability to tailor the porosity of membranes devalppesults such as these will guide the

material designer.

3.2 Mathematical formulation of gas-pore interacséion

The entrance of a pore can be at the surface ain#mabrane or at a transition region
from a larger section within the membrane. The dtaliffusion is believed to be
controlled at these pore openings where the gasaul@ experiences either an energy
barrier, a suction energy or no energy, resultimg decrease, an increase or no change
in the rate of diffusion, respectively [1, 2]. Tlgaantity and nature of these pore
openings depend on the material, illustrated iruf6g2.3. Here the van der Waals
interactions between the gas and the pore walinbegrated throughout the transition
state at the opening of the pore resulting in tloekvdone by the van der Waals forces.
Assuming that the amount of energy is convertekinietic energy this work done can

be understood in terms of suction energy, in wlaahegative suction energy means a
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repulsive force (or energy barrier) while a postsuction energy means an attractive
force (or acceptance energy) for the gas molecule.

As a molecule approaches a pore opening each atothei gas molecule will
interact with every atom making up the pore watbtlgh van der Waals forces. If the
pore opening is too small then the attractive van\Waals forces will not be strong
enough to suck the molecule inside and so the mldewill need to have a certain
amount of kinetic energy to enter the pore. Theeefoy calculating the total work done
by the forces between the gas molecule and the walea minimum pore size for
barrier-free transpordg,,), and an optimal pore sizé) which provides a maximum
suction energy, and a minimum pore size for Knudsamsport ¢x) can be determined.
By assuming an even distribution of atoms on the pall a hybrid discrete-continuum

formulation [3] is employed, such that the totaknaction potential energy is given by
PE= 1| (a) ds. (3.1)
i

where®(p;) is the potential function for atomof the gas molecule interacting with a
surface elemerdSon the pore wall at a distancegfiway as shown in Figure 3.1, and
n is the mean atomic surface density of the atomisingaup the pore wall. Here the
Lennard-Jones inverse power model is used to reprethe interaction potential

function between two species

o 6 o 12
o 2]27)

wheree is the well depth and is the kinetic diameter. Alternatively, this casabe

written as
®(p) =-Cep° +Cipp ", (3.3)
whereC, = 4e¢". This study is only concerned with the force ie Hxial direction and

therefore the total interaction force, assuminglandrical pore shape with the center of

the molecule at positiod on thez-axis, is given by
N 2T » © _ -
Fg;’f (2) = —ﬂndz J. I a0(a) (2+2 = 2) dz d@, (3.4)
= Jo Jo doi Pi

and assuming a slit-shaped pore, is given by
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N
00 S [0)) . o
F(Z)=~-mnd E J. J. (P1i) (2 +7 ~2) dzdy
=) -wd o doyi Pii

(3.5)

00 © dqoh . o
+J‘ J' (02i) (Z+7z -2) dzdy |,
—0d 0 do2;j P2j

whered is the theoretical pore size which representsdistance between the atom
centers making up the pore wall,is the number of atoms in the discretely modelled
molecule,z is the offset distance of atoinfrom the center of the molecule apg; and
p2; are the distances of atonfrom the two parallel slit surfaces. Note that timal
results of the model will be expressed in termthefexperimental pore diametér(or
effective pore size), defined @& = d - dd, wheredd represents the electron cloud
thickness, as shown in Figure 3.1. The generaintiein of “pore diameter” is not
agreed upon and usually depends on the charadienzaethod used (for example
PALS, SAXS or Neutron reflectometry etc.). In teisidydd is set as3.32 A for both
carbon and silica systems which is the constant usePALS analysis originally
derived from fitting a quantum mechanics expressmmbserved lifetimes of porous
materials with known mean pore diameters [4, 5|h# material under consideration is
an ordered structure with known atom positions ttientheoretical pore diameter can
be used for predictions, avoiding the potentiabein éd representing the difference
between the experimentally determined pore diam@tbatever that may be) and the
theoretical pore diameter (distance from atom ashté&n example of the force profile
about the entrance of a cylindrical pore is showRigure 3.2.

By using previous results from Cox et al. [6] andder and Hill [3] analytical
expressions can be determined for the total intieraéorce for every gas considered in
this work. The centers of mass of all the atomthéngas molecules He,HCO,, O,, N2
and CO are assumed to be situated oreddves for convenience. The total interaction
force for these molecules around the entrance ofliadrical shaped pore takes the
form

Cei Croi

tot (> — Y , - : :
Foyl (2) ;ndn ((d/2)2+(z+2i)2)3 ((d/2)2+(z+zi)2)6 (3.6)

Similarly, the total interaction force around th&rance of a slit-shaped pore takes the

following form
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o C.i
stmt(z) Z [(( 5 ° 2)5/2]

d/2)°+(Z+z)
(3.7)

2 C1o;
32| (@22 +@+2z)?]"? )]

where Cg; and Cyy; are the attractive and repulsive Lennard-Jonesanpeters,
respectively between an atoinof a particular gas molecule and the pore walle Th
parameter values for each individual atom are tdkem the Universal Force Field
(UFF) values [7] summarized in Table 3.1, where heammbination can be
approximated by using the Lorentz-Berthelot mixintps. These parameter values have
been widely used by the molecular simulation comitguio successfully model
adsorption and diffusion in porous systems [8-Nijte that the parameter values can
be chosen for any pore wall composition, and hieeevilues for carbon and silica are
used, corresponding to CNT-based, CMS and MSS naamabr

The atoms in methane do not align alongzfais as with the other gas molecules
and therefore a different total interaction forogression is used for methane (§H

entering a cylindrical pore, thus

tot(Z) annlz_p(gl/zll 02/01) (;l—lz' (61/2l1 azlal)}, (3.8

where a2 =(d/2+1)2+(Z+z)?, a2=(d/2-1)%>+(Z+z)?, F(a b, c X
denotes the usual hypergeometric function [11] sl the offset position of atomin

the radial direction, as shown in Figure 3.1. Adaogly the total interaction force for a

methane molecule entering a slit-shaped pore sngas

Fi(2) = Z = P

= ((Z+zi) +((d/2)+x,)

21 Ciaj Ce;
B2z a2+ (@202 (2enye@d-x)2 )7 (39)

_a Co;
2((z+2)2+(@r2)-x)2f

vz |’
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wherez andy; are the offset distances from center of molecig,f) = (0,02)) in thez
and x direction, respectively, as shown in Figure 3.hc8& there are any number of

possible orientations that a methane molecule cdare pore an average of four

distinct orientations is given.

Since the model does not consider gas-gas intenactthe results become less
meaningful when the pore size is much larger tHsn mean free path of the gas

molecules.

a) AX
Ly
\ o
pi A
' d/2 |d/2
[ >
Z+7 z
/ o

b) N
v
7
> A
QYG}/ ! d/2  |d/2
=1 >
O/VZ*Zi y g
|y

Figure 3.1: Geometry of molecule entering a) angyical pore channel and b) a slit-
shaped pore channel. Experimental pore diametisrequivalent to the theoretical pore

diameterd minus the electron cloud thicknegsof the wall atoms, i.ed” =d - Jd.
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Figure 3.2: Force profile for an oxygen moleculewbthe entranceZ(= 0) of a
cylindrical pore with diametat = 3.47 (solid), 3.66 (dashed) and 3.40 (dotted) A.

The minimum pore size for barrier-free transpayt, is found by integrating the
attractive and repulsive forces at the pore opeing thus obtaining the acceptance
energy

[ o 4z
Wa=| F7(2) dz, (3.10)

where the interaction forcE(2) is attractive betweens- and Z, and repulsive
between Z, andZ,. Note thatZ, (> 0) is a distance which depends upon the gasrund
consideration. This represents the work done byvHre der Waals forces which are
imparted onto the molecule in the form of kineticemyy. This acceptance energy
calculation enables us to fird, which indicates the critical pore size distingungh
barrier transport from barrier-free transport, fduoy solving the conditiokV, = 0

The total suction energy\) is obtained by integrating over the molecule’sren
travelling distancecs to «, which is numerically equivalent to approximately) A to
10 A since the interactions become significantiakw&eyond 10 A from the tube and
axially neutral beyond 10 A within the tube,

W=j_°° F%Zz) dz . (3.11)
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This expression is solved numerically when treatimg gas molecule discretely as an
orientation of individual atoms. Alternatively, & molecule is treated as one spherical
entity with an interaction point at its center théme total suction can be expressed
analytically for cylindrical pores as [6]

- 127°n Com T2 |
Y d +ad)? (d" +ad)°

(3.12)

and for slit-shaped pores as

4 10
1 20 1 20
Wy, =8meo?| =| -2 | -=| - )
glit m Z(d* +5d] S(d* +5dJ (313)

Equations 3.12 and 3.13 will be the most useful #guos for readers to use for their
own research and therefore are expressed usingx{ferimental pore sizé, as this
dimension is more available than the theoreticaé ®ize. Equation 3.12 is identical to
the adsorption potential energy function at theteeonf a cylindrical pore used by
Everett and Powl [12] to determine the pore sized amernal surface area in
microporous carbons. In this chapter these exmnessare used to understand diffusion
rather than adsorption. The parameter values edilior this approach are from Breck
[13] for the gases He, HCO,, O, N, and CH, and Poling [14] for the gases CO, Ar,
C,He, Nn-GH1, and Sk, listed in Table 3.1.

SolvingW = 0 ford" is a good approximation for findirdy,, instead of solving the
more complicatedV, = 0. In this study the results fdr;, are presented by using the
more accurate method of solvivg, = O for the discrete cases. The optimal pore size
dopt that provides the maximum suction enerdyndy) is obtained by locating the
maximum adW/dd = 0.

Finally, the minimum pore size for Knudsen-typensportdx is found when the

gas molecules’ initial kinetic energy/, is greater than the kinetic energy due to the

gas-pore wall interactions. In other words, theriattions with the pore wall become

weak and insignificant. This can be determined hisfseng the conditionW, >W .

The concept of a minimum pore size for Knudsen rariss new as the current method
for determining the occurrence of Knudsen transimhy finding the pore size region

for which the Knudsen numbeKit = A/d, where/ is the mean free path) is greater than
or equal to 10 [15]. Note that the current methgitbres penetrant-wall interactions and

only gives a “maximum” pore size for Knudsen tram$pand is therefore incapable of
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determining a critical “minimum” pore size for Knggh transport as opposed to
activation diffusion and surface diffusion.

These results apply to a molecule entering a cyttatipore at the exterior surface
of the membrane but can also apply to a moleculeriey a pore from a larger pore
within the material or a section inside the bulkiloé material as shown in Figure 3.3.
The only difference is that the suction energy iduoed due to the molecule’s
interaction with the surface of the larger sectibhis means thal.,, increases slightly

but the optimal pore sizs,; remains the same.

Figure 3.3: Molecule entering smaller pore frong&rpore.

In a system of long symmetrical and frictionlessrgso like a CNT-based
membrane, the model predicts that the suction gneoyilld cause an accelerated
velocity which continues throughout the frictiordesnvironment until the end of the
tube, where an identical opposing suction forcaiced the velocity back to the gas’
original velocity before entering the tube. This hewroposed diffusion mechanism,
termed “suction diffusion”, and an expression fae tdiffusivity are described in
Section 3.3.3. In systems with pores of short lerigis accelerated velocity is of little
advantage and the rate of diffusion is dominateefbgcts such as surface adsorption,
number of transitions, tortuosity and connectitg.

In amorphous membranes, for a molecule to sucdgsskach the downstream
side of a membrane it is required to travel throaghariety of differently sized pore
channels within the membrane. These energy calonktietermine the efficiency of
transport through the different pore regions anerdfore are useful in determining
separation outcomes, especially when chemicalaotens other than van der Waals

are assumed to be negligible.
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Table 3.1: Lennard-Jones constants, molecular masskesverage velocities at room

temperature used throughout this chapter [7, 13].

GZ?O/rrFl)so ” s (A) &1 ks (K) m (g/mol) v (m/s)
from UFF [7]
C 3.43 53 12.01 ]
H 2.57 22 1.01 )
O 3.12 30 16.00 i
N 3.26 35 14.01 ]
Si 3.83 202 28.09 ]

from Breck [13]

He 2.60 10 4.00 1277
H, 2.89 60 2.02 1800
CO; 3.30 195 44.01 385
Oz 3.46 107 32.00 452
N> 3.64 71 28.01 483
CH, 3.87 149 16.04 638
from Poling [14]
(6{0) 3.69 92 25.01 476
Ar 3.54 93 39.95 399
n-CsHi2 5.78 341 72.15 297
CoHs 4.44 216 30.07 455
Sk 5.13 222 146.06 209

3.3 Transport mechanisms

An example of the above approach is demonstratdéigare 3.4 for a single oxygen
molecule entering a carbon tube. The critical piressli, anddk distinguish between
the regions where three different diffusion mechars dominate the transport, namely,
(a) Activation diffusion (size sieving), (b) Surtadiffusion (or possibly suction
diffusion) and (c) Knudsen diffusion. The diffusiomechanisms are described below
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and quantitative expressions are suggested fopehmeability. Further details of the
existing transport mechanisms are given in Se@iar?.

0.6
L Activation : Surface : Knudsen
o5k diffusion | / \ diffusion . diffusion
f—»: < oF > :4—»
— 0.4 | Suction |
2 i | diffusion |
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Figure 3.4: Suction energW\j of a single oxygen molecule at the entrance cdrédon
tube with pore sizel. The pore regions where the diffusion mechanisrgvétion,
surface, suction and Knudsen) dominate are seplatatethe critical pore sizedqin
(whereW = 0) anddx (whereW = W, = 0.04 eV), indicated by dashed lines. Maximum

suction energy occurs at pore stlgg, indicated by a dotted line.

The total permeability? according to the solution-diffusion model is theguct of
the diffusivity D and the solubility S,
P=DS, (3.14)
whereS may be approximated as the ratip (wherec is the equilibrium concentration
within the sample at an upstream pressurg) @ssuming that the upstream pressure is

much higher than the downstream pressure.

3.3.1 Size-sieving activation diffusiond{ < drin )

Diffusivity

In view of the existing theory for size-sieving iation diffusion, the model results
suggest that the energy barrier is the magnitud® fifr d’ < dnin. Thus the activation
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diffusion coefficient can be expressed as

D, =Dy exp{ |W|j (3.15)

where D,. is a pre-exponential coefficient dependent ontlerg the diffusive jump,

frequency of the gas molecule encountering the pateance and the velocity of the

diffusive jump.

Permeability

In the region of size sieving activation diffusiadhge solubility ratio is known to vary
much less with temperature than the diffusivity. fEti@re the permeability is governed
mainly by the diffusivity, thus

PA DA* SA ex;{ I\N|j (316)

whereS, is the constant solubility coefficient.

3.3.2 Surface diffusion @i, <d <dx)

Diffusivity

As explained in Section 2.1.2.2, surface diffus®the dominant transport mechanism
in the pore size range betweti, anddk with diffusivity expressed as a function of the
heat of adsorptioq as follows

_ aq
Ds =D exp{ RT) (3.17)

where D, is a pre-exponential coefficient dependent onfteguency of vibration of

the adsorbed molecule normal to the surface aridmdie from one adsorption site to the
other.q is the heat of adsorption aads a proportionality constant (Oa<< 1) such that
aq is the energy barrier which separates the adjaadrbrption sites. It has been
suggested by Everett and Powl [12] that a goodaqmation for the heat of adsorption
is the minimum potential adsorption energy plud bélthe average kinetic energy in
the bulk gas phaseg, = W + RT/2. Therefore the surface diffusion coefficient nizgy

expressed as

. -aw
D; =Dga exp{ — j (3.18)

wherea’ = exp(a/2).
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Permeability

The combination of the solubility coefficient, imis case given by Henry's Law
coefficient K = Koexp@/RT), with the surface diffusion coefficient results the
following expression for permeability

a- a)Wj

Pc = Pzx €X
STES RT

(3.19)

wherePs is a constant that depends Dg, Ko, @ and porosity. Since 0 & < 1, the
permeability will decrease with increased tempemtmeaning that the increased

diffusivity is overruled by the decrease in surfacacentration [16].

3.3.3 Suction diffusion €y, <d <dx )
Diffusivity
Alternatively, if the pores have a frictionless fage where the surface is a seamless
array of closely packed atoms such that there ardiscrete adsorption sites, another
expression for diffusivity may be derived using ttemcept of suction. Shelekhin et al.
[1] described diffusion by considering Transitiotat® Theory (TST, outlined in Section
2.1.4) in the following way:
Diffusivity = probability that the molecule makagump p)

x length of diffusive jumpA(

x velocity of molecule throughout the jumy (
By following this principle, an expression for teaction diffusion coefficient can be

derived based on the suction energy

DSJC = DSJC*/] }M ' (320)
m

where Dy, is a coefficient dependent on the probability ofi@ecule entering the pore

(related to travelling direction)n is the molecular mass of the gas molecules the
diffusive jump length andRT is the additional kinetic energy originally presém the

molecule before its interaction with the pore.

Permeability
In a frictionless system the suction diffusion dméént determined previously can be
combined with a term for the solubility ratio frotime ideal gas law, resulting in total

permeability
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Vi [2W+RT
Pauc = Payer RT\/ (Wm ), (3.21)

wherePg+ IS a constant that depends Dg+, porosity and jump length, angis the

amount of free volume.

3.3.4 Knudsen diffusion @k <d )
Diffusivity
Knudsen diffusion [17-19] is known to apply to peteetween 10 A and 500 A in size.

The Knudsen diffusion coefficient can be expressdte following form

Dy :%v, (3.22)

where vV is the average molecular speed. The average nmatespeedv is calculated

using the Maxwell speed distribution,

v |8RT
V= (3.23)

wheremis the molecular mass. Speeds for each gas aga giviable 3.1.

Permeability
Finally, the total permeability for Knudsen trandpas a decreasing function of

temperature and molecular mass of the form [16]

8
Pc = PcVi W/nmRT : (3.24)

wherePk+ is a constant that dependsDg, tortuosity and porosity.

3.4 Enhanced separation by tailoring pore size

The most common diffusion mechanisms known as attinr diffusion, surface
diffusion and Knudsen diffusion, usually dominatesimall poresd < 3 A), medium
pores (3 A <d’ < 10 A) and large pores (10 Ack< 500 A) for light gases, respectively
[20, 21]. Separation by differences in diffusivapd/or differences in solubility can be
enhanced by tailoring the pore size such that tifferences are maximized. The
greatest separations are usually achieved whertdh®eting gases are in different
modes of transport. Thus it is important to know thnitical pore sizes that distinguish
the different diffusion mechanisms for each gas.
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Figure 3.5 is a graph of the suction energy forlitiet gases, He, 51 CO,, O,, N2
and CH, entering a carbon tube and the key featureswamensirized in Table 3.2 A),
along with results for silica tubes B), carbonssfit), and silica slits D). Additionally,
Table 3.2 includes the results for carbon monoXaléey element of synthetic gas),
argon (inert gas frequently used in industrial psses), n-pentane (a hydrocarbon
found in fossil fuels), ethane (another hydrocarlbound in fossil fuels) and sulfur
hexafluoride (the most potent greenhouse gas aicgptd the Intergovernmental Panel
on Climate Change [22]). The results can be usea gsde to tailor the pore size of a
membrane according to the desired gas separatiplicapon. For example, if the
application was natural gas purification (separatbCG, from CH,) then the pore size
range that allows C{xthrough while rejecting CHcan be found from Table 3.2 (carbon
tube: 3.40-3.88 A; silica tube: 3.42-4.30 A; carksiit: 2.74-4.30 A; silica slit: 2.90-
4.30 A). Further, by using the transport equati@nslined in Section 3.3) it is possible
to determine the pore size necessary to achiewsieed permeability and selectivity at

the specified operating temperature, demonstrat&gction 3.7.
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Figure 3.5: Suction energies for light gases atethigance of a carbon tube with pore
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Table 3.2:Minimum pore size for barrier-free transpou,f), optimal pore sizedgy),
maximum suction energyWx), maximum enhanced entrance velocCityef =
sqrt(2Vmax/m) ) and minimum pore size for Knudsen diffusiaik)(at room temperature

298 K. All pore sizes are given as the experimepaé sized .

A) Carbon tube

Gas Chin (A) dopt (B)  Winax (8V) Ve (M/S)  dk (A)
He 2.40 3.22 0.07 1837 5.40
H> 2.68 3.52 0.37 5951 10.38
CO; 3.4 4.22 0.77 1837 14.82
Oz 3.26 4.22 0.60 1902 13.72
N> 3.58 4.58 0.54 1929 14.06
CH, 3.88 4.98 0.67 2839 14.88
(6{0) 3.26 4.21 0.47 1798 8.01
Ar 3.71 4.71 0.40 1400 13.13
n-CsH12 5.85 7.14 1.31 1873 25.49
CoHs 4.57 5.67 0.77 2227 18.40
Sk 5.22 6.43 0.92 1102 21.24

B) Silica tube

Gas Cmin (A) dopt (A) Winax (€Y)  Vinax (M/S) dk (A)
He 2.58 3.42 0.15 2649 7.32
H> 2.84 3.72 0.77 8588 13.64
CO; 3.42 4.42 1.32 2406 18.00
O, 3.44 4.42 1.25 2744 17.70
N> 3.74 4.76 1.10 2752 17.98
CH, 4.30 5.16 1.35 4036 18.56
(6{0) 3.44 441 0.97 2591 16.43
Ar 3.96 4.99 0.46 1487 14.25
n-CsHiz 6.06 7.39 15 2004 27.19
CoHs 4.80 5.95 0.88 2377 19.79

Sk 5.45 6.69 1.05 1178 22.73
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C) Carbon slit

Gas Chnin (A) dopt (B)  Winax (8V) Ve (M/S)  dk ()
He 1.98 2.70 0.04 1412 3.17
H, 2.18 2.98 0.22 4578 7.72

CO, 2.74 3.62 0.45 1412 11.32
0, 2.72 3.62 0.36 1464 10.44
N, 3.02 3.94 0.32 1483 10.71

CH, 4.30 5.16 0.44 2306 11.04
cO 2.77 3.62 0.28 1381 9.60
Ar 3.18 4.08 0.24 1073 9.93

N-CsH» 5.31 6.31 0.77 1439 19.92

CoHe 3.96 4.97 0.46 1711 14.20

SFs 4.92 6.03 0.59 882 21.73
D) Silica slit

Gas Omin (A) dopt (A) Winax (8Y)  Vipa (M/S) dk (A)
He 2.14 2.88 0.07 1875 5.51
H, 2.34 3.16 0.46 6605 10.37

CO 2.90 3.80 0.78 1850 13.89
0, 2.88 3.80 0.74 2110 13.64
Nj 3.18 4.12 0.65 2116 13.87

CH, 4.30 5.16 0.84 3188 14.34
cO 2.92 3.80 0.58 1990 12.62
Ar 3.41 4.33 0.27 1143 10.84

N-CsH» 5.35 6.54 0.89 1540 12.30

CoHs 4.19 5.22 0.52 1826 15.32

SFs 4.78 5.89 0.62 905 17.70

The first observation made from the results in €ahP is that the minimum pore
sizes for barrier-free transpadt, of each gas are in the same order as the kinetic
diameter with slightly different values because thedel takes into account the
interaction with the pore wall and not kinetic saay. This means that the model is a
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more accurate method for predicting whether a galecule will experience an energy
barrier or not, consequently predicting the modetrahsport. Another important
observation is that the model predicts that Knuddiéfmsion occurs in different pore
size regions for each gas. For example, within & 3%ed pore, the model predicts that
helium and hydrogen will be in Knudsen flow whilethe other light gases will not. As
mentioned earlier, the maximized suction energgnly beneficial for transport if the
suction energy is converted to kinetic energy, aithany thermal dissipation effects,
and that the resultant enhanced entrance velagify can be maintained through a
frictionless environment for a substantial distanthe only system satisfying these
details is that of the CNT-based membranes whieh lmlieved to have long and
essentially frictionless pores. Hence, in othetesys the suction energy at the entrance
of the pores may not have significant influencetlom overall diffusivity. However, the
other results that the model predicts, suctdags,anddg, are of great importance in all

membrane systems.

3.5 Determining diffusion regime from experimentaiXi

A widely used experimental data fitting technigbattdetermines the mode of transport
is performed by fitting permeance data to the Amrhe functiond = Jy exp(£/RT).
With the relationship between flukx and permeability?, defined as] = PAp/L, the
above permeability expressions in the previousi@eqgbrovide the decision criteria,
whereAp is the pressure gradient ahds the membrane thickness Hfis positive then
the dominant transport mechanism is size-sievingvaton diffusion with E
representing the energy barri®y| [for d < dwn If E is negative then the dominant
transport mechanism is surface diffusion withepresenting the weighted contribution
of suction energy (or adsorption energy) for thergy barrier and surface concentration
(a-1)W. If Eis zero, i.e. no change in permeability with vagytemperature, then either
the size-sieving energy barrier and heat of adsor@re equal to zerd\( = 0) or the
surface diffusion energy barrier and heat of adsmmpare both equala(= 1). If the
Arrhenius function does not fit the data then thede of transport could be Knudsen
flow, the newly proposed suction diffusion or a d@mation of all mechanisms since
the dominant mode of transport can change as textyperis varied. The above criteria
will be a useful tool in understanding the moddrahsport for each gas in a range of

membrane materials.
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3.6 Comparison with experimental results

As with all models, it is important to test the gictions against experimental results.
The difficulty with testing these predictions isaththere exists no membrane system
with a single uniform pore size. Even within menmt@s with a narrow pore size
distribution, such as CNT-based membranes, thestilisa variation of about 2 A.
Therefore, it is almost impossible to test theicalt pore sizesli, anddk calculated
within an accuracy of 0.01 A. Nevertheless, the etisdpredictions will be tested
within the range of the available data and are shimweasonably agree.

Experimental gas selectivity data for CNT-based brames, with an average pore
size of 16 A, show that all light gases (He, B,, N2, CO; and CH) follow Knudsen
diffusion [23]. This agrees excellently with the debd prediction that all light gases
travel by Knudsen diffusion in pores larger than A5In addition, the model also
predicts that the hydrocarbonhg exhibits Knudsen diffusion in pores larger than®25
(using Equation 3.12 with = 4.443 A andi/ks = 215.7 K [14]), which explains why
Knudsen diffusion is not observed fogHg along with the heavier hydrocarbons. To-
date there are no CNT-based membranes availakiteswitiller pore sizes, and so the
testing of the model predictions with experimentasults fordy, and Whax is not
possible. However there has been some simulatiotk,wo particular by Chen and
Sholl [24] that predicted the selection of £Hver H in a (10,10) nanotube with
diameter equal to 10.3 A. Remarkably, the modedlipte that within a nanotube of this
size K will be in Knudsen flow while CiHwill be in modes of surface diffusion or
suction diffusion with a much higher concentrattban H and therefore higher flux.
Additionally, the model predicts that the (5,5) CMTth a pore size of 3.48 A has a
pore size in between thiy,,'s for some light gases, and is consequently theatky
capable of making the following size sieving separs : He/CH, He/N,, Ho/CHy,
H2/N,, CO,/CH,4, COJ/N,, O./CH, and Q/N,. These predicted separations (gas A / gas
B) occur because gas B is restricted to activatifiusion while gas A is not. Other
separations may occur possibly by differences imaaned velocitymax, as a result of
suction energy converted to kinetic energy, bus tls yet to be confirmed by
experiment. The enhanced water flux reported isel@NT-based membranes [23, 25,
26] could possibly be a result of this suction ggeat the entrance and will be of great

interest in future work.
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Permeation measurements in CMS membranes by Gitmoth Soffer [27]
demonstrate molecular sieving and Knudsen chaisiitsrbetween 25 and 50C. n-
pentane permeated through the membrane while sudfxafluoride did not. For these
gases, the model estimates that the pore sizes lreuist the range of 4.24 - 6.36 A,
which agrees well with the pore sizes estimatectyon and Soffer, 4.3 - 5.8 A using
permeation cutoff measurements. Within pores of $ize the model predicts that only
helium is in true Knudsen diffusion while the othigiht gases tend towards Knudsen
diffusion as temperature increases. This behavedemonstrated well in figure 7 of
reference [27] where all curves tend towards a keadtype flow with increasing
temperature. More specifically, GQeaches this transport mode at much higher
temperatures than the other gases, agreeing vetmtidel prediction, since G@as the
greatest interaction energy with the wall and thersains in surface diffusion mode
until much higher temperatures.

Recent investigations into MSS membranes havedsteml the influence that small
changes in pore sizes can have on permeation sd28}. It has been shown that a
change in pore size from 2.2 to 2.9 A translates ¢bange in the separation mechanism
between hydrogen and helium from size-sieving tad&en. The model predicts that
hydrogen and helium compete by the size-sievingha@sm (activation diffusion) in
pores smaller than 2.34 or 2.84 A (within slit abé pores, respectively) and hence
agrees well with the experimental results. Theaeder the immediate jump from size-
sieving to Knudsen type separation is because éohe morphology in this membrane
system is tri-modal (having three pore size distiins), in which the 2.9 A pores are
the smaller pores and hence the intermediate agdrlgores determine the separation
outcome as a result of the smaller pores losing-sieving ability. Conveniently, the
model also predicts that hydrogen and helium an€nandsen flow within the range of
the large pores found by PALS in this sample. Tioeeethe model agrees well and

assists in the interpretation of the separatiooaues using these MSS membranes.

3.7 Predictions of the model

In this section predictions are made using the rmeoedemonstrate the different
transport behaviours with varying pore size andperature for light gases (Hep,HD,,
N2, CO; and CH).
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Figure 3.6 predicts the permeabilRyas a function of pore sizkfor the different
transport mechanisms, described above in Secti8n WBith Equation 3.12 as the
definition for W. The results represent the permeability withiringle pore. In reality
there will be a distribution of pore sizes therefdhe transition between activation
diffusion and the other modes of transport will dseooth. Each mode of transport is
scaled arbitrarily such that the trends may berljlesen and therefore the magnitude is
insignificant. The permeability for activation diffion is a sharply increasing function

of pore size as the energy barrier changes draafigtioith pore size. The newly
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Figure 3.6: Model prediction of normalized permdéabiP as a function of pore size
(distance between surface nucld), Modes of transport are indicated: Activation
diffusion (Equation 3.16), Suction diffusion (Equat 3.21), Surface diffusiona(=
0.85, Equation 3.19), Knudsen diffusion (Equatior243 and Parallel transport
(Equation 3.25).

proposed suction diffusion predicts the permeabitit sharply increase at the optimal
pore sizedyr Where the suction energy is maximized, followedabyradual increase at
larger pore sizes where the suction energy becomesk and the permeability is
dominated by a Knudsen-type transport. As explaieadier, the permeability for
surface diffusion is dominated by the surface catre¢éion and therefore the model

predicts a peak at which the heat of adsorptiomaximized. The permeability for
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Knudsen diffusion increases as a cubic functiopare size as the diffusivity depends
linearly on the pore sizé and the concentration depends on the volume opthed?
(assuming cylindrical pores). The parallel transporodel assumes that surface
diffusion and Knudsen diffusion are occurring sitaneously such that the total
permeability is given by,

Rot = Ps + Pk . (3.25)
This model is explained in further detail in Sent1.5.1 and has been used by various
groups [27, 29, 30]. Parallel transport is inittadlominated by surface diffusion within
the smaller pores where the surface concentrasidrigh while the mode of Knudsen
diffusion dominates within the larger pores wherdkbgas molecules dominate the
larger free space.

Permeability varies with temperature for each tpansmechanism as demonstrated
in Figure 3.7. The permeability for activation difon is the only increasing function
with respect to temperature. Suction diffusion sakdvantage of the interactions with
the pore wall which become insignificant at higmperatures resulting in a high
permeability at low temperatures and Knudsen-ty@sport at high temperatures.
When gases are in the mode of surface diffusionstivéace concentration decreases
more than the increase in surface mobility resgltim an overall decrease in
permeability with increasing temperature. Knudseffusion displays decreasing
permeability with raising temperature as the cotregion loss overrules the increase in
diffusivity. As temperature increases, the surfdffision part of the parallel transport
model has less influence causing the permeabitityend towards a Knudsen-type
transport at high temperatures. The resistanceeiiess transport model, detailed in
Section 2.1.5.2, assumes that the diffusing moésctriavel through pores in the mode
of Knudsen diffusion while occasionally encountgriconstrictions where activation
diffusion occurs. The total permeability is therefexpressed as

PaPk
P (L= X) + Pax’

tot =

(3.26)

wherex is the fraction of the pore length where Knuds#fusion occurs. As shown in
Figure 3.7, the total permeability predicted by thsistance in series model behaves
mostly according to the mode of activation diffusieven with a small fraction of
constrictions (1x).
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Figure 3.7: Model prediction of permeability asumdtion of temperature. Modes of
transport are indicated: Activation diffusioml € 6.8 A, Equation 3.16), Suction
diffusion @ = 10 A, Equation 3.21), Surface diffusiod € 10 A, Equation 3.19),
Knudsen diffusiond = 10 A, Equation 3.24), Parallel transpott= 10 A, Equation
3.25) and Resistance in series transpiit(= 6.8 A, diarge = 10 A, x = 0.8, Equation
3.26).

In the interest of gas separation the model priegidor CQ/CH, selectivity versus
CO, permeability has been calculated with varying pore and temperature, in Figure
3.8 and Figure 3.9, respectively. Equation 3.12 wsedl for the suction energy with
the parameter values taken from Table 3.1. Thetealy for CO./CH,4 with both gases
in the mode of activation diffusion was calculatedbe on the order of ¥dbecause
only a single pore is considered and thereforebleas omitted from the plot. Since €O
has a stronger van der Waals well depth than, @t¢ suction diffusion model predicts
at small pore sizes that the €@ermeability is higher than GHesulting in a CQCH,
selectivity greater than 1. As pores become latgerpore interactions become less
significant and selectivity tends toward the consteelectivity for Knudsen diffusion.
The selectivity is high for small pores with sudatiffusion as the transport mechanism
where permeability is dominated by the concentratiomponent for which C{forms
denser surface layers than £HAs pores become larger, the heat of adsorpti@kgpe

reach a maximum C{permeability, followed by a decrease in the hdaadsorption
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resulting in a surface concentration loss. In ttase, a single pore is considered and
therefore the surface concentration eventually eases with increasing pore size
according to the surface area of the cylindricalepwith the density of both gases
tending toward that on a flat surface. The Knuddifusion selectivity favours CiH
because of its lighter mass resulting in a highelegular velocity and does not change
with pore size. Finally, the parallel transportidals the same trend as surface diffusion

in small pores and tends toward Knudsen behavi®poge sizes increase.
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Figure 3.8: Model predictions of G(@H, selectivity versus COpermeability for
varying pore sizel. Arrows indicate the direction of increasing peize. The pore size
range, 7.22 > > 30 A, was chosen such that both gases were isdahe mode of

transport.

The model prediction for varying temperature isegivn Figure 3.9. The selectivity
is predicted to slightly increase with increasiagiperature when gases are in the mode
of suction diffusion. This is caused as a resulth& larger suction energy that €H
experiences over GAQor this particular pore size. Similarly when thde of surface
diffusion is assumed the heat of adsorption is érigbr CH, than for CQ due to the
pore size chosen and therefore the selectivity imiliease with increasing temperature.
Knudsen selectivity does not depend on temperaRagllel transport is dominated by
the surface diffusion component at low temperatuaed gradually becomes more
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dependent on the Knudsen diffusion component ab iegnperatures. Note that the
trends will be different depending on the pore sk example, in the case dF 8 A,

the selectivity was predicted to decrease as testyerincreased.

1%%_\ 1 \\\\l L \\\\l L \\\\l 1 1 L \\\_E
1.6E Suction diffusion 3
1.4F Surface diffusion 3
1.2F Knudsen diffusion 3
1E Parallel transport
§ 0 8E E
o :
o 0.6 —— .
O i ]
> - i
S 0.4r ]
© i
Q
< B
m -
0.2f -
Ll \\\\l Ll \\\\l Ll \\\\l Ll

10 100 10° 10'
CO2 Permeability (arbitrary units)

Figure 3.9: Model predictions of G@H, selectivity versus COpermeability for
varying temperatur@, within a pore of sizel = 10 A. Arrows indicate the direction of

increasing temperature, from 70 to 500 K.

3.8 Conclusion

Tailoring the pore size distribution of materialstbeen suggested as a means of tuning
the transport properties in membranes [31, 32].eMbance the development of gas
separation membranes the modelling of the transpbrindividual gas molecules
through pores has been undertaken. The interadbeivgeen the gas molecules and the
pore wall at the pore opening have been considaretl integrated to determine a
suction energy from which certain information abth& gas kinetics can be obtained.
This novel approach provides a theoretical deteatron of the size of pores in which
different modes of diffusion occur for each gasiti€al pore sizesln anddg indicate
the division of the three diffusion regimes, name#ctivation diffusion, surface
diffusion and Knudsen diffusion. By using this mbdee can predict the separation
outcome of a variety of membranes in which the mirape, size and composition are

known, and conversely predict pore characteristich known permeation rates.
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Further, one can also have a desired separationnd and use this model to guide the
design of the membrane material.

The predictions of the model have been tested gretavell with experimental gas
selectivities in CNT-based, CMS and MSS membranes.

This novel approach provides the opportunity forngnaurther applications
including (i) quantitatively predicting separationtcomes based on known pore size
distributions of polymers, silicas, and other miaisr (ii) predicting the effect of
physical aging on separation performance and t@sting a variety of pore shapes

and/or molecules that are larger and non spherical.
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List of symbols used in Chapter 3

PE potential energy

n atomic surface density

0 Lennard-Jones 6-12 potential energy function

ds surface element

p position within pore

o kinetic diameter

e well depth

F total force in the axial direction

F hypergeometric function

d theoretical pore size (between surface nuclei)

d experimental pore sizel minus electron cloud thickness)
z axis parallel with pore direction

Z position of the gas molecules centerzeaxis

W suction energy

W, acceptance energy

Zo position along-axis where force is equal to zero

Wo initial kinetic energy of gas molecule beforeesirtg pore
Kn Knudsen number

A mean free path



Chapter 4

Free volume and gas transport

4.1 Introduction

Tailoring the permeability and selectivity of polgnc materials for specific

applications is a frequent task of the membraneareter. To reduce experimental time

and costs it is desirable to have reliable modwmigHe prediction of physical properties

such as permeability and diffusivity based on rgadbtainable parameters. In this

chapter a versatile predictive model is proposati¢dhn be used in three ways:

» for a given free volume, permeability can be prestic

» polymer structure can be better understood by etaly the polymer in the context
of the broad range to determine whether its frdame is isolated, interconnected,
bi-continuous or percolated; and

* new types of polymers such as the recently repaittedmally rearranged (TR)
polymers [1] and polymers with intrinsic micropoitggPIM) [2] can be evaluated
as to whether their free volume and permeabilitgrabteristics conform to other

families of polymers described by this new model.

Currently the relationship between permeabifitydiffusivity D, and free volume is

typically modelled by the Doolittle relation,
P=A exp{_TB}, (4.1)

D= Aex;{_TB} : (4.2)

whereA andB are constants\ is the product oA and the solubility coefficier, andf
represents the various measures of free volume.Ddwdittle relation fits the data
within a limited range of free volume but breaksvddor larger ranges of free volume.
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This work aims to provide a global model that casalibe gas diffusion in the wide
range of polymers currently available, with fraotb free volumes ranging from 10 to
35 %. This work starts where most models stargropirically fitting an equation to the
data,

P=a exdBf), (4.3)

D=aexpdff), (4.4)
wherea andp are constants; is the product of: and the solubility coefficiens. A
fundamental explanation for this fit may come itufe work; but for now the behaviour
of the data is accurately described using this rgation and a postulation as to the
fundamental significance of the model can be given.

The definitions of free volume used throughout thigpter are explained in
Section 2.1.7 in detail and are briefly noted hé&mree volume can be calculated by at
least three methods: 1) as a fractional free volyRte/) which is the ratio of free
volume over total specific volume (inverse of dépsiwhere the free volume is the
total specific volume minus the occupied volumecgkdted from Bondi’'s group
contribution theory [3, 4], 2) as a gas-specifiactional free volumeRFVgyas) which is
also the ratio of free volume over total volume wheach part of the repeat unit is
assigned a gas-specific occupied volume [5], ands3an accessible volume fraction
(AVF) which is the ratio of accessible free volume owetal volume where the

accessible free volume for a particular gas isutated via computer simulations [6-8].

4.2 Free volume, permeability, diffusivity and salitip

It is known that permeabilit? is the product of diffusivityp and solubilityS, and it is
generally accepted believed for light gases thatdiffusivity varies a great deal more
from polymer to polymer than solubility [5, 9]. THeehaviour of the gas diffusion
coefficient D can therefore be predicted by using the permépab#isults assuming
solubility is constant. This assumption will be simoto be true for almost all polymers
and all light gases. An exception is PIM with thigher adsorbing gases, namely,

carbon dioxide, methane, nitrogen and oxygen.

4.2.1 Transport properties vs fractional free volume

Park and Paul's extensive permeability data comsipblymers with free volumes from
10 to 26 % free volume (using Bondi’s group conitibn method as opposed to Park
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and Paul’'s modified Bondi’s group contribution nedh The Thran et al. [10] database
consists of diffusivity values for most of the poigrs in the Park and Paul’'s database
and consequently solubility values are found (ammsbility / diffusivity). To expand
the data range, the high free volume polymers PTMSHL600, AF2400, PMP and
PTMSDPA having from 26% to 34% free volume [11-47¢ included, listed in Table
4.1. The addition of new data provides the oppaotyun test the ability of the model to

Table 4.1:Gas permeability, diffusivity and solubility of Iy gases within high free

volume polymers.

Propert Ref Gases
perty ' H> 02 N> CH4 COZ He

PTMSP
Permeability ~ [12] 17000 9700 6300 15000 34000 6500

Diffusivity ~ [17] 29310 5640 4200 3600 4167 -
Solubility ~ [17] 0.58 1.72 1.50 4.17 8.16 -
AF1600

Permeability [16] 595 254 114 74.6 481 -
Diffusivity [16] - 273 144 60 133 -
Solubility [16] - 0.93 0.79 1.25 3.63 -

AF2400

Permeability [11] 2100 960 480 390 2200 -
Diffusivity [16] - 828 571 241 492 -
Solubility [16] - 1.16 0.84 1.62 4.47 -

PMP

Permeability [18] 5800 2700 1300 2900 11000 2600
Diffusivity [18] 3500 - - 562 - -
Solubility [18] 1.60 - - 5.16 - -
PTMSDPA

Permeability [12] - 1200 - - - -

PIM-1

Permeability [19] 3600 1300 340 430 6500 1500

Permeability [14] 2332 786 238 360 3496 1061

Permeability [2] 1300 370 92 125 2300 660
Diffusivity [2] 1700 81 22 6.8 26 2700

Solubility [2] 0.76 4.60 4.20 18.0 88.0 0.24
TR-1-450
Permeability  [20] 4400 1100 280 150 4200 2650

Permeability units: [Barrers] (1 Barrer =Tcnt (STP) cm / crhsec.cmHg)
Diffusivity units: [10% cnf / sec]
Solubility units: [10? cn? (STP) / cm.cmHg]
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fit the data over a larger range of fractional fiedume as shown in Figure 4.1 and
Figure 4.2. The new relation was empirically dedivand is in the form

D =aexp f), wherea andp are constants. Sinée= D.San expression of the form
P =« exp(f f) was used to fit the permeability data, wherés the product o and a

solubility constan. Figure 4.1 shows that the new expression fitdéta much better
than a Doolittle expressioR = A'exp( B / f ) for all gases. The fit involves one
empirical adjustable parameter as it is shown later tha#tis derived from the kinetic

diameter of the particular light gas. Parameteneslare listed for each gas in Table 4.2.

In{ P{O_) Barrers )
In{ P(H.) Barrers )

In{ P(CO ) Barrers )
In{ P(CH ) Barrers )

Figure 4.1 ¢ontinued to next page)
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In{ P(M.) Barrers )

Figure 4.1: Permeability of light gases: (a) oxygén hydrogen, (c) carbon dioxide, (d)
methane, (e) helium and (f) nitrogen, versus irerdractional free volumé = FFV
(determined from Bondi's group contribution meth®l). Dots with crosses represent
high free volume polymers [11, 12, 14, 16-18]. Opguoare and circles represent TR-1-
450 [1, 20] and PIM-1 [2, 19], respectively. Curvepresent best fits of the Doolittle
relation (dashed line) and the new relation (shifid). Arrows represent the prediction
for pore interconnection and bi-continuity at 13.5&hd 22.5% free volume,
respectively from Hedstrom et al. [21]. Top righdrrmer displays the least squares

coefficients of determination for both curves.

Table 4.2: Best fit parameter values found byrfgtithe new relation to experimental

permeability. New relatioR = a* exp(5 f).

Gases o* (10* Barrer) S (dimensionless)
O, 15.54 44 .17
H, 709.77 34.32
CO, 66.22 43.51
CH, 0.53 52.35
He 983.82 33.33

N2 1.02 50.22
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Figure 4.2: Diffusion coefficients of light gas€s) oxygen, (b) hydrogen, (c) carbon
dioxide, (d) methane, (e) helium and (f) nitrogeersus inverse fractional free volurhe
= FFV (determined from Bondi’'s group contribution meth¢#i0]. Dots with crosses
represent high free volume polymers [11, 12, 16-Cg)en circle represents PIM-1 [2].
Curves represent best fits of the Doolittle relat{dashed line) and the new relation
(solid line). Arrows represent the prediction far@ interconnection and bi-continuity
at 13.5% and 22.5% free volume, respectively froeds$irom et al. [21]. Top right

corner displays the least squares coefficientstdrdhination for both curves.

Table 4.3: Best fit parameter values found byrfgtithe new relation to experimental

diffusivity coefficients. New relatioD = a exp(f f).

Gases o (10%cmf/sec) B (dimensionless)
O, 92.91 37.07
H, 308.10 39.88
CO, 42.89 38.42
CH, 1.14 48.31
He 226713 18.59

N2 11.25 42.01
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Figure 4.3: Solubility coefficients (= Permeabil[®] / Diffusivity [10] ) of light gases:
(a) oxygen, (b) hydrogen, (c) carbon dioxide, (dtimane, (e) helium and (f) nitrogen,
versus inverse fractional free volunfe= FFV (determined from Bondi’'s group
contribution method). Dots with crosses represegh free volume polymers [11, 12,
16-18]. Open circle represents PIM-1 [2].

It is known that as the fractional free volume iolymers increases, the pores

become interconnected and provide a flow through f@ the permeating gas which
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has commonly been identified with a pore flow diffan process [18]. For example at
13.5% free volume pores become interconnected an2R &% free volume pores
become bi-continuous for nanoporous methyl silsesgme (MSSQ) films according
to MD simulations and SAXS experimental results [Zhese points have been marked
by solid arrows in Figure 4.1 and Figure 4.2 anavemiently match the areas where the
two model predictions begin to separate in behavidhis deviation occurs when gas
diffusion no longer is dependent on polymer chaotioms, but the gas molecules now
are free to move within the maze of connected p(®s schematic picture, Figure 4.4).
Polymers with high free volume have been knownaasny two qualitatively different
free volume phases: one composed of relatively lss@hted holes similar to those in
conventional polymers and one with mostly conneateidropores which provide
excellent diffusion path ways [13]. It is reasomald believe that the new relation
accommodates both of these processes so that becarsed for a range of polymers
where the occupied space and free space vary widely

N\
O A )
(a) Activation process (b) Pore flow process

Figure 4.4: Schematic diagram of different diffusfarocesses within (a) closely packed

conventional glassy polymer and (b) high free vadugtassy polymer.

4.2.1.1 New classes of polymers

There is much interest of new classes of polymeith \wwnolecular sieving type
structures that overcome the permeability-seldagtitiadeoff providing membranes
with both high permeabilities and high separatiapabilities [22]. The model can be
used to compare these new polymers with the widgeraf existing polymers. Here the
recently introduced thermally rearranged (TR) pdadysn[1l, 20] and polymers of
intrinsic microporosity (PIM) [2, 19] are considdredisted in Table 4.1. Figure 4.1
shows that the TR polymer TR-1-450 (open squard)the PIM polymer PIM-1 (open
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circle) both sit within the range of the high freelume glassy polymers at the high
permeability end of the curve. Both polymers axesesbt to the glassy acetylene based
polymer PTMSDPA which has high free volume and tpghmeability and a relatively
large pore size (0.75 nm) [8]. The pore sizes iRIFS0 and PIM-1 have been reported
as 0.75 nm and 1.05 nm, respectively [1, 14]. Thee size at which the diffusion
mechanism in polymers changes from one governeathyation energy theory to one
of Knudsen diffusion for light gases is estimatedé> 1.4 nm [18], with the optimum
range for molecular sieving selectivity estimated e 0.75-1.0 nm [22]. These
preliminary results indicate that the new relatman be used to model TR and PIM
polymers as well as the ultra high free volume pwys, and that the model
accommodates different diffusion processes.

PIM’s are known to have high solubility values [@hich suggests that the high
permeability is a result of high solubility rathésan high diffusivity. This is true since
the CQ solubility in PIM is 24 times greater than the mage CQ solubility in
conventional polymers while the GQ@liffusivity is only 6.7 times greater than the
average C@ diffusivity in conventional polymers, demonstrated Figure 4.2 and

Figure 4.3, and summarized in Table 4.4. This déeeoe on solubility, however, is not

Table 4.4: Comparison of GGsolubility, diffusivity and permeability enhancente

ratios in high free volume polymers.

Polymer Solubility Diffusivity Permeability
value ratio value ratio value ratio
conventional* 3.6 1 3.86 1 14 1
PIM-1 88 24 26 6.7 2300 164
PTMSP 8.2 2.3 4167 1080 34000 2430

Ratio: High free volume property value / convenéibproperty value

Permeability units: [Barrers] (1 Barrer =xn? (STP) cm / crhsec.cmHg)

Diffusivity units: [10° cnf / sec]

Solubility units: [10? cnt (STP) / cm.cmHg]

*Geometric average of all available data for perpilég (from ref. [5]), diffusivity (from ref. [10} and
solubility (= permeability / diffusivity) in conveional polymers

observed in other high free volume polymers whieeelarge increase in permeability is
due almost entirely to the increase in diffusivisiiown in Figure 4.2 and Figure 4.3.
The new relation fits much better than the Doditiélation and as expected is a better

predictor for diffusivity than for permeability, thi the exceptions of helium and
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hydrogen most likely due to the lesser amount cilakle data. Best fit parameter
values are listed in Table 4.3, found by fittinge thew relation to experimental
diffusivities and are commented on later with Fegdr7. The PIM-1 diffusivity value is
conveniently in good agreement with the new retatiespite the high solubility. The
conclusion for TR polymers can not be made unfiudivity and solubility data are

made available.

4.2.2 Permeability vs gas-specific fractional freewrok

Park and Paul's gas-specific modified fractionakfvolumeFFVy,s was derived based
on the assumption that permeability depends onviokeme according to the Doolittle
relation. It is interesting to observe that the nmelation actually fits the modified data

better than the Doolittle relation that Park andlR&ose to use, as seen in Figure 4.5.

2

In{ P{O ) Barrers )

110,

Figure 4.5: Permeability of oxygen versus invensetfonal free volumé = FFVo,
(determined from modified Bondi's group contributionethod) [5]. Doolittle relation
(dashed line) wittA” = 116.04 Barrers andl = 0.620. New relation (solid line) wia
= 0.032 Barrers angl= 25.08. Top right corner displays the least squacefficients of

determination for both curves.

This goodness of fit is particularly apparent ia thigh free volume range which is to be
expected because at low free volume gas diffudhmuld follow an activation process

and therefore the Doolittle expression should b@@priate in this region. Seeing that
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the spread of the data is minimized using the nnediiBondi expression (see Figure
4.5), it is anticipated that if the modified Borgioup contribution parameters were re-
evaluated using the new relation in place of thelfitte expression, and including the
high free volume polymers, then the resultant deit@stic relation will have less

spread than Figure 4.1 and hence be a more eftgatedictor of permeability.

4.2.3 Diffusivity vs simulated gas-accessible freewné

Fractional free volume calculated using Bondi'sugraontribution method has been
shown to not be the best measure of free volumeredicting diffusion results [13].
This is because Bondi’'s method is essentially simib using a probe with a radius
close to zero to determine free space as opposadyes molecule which will have a
minimum radius larger than this [7]. Bondi’'s methaill determine free space that is of
such a small size that it is not accessible to lemywn gas. It has been shown that
diffusivity is better correlated to accessible vohki fraction AVF) which can be
determined using MD simulations such as those pedd by Hofmann et al. [13] for
oxygen in a range of polymers. Experimental datanfHofmann et al. for oxygen
diffusivity and AVF for polymers withFFV ranging from 13% to 33% are shown in
Figure 4.6. The data include polymers typically sidered as ultra high permeability,
e.g. PTMSP, AF2400, and AF1600 as well as polynterssidered as conventional
glassy polymers such as PTMSS (poly-p-trimethylistiyyene), PVTMS
(polyvinyltrimethylsilane), and PPhSIDPA (poly(1qatyl-2-(p-(triphenylsilyl) phenyl)
acetylene). These data are compared with the nedelrand the Doolittle relation.
Hoffman et al. commented on the large deviatiortheiir results from the assumed
Doolittle relation. It is shown here that the newdul fits the data of Hoffman et al.
[13] for high permeability and conventional polymeuite well.

A decade earlier Greenfield and Theodorou [6] heeducomputer simulations via
energy minimization and Monte Carlo methods tosillate that the percolation
threshold is between 2% and 48%F for conventional glassy polymers such as atactic
polypropylene. In other words, connectivity of pordat provide diffusion pathways
from one side of the sample to the other beginsctur from the range 2 — 4%VF.
This range is shown by arrows in Figure 6 where £6-AVF is equivalent to ~25 —
31% FFV which is consistent with the free volume neededbicontinuous porosity.
Hofmann et al. [13] also showed a large changexygen diffusion at these free

volume values. Therefore work done by Greenfield @heodorou (1993), Hofmann et
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al. (2003) and Hedstrom et al. (2004) agrees ahidates regions of free volume where
the gas diffusion processes change from activatiqrore flow transport. These results

support the use of a model that accommodates ffexaiit flow regimes over a wide

range of free volume.
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Figure 4.6: Experimental diffusion coefficients foxygen (cms?) versus inverse
accessible volume fraction from Hofmann et al. [I3dolittle relation (dashed lin&)

= Aexp( -B/ AVF ) with A = 5.84x10° cnf/s andB = 0.0105. New relation (solid line)
D = a exp( f# AVF ) with o = 4.02x10" cnf/s andg = 45.5. Arrows represent the range
at which the percolation threshold is reached atingrto Greenfield and Theodorou’s

[6] computer simulations.

4.3 Physical interpretation of new relation

Here a physical meaning of the new relation is ydagtd by comparing its form with
the Doolittle relation. The new relatidh = a exp(f f ), wherea andg are constants,
was empirically determined but can be shown todsg similar to the Doolittle relation

when represented in this form,
D = o’ expl~ B, /(v; +V,)) (4.5)

By using the definition of fractional free volunie vi / (i + Vo), Wherev; is the free

volume andy is the occupied volume, the equation becomes,

D =a'explBv I(vi +vo) - B)=aexdlBv I(vi +vo))=aexdBf)  (46)
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Note that the difference in Equation 4.5 comparethe Doolittle equation is that the
denominator is shifted tow(+ V) from v;. In other words, an increase in occupied
volume is capable of increasing diffusion. Althoutitis result is counterintuitive,
occupied volume may be increased by either inangatlie volume of the polymer
chains or by decreasing their mass. A decreaselymgr mass may contribute to an
increase in polymer mobility. The numerator repmsethe effect which occupied
volume has on diffusion where occupied volume @eased by a volume increase (as
opposed to a mass decrease), resulting in a difiudiecrease. By combining the
numerator with the denominator, an increase in pieclivolume results in an overall
decrease in diffusion, but at a lower rate thanDbelittle relation. Consequently, the
new relation has the ability to follow the largerease in diffusion in high free volume
polymers where occupied volume is usually increadedg with free volume (eg. PSF,
f = 15%,v, = 0.68; PTMSPf = 34%, Vv, = 0.92). This suggests that the new relation
more accurately predicts gas diffusion in a widege of polymers where occupied
volume varies from polymer to polymer in differemays (mass change and/or volume

change).

4.4 Parameter values related to gas diameter

The constant: in the new relation is a pre-exponential empiricahstant whiles is
found to be linearly dependent on the square ofptiméicular gas kinetic diametet
shown in Figure 4.7. Figure 4.7(a) shows fghealues determined from the permeability
data and Figure 4.7(b) shows tlfevalues determined from the diffusivity data.
According to the theory outlined in this work tifevalues determined from both
methods should match. The equations of best fi{dpf = 15.06(x2.64) + 2.53(x0.23)
o® and (b)8 = 7.56(+10.50) + 2.70(+0.92F reasonably agree within the standard errors
and the discrepancy could be the result of the latlksufficient diffusivity data,
especially for helium and hydrogen. In the same,whg constanB in the Doolittle
relation is also linearly dependent on the squérth® gas kinetic diameter where the
equation for the best fit i = 0.51 + 0.03¢° [23, 24]. This has been explained
physically by the consideration of the hard sphdifeusion model where diffusion
depends on the sphere’s two dimensional area [25].
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Figure 4.7: The dependencetbalues found from fits to (a) permeability datal gh)
diffusivity data, on kinetic diameter from Breck [26] for light gases. The method of
least squares regression determined the bestuitiens, (a)3 = 15.06 + 2.5% and
(b) = 7.56 + 2.7%:°.

4.5 Conclusion

A new relation was established between permealfdiffysivity and free volume to
fulfil the need for a model that fits all the awdile data in the range of fractional free
volume (10 to 35%) and permeability (0.1 to 9700rr8d. This relation was
empirically derived using Park and Paul's largeatlase of 105 polymers with
additional high free volume polymers where freeunaé was defined as fractional free
volume with occupied volume calculated via Bondji®up contribution method. This
relation also fitted Park and Paul’'s modified datth fractional free volume dependent
on the permeating gas where occupied volume wasllestd using a modified Bondi’'s
group contribution method. Finally this new relatialso fitted data from Hofmann et
al. [13] for experimental diffusion coefficients twi free volume defined as an
accessible volume fraction specific to the pernmggatjas.

Using results from Hedstrom et al. [21] (MD simidas and SAXS) and
Greenfield and Theodorou [6] (computer simulatiahsyas shown that as free volume
increases to large amounts, pores become interctatheand eventually percolate
through the polymer providing “diffusion highway&3r the permeating gas to travel.
This diffusion is no longer described by an aciatprocess but depends on pore

morphology, pore wall surface interaction and offaetors. It was shown that the new
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empirical relation deals with both processes andiaed at modelling free volume
change in a wide range of polymers.

It was shown that the new relation is not too fundatally different from the
popular Doolittle relation but that the denominat@w includes occupied volume. A
suggested reason was given that the better fih@iew relation may be attributed to
the effect that occupied volume has on vacancwysibh when polymer chains have a
change in mass (increased/decreased mass resaltieoreased/increased diffusion).

The new empirically derived relation for gas diffus and free volume fits
experimental data especially for the wide rangepofymers, accommodates the
transition of gas diffusion from an activation pess to a free flow process and
consequently is able to predict gas permeabildynfipolymer to polymer and between
vastly different families of polymers. In Chaptero6 this thesis the new relation is

shown to accurately model thin film physical agingnembranes.
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List of symbols used in Chapter 4

P permeability

D diffusivity

f generalized free volume (including all definitg)n

FFV fractional free volume from Bondi’s method

FFV, gas-specific fractional free volume from Park &=ail's method
AVF accessible volume fraction from computationalhméds

R least squares coefficient of determination

Vo occupied volume

Vi free volume

v total specific volume
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Chapter 5

Introduction to gas storage

5.1 Previous work

The ability to store gas is a much needed developn@r applications such as
greenhouse gas capture, fuel preservation andraredportation. In this chapter storage
systems for mobile applications, which are basedhenphysisorption mechanism, are
compared to other storage methods. Further, thstiegi modelling approaches are
reviewed, namely, geometry-based calculations, cotde simulations and ab-initio

calculations.

5.1.1 Storage methods

The general goal for the transportation of gase® ifit large amounts of gas into a
small space (measured by: weight of gas / volumgystem) with a minimum increase
in weight (measured by: weight of gas / weight ygtem) as safely and energetically
efficient as possible [1]. The four general methéals gas storage are illustrated in
Figure 5.1. The first method is to compress the g@gisg multi-stage high pressure
equipment resulting in a tank of gas at pressufegpdo 300 atm [2, 3]. Pressures as
high as these may cause potential safety issuekthamefore there exist very high
standards for the carefully engineered and expereguipment for the safe storing and
release of the gas [2, 4]. A second method is & tt@ gas to its liquid phase, resulting
in a tank of highly dense and cryogenic liquidZ].,Although more amounts of gas can
fit within the tank by liquification as compared ¢compression, the energy required to
cool the gas into a liquid is an expense which sdede avoided if at all possible. A
third method is to store the gas in a chemicallpdenl state by the mechanism of
chemisorption, in which the gas binds (usually ¢ewty) to other elements forming a

solid, liquid or gas [5, 6]. For example, hydrogem be stored in a solid state as a metal
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hydride (e.g. Alumane, Alg), or as a liquid state such as watepr@Hor even as a
methane gas (C#f [6, 7]. Large amounts of gas can be stored adeclm ambient
conditions using this method however large amoaohenergy are required to bind the
gas to the host elements and then also to brealbdhds to release the gas. For
example, it takes about 2.5 eV to split water iktp and O which is commonly
performed by electrolysis [8]. The fourth methodostore the gas by the mechanism of
physisorption by which gases become adsorbed ostaface through van der Waals
forces. This method is the most promising appraacbe a small amount of energy is
required to store and release the gas. Furtherslefathis method are given in the

following section.
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Figure 5.1: Four gas storage methods.

Figure 5.2 shows a comparison of the existing g®rmethods of hydrogen in
terms of volumetric and gravimetric density. Thetmoels utilizing the chemisorption
mechanism include metal-hydrides (MpH1, 9], chemical storage (NaBH10], water
(H20) [8], gasoline (gH,) and diesel (&Hn) [11]. The methods utilizing the
physisorption mechanism include metal-organic fraorés (MOFs) [12], carbon
nanotubes (CNTs) [13], fibreglass, activated carpd@) [14] and polymers. The US
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Department of Energy (DoE) has set future targatvéhicular hydrogen fuel systems
which are currently only satisfied by gasoline ainesel [4], and all the other methods

need to be improved to reach the DoE targets.
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Figure 5.2: Storage methods for hydrogen as cordp@réhe Department of Energy
(DoE) target. Methods utilizing chemisorption indéa metal-hydrides [1, 9], chemical
storage [10] and water [8]. Methods utilizing plsgsption include: carbon nanotubes
(CNTSs) [13, 15], fibreglass [15], activated carl{@&®) [14], metal-organic frameworks

(MOFs) [12] and polymers [15]. Figure taken from e@histry World [11] with

additional data superimposed.

5.1.2 Physisorption

Physisorption is the process of gas molecules begpadsorbed onto a surface due to
attraction from the van der Waals forces. The ga@krnergy between two atoms as a
result of the van der Waals interactions which dlwescribed by the Lennard-Jones
function [16]. By integrating this function oversarface the potential energy between

an atom and a surface can be calculated. For exatmglpotential energyE between



Chapter 5: Introduction to gas storage 93

an atom and an infinite flat surface at a distamice from the plane of surface nuclei

can be shown to become

PE :477750'2 E(E]lo_l(fr
LJ 5| 5 2l p) | (5.1)

wherey is the atomic density of the surface (i.e. nunddeatoms per unit surface area),
o 1S the kinetic diameter andis the well depth. This function contains a remas

component that dominates at close distances aattractive component that dominates
at large distances, as demonstrated in Figurdfil® attractive force is strong enough

the gas molecules will bind to the surface and fdanse liquid-like layers [5, 17].

PEL Repulsive component

/

L Attractive

Figure 5.3: Lennard-Jones potential energy betwaem and infinite flat surface at

distance op from the surface nuclei.

Langmuir equation
On assuming that a single layer is formed, the i@ge can be adequately

described by the Langmuir equation,

__ Kb
1+K,p’ (5.2)

whered is the fractional coverage (number of adsorptin@ssoccupied / number of
adsorption sites unoccupied; is the equilibrium ratio of the rate of adsorptiover

the rate of desorption ands the pressure.
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BET equation
Assuming that multiple layers are formed, then ¢heerage can be described by
the Brunauer, Emmett and Teller (BET) equation,
Veoy cz*
Vmon  (@-z*f1-(1-c)z*}’ (5.3)

wherevg, is the volume of the adsorbed moleculgg, is the volume of a monolayer

of adsorbed moleculeg, is ratio of pressure over the vapour pressupe andc is a
constant relating to the heat of desorptiggH and the heat of vaporizatiaq,H in

the following way,

 [DaeH ~BigpH
c=ex RT ! (54)

whereR is the universal gas constant an temperature [17].

Heat of adsorption

An important factor influencing the uptake perfomoa is the materials heat of
adsorption, which is the energy difference betwienbulk gas phase and the adsorbed
phase, which is a measure reflecting the bindingngth of the material. This can be
enhanced by constructing the material out of elés#irat have strong interactions with
the gas, arranging the surface such that the emergytials overlap, and/or by creating
surfaces with high curvature. The heat of adsorpfigsH can be calculated from
isotherm plots using the Clausius-Clapeyron equoaterived from the van't Hoff
equation [18],

A g H :—%In[ﬁj , (5.5)
2~ h P1 /g

whereT; and T, are the temperatures that correspond to the gessymesp; andp; ,
respectively, for an equal covera@e Alternatively, the heat of adsorption can be
estimated from the Lennard-Jones potential enengyction (Equation 5.1), as

suggested by Everett and Powl [19],
A4 H :‘PE’LJ‘mlRT, (5.6)

wherePE 5 is the depth of the potential minimum between dghs molecule and the
surface, anda; (= 0.5) is the proportionality constant whesgRT is the energy
contributed to the adsorbed phase due to the mavenfethe adsorbed molecules

parallel to the surface. Other methods of predictime heat of adsorption based on
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molecular simulation work and ab-initio calculatsoare given in Sections 5.1.3.2 and
5.1.3.3, respectively.

By combining the Langmuir equation with the van’ofHequation it has been
shown that an optimal heat of adsorptitygHox can be calculated that maximizes the
delivery for the operating temperatufie the storage pressum® and the delivery
pressureyg, as follows [20],

_ RT | PsP
DagHopr = TAS, +7In(;—2d} (5.7)
(0]

where4S, is the entropy change relative to the standardspirep, (1 atm). Similarly,
an optimal operating temperatufgy, that maximizes delivery can be calculated for
given heat of adsorption,

AgH

pt = ' 5.8
AS, +(R/2)In(pspy / p2) (5.8)

To

Surface area

From the Langmuir and BET equations it is cleat tha amount of gas molecules
adsorbed depends on the amount of available adsorgites. Therefore the aim of a
physisorption-based storage system is to creatatarial with an ultra high, accessible,
internal surface area [21]. By considering a graphgheet, Figure 5.4 demonstrates the

increase in surface area as the sheet is splifrexonents.

i %

a)

Figure 5.4 ¢ontinued to next page)
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Figure 5.4: The surface area of graphite elemejtgraphene sheet 2963/g) b) poly-
p-linked six-membered rings 5683 /g, c) 1,3,5-linked six-membered rings 620&/gn
and d) isolated six-membered rings 774%grTaken from Chae et al. [21].

Excess adsor ption
As the gas molecules enter the material, someds@riaed onto the internal surface

while others remain in the bulk gas phase distabuwvithin the voids throughout the

material. Due to the experimental techniques usedalculate the gas uptake it is
necessary to define the total (or absolute) adsorgind the excess adsorption [22-24].

Total adsorption refers to the total amount of rooles within the material (adsorbed

and non-adsorbed,: while excess adsorption refers to the amount ofecutes in

excesNg, of the hypothetical amount of molecules that woendst within the void in

the bulk gas phadé,yk, such thatNi: = Nex + Nouik, Which is illustrated in Figure 5.5.
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Figure 5.5: Density profiles for total amount ofsgaolecules upon the surface of a
metal-organic framework (MOF). The total amountgafs moleculesNi,: (A-C: all
circles, D: dashed line) is demonstrated to be atidition of the amount of excess
adsorbed moleculedles (A-C: coloured circles, D: solid line) and the amo of
molecules that would exist within the space in itk gas phas®&uk (A-C: empty

circles, D: dotted line). Taken from Furukawa ef22].

5.1.3 Modelling approaches

The manufacturing and testing of adsorbents islycastd time-consuming, and
therefore it is desirable to have simple modelst thaght predict the storage
performance within the proposed adsorbent [1]. Heree modeling approaches are
summarized, namely, geometry-based calculationsgcular simulations and ab-initio

calculations.

5.1.3.1 Geometry-based calculations

By assuming that the gas molecules are hard sphires possible to estimate the
maximum storage capacity of an adsorbent by corisgi¢he packing geometry upon
the internal surface [13, 25]. Figure 5.6 demonssrahis approach applied to the
packing of spheres upon a flat graphene sheetdyrdasg monolayer adsorption upon
six-membered sites only (top), and alternatively dsguming no specific adsorption
sites such that the adsorbed spheres stack todeth@ng a triangular array (bottom).
Similarly, the stacking of spheres along the swfata cylinder has been considered to

estimate the maximum storage capacity within tutfedifferent diameters, see Figure
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5.7. Notice that there are critical diameters ftwich the stacking arrangement changes.
For example, very small tubes will contain a sinfile arrangement, slightly larger
tubes will contain a zig-zag configuration, lar¢igibes will contain a helix arrangement

and even larger tubes will have a multiple helbaagement.
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Figure 5.6: Stacking arrangement of 8 x V3 commensurate (top) and an

- )

incommensurate (bottom) monolayer of spheres upgraphite surface. Taken from
Brown et al. [26].

Figure 5.7: Stacking arrangements of spheres wittbas of different diameters. Taken

from Michelson et al. [25].
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This geometry-based approach is limited to simptéase geometries and will only
provide a maximum storage capacity rather thaneagore and temperature dependent
capacity. However, this approach is simple, fasimplement and does not require

computer coding expertise.

5.1.3.2 Molecular simulations

Molecular simulation is probably the most commoused modelling approach for gas
storage applications. The simulation work in thisaahas been lead by groups such as,
Snurr [27-30], Goddard [24, 31-33], Darkrim [34-38bhnson [37-39] and Garberoglio
[38, 40-42]. The majority of simulations are basedthe Monte-Carlo algorithm which

is outlined below [43, 44].

Firstly the atoms within the adsorbent structure positioned within a fixed
volume simulation box. Depending on the adsorbsmmetimes the structure is fixed
using geometry considerations, other times, for enoomplicated structures, the
structure first undergoes a series of energy miation steps to ensure that the atoms
are fixed in positions that closely reflect theuattphysical structure. Either way, the
structure of the adsorbent is then fixed and reméixed throughout the rest of the
simulation steps. The aim from this point is to slate the behaviour of molecules
within the simulation cell. This is achieved by euntng certain steps including the
creation, deletion, displacement and rotation gas molecule and then repeating these
steps until equilibrium is achieved (usually on treer of millions of steps). In a
creation step, the position of the new gas molecsilehosen randomly within the
volume of the simulation bo¥,.x and then the potential ener@y of the new gas
molecule is calculated using the Lennard-Jonestimmdetween neighbouring atoms.
The step is then accepted with probabiftyr 1, which ever is smallest, whelreis
calculated as follows:

P=exg - E Vi (creation), (5.9)
KoT ) (N +Dk,T :

Wheref is the gas phase fugacity aNds the total number of gas molecules within the
box. Similarly, the deletion, displacement or raatof a gas molecule is accepted with

probability min(1,P), whereP is calculated as follows:

E | Nk.T )
P =ex B deletion),
F{kBTj v ( ) (5.10)

box
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E,-E . ,
P= ex;{—l?zj (displacement or rotation), (5.11)

where E; and E, are the potential energies calculated before diel she step,
respectively. After repeating the steps until aquilm is reached, the average number
of gas moleculed is calculated and then scaled according to themetric v and
gravimetricwt. % measures, thus

. Nm
VvV =

9 and wt%:&xloo
' ng+M ! (512)

wheremy is the molecular mass of an individual gas moke@rdM is the mass of the

adsorbent structure. Examples of simulations apgvshn Figure 5.8.

Figure 5.8: Molecular simulations. a) Hydrogen gpiewithin an array of carbon
nanotubes, taken from Dresselhaus et al. [13],@nidydrogen spheres within a unit
cell of a metal-organic framework at 0.1 (left) &8l (right) bar, taken from Frost et al.
[28].
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This modelling approach provides a prediction tog total amount of molecules
within the adsorbent. Since experiments provide wars of excess adsorption as
opposed to total (or absolute) adsorption, it iseseary to convert the simulated total
adsorption to excess adsorption. A method has besrded by Myers and Monson
[23], which is briefly outlined here. As previousdxplained in Section 5.1.2, with the
assistance of Figure 5.5, the total number of mudscper unit volume within the
adsorbeniNi: (from simulation) can be expressed as the sunhefekcess adsorbed
moleculesNg (from experiment) and the hypothetical amount ofenules in the bulk
gas phas@lyuk (from calculation)Niot = Nex + Nouik - Nouk may then be calculated as the
product of the number density of the bulk gag (from the Peng-Robinson equation of

state) and the free volume within the adsorbgntesulting in the expression
Niot = Nex + PouiVs - (5.13)
Currently the free volumé&/ is calculated by integrating the potential eneajya

helium atomPEg. throughout the entire volumé with r symbolically representing the

three-dimensional coordinates,

vl {PeHem} | -

The molecular simulation approach has successiuliyched many adsorption
experiments and therefore has proven to be a goedigtive tool for the testing of
proposed adsorbents. Although this approach pedidsorption performance much
faster than the synthesis and experimental testirtbe materials, it is still quite time-
consuming and requires coding expertise. Furtlherapproach is restricted to a single
case at a time and therefore is incapable of miadethe infinite amount of possible

variations of structure, gas, temperature and press

5.1.3.3 Ab-initio calculations

Ab-initio calculations involve the integration ofanous components based on first
principles such as electron density, polarizatiod alectrostatics [45]. This approach
enables the prediction of the binding energieshef gas molecule to the adsorbent
structure. This is useful for understanding théiitg of certain adsorption scenarios
and also for determining the specific adsorptidassthat the gas molecule is likely to
occupy [31, 46-56]. Figure 5.9 demonstrates anndlwistudy into the effect of

transition-metals on the binding energies of hydrogn a fullerene. Similarly, Figure
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5.10 shows an ab-initio study of a lithium-coateshotube and a lithium-coated peapod
(nanotube with fullerenes inside) [55]. This apmivadoes not consider statistical
mechanics and therefore is incapable of modellmgrandomness of actual adsorption
but nevertheless is a good way of estimating that loé adsorption and maximum

capacity.

a) Es= 1718 cV/4H, b) Eg=0.4921 ¢V/H,

Figure 5.9: Ab-initio calculations for the bindimmpergyEg of hydrogen to a fullerene
functionalized with a) 1 titanium atom and b) lfanium atoms, taken from Yildirim et
al. [55].
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a)
Figure 5.10: Ab-initio calculations for the bindirenergyEg of hydrogen to a a)
lithium-decorated carbon nanotube and b) lithiuroedated and fullerene-impregnated
carbon nanotube. Taken from Chen et al. [57].

5.2 Thesis work overview

Chapter 6 presents a new approach for modellingagasrption, termed the TIMTAM
approach (Topologically Integrated Mathematical rim@dynamic Adsorption Model),
which combines components from the existing methdexribed above. The Lennard-



Chapter 5: Introduction to gas storage 103

Jones potential energy function is integrated togichlly throughout the material with
parameter values derived from ab-initio calculagionFrom thermodynamic
considerations the potential energy is then usesplid the space within the material
into two parts i) the space for which gas molecales expected to remain in the bulk
gas phase and ii) the space for which gas molearesxpected to translate to the
adsorbed phase. Finally, the total amount of gaélsinvihe adsorbent is calculated from
the corresponding equations of state. This enalies immediate prediction of
adsorption performance without the need of codirpgedise, and the effects from
changes in temperature, pressure, cavity sizetycaliape and atomic composition can
be readily explored. Additionally, the model is ds® predict gas uptake within

impregnated metal-organic frameworks and nanotirb€hapters 7 and 8, respectively.
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PE

0

p

T
NtOt
Nex

Nbuik

potential energy

fractional adsorption coverage

pressure

temperature

total (absolute) amount of molecules absorbédl(= Nyuk)
amount of molecules adsorbed in excess of budkcgpacity
amount of molecules in bulk gas phase

probability function for Monte-Carlo steps
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wt. %

potential energy calculated for Monte-Carlo steps
volumetric uptake (mass of gas over volume obduknt)
gravimetric uptake (mass of gas over systessina
mass of gas molecule

volume of simulation cell
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Chapter 6

Gas adsorption model

6.1 Introduction

In this chapter a novel framework for the predictmf the gas storage capabilities for
periodic porous materials is presented. The Topcddly Integrated Mathematical
Thermodynamic Adsorption Model (TIMTAM) combinesrface potential energies
with the classic thermodynamics of physisorptionaircomputationally inexpensive
fashion. Experimental results from leading sorbemtdidates such as metal-organic
frameworks (MOFs), zeolites and carbon nanotubee baen used to verify the model,
which closely describes the experimental outconkesthermore, the effect of pore

shape upon gas storage characteristics is exphatedhe TIMTAM routine.

6.2 Gas adsorption model

As a gas molecule approaches a surface, the ititaraaue to van der Waals forces,
which are well described by the Lennard-Jones pialeenergy function, become
dominant. This potential is known in this contegtthe potential energy for adsorption,
found by integrating the atom-atom Lennard-Jonesctian over the surface. The
formulation for the potential energy within thredfetent cavity shapes is given below
and further details are found in the referenceg]1,

Slit-shaped cavity:

Ce ., Cou
2p+d/2)* 5(p+d/2)

PEgit (0) = 77’7{—
6.1)

+ | - Ce Cro
7] + :
2d/2-p)* 5(d/2-p)°
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Cylindrical cavity:
PE ¢y (0) =7(- Co H ey [3] + Cyz H oy [6])

21%d? i ol (2k+2j-2)! ’ (6.2)
(d)2 (2k -2)1 == @2d) ! jik+j-1)!)

Hey (K] =
i=0

Spherical cavity:

oo (0) =11~ Cg H gn[6] + Cyp H g [12]),
d ( 1 1 J (6.3)

(o+d/2)2 (p-d/2)<?

p is the distance of the gas molecule from the cavity cettepresents the cavity size
(distance between nuclei) ands the atomic surface density of the cavity wal.and

C1, are the attractive and repulsive constants, respectively, defit@d-ages” (o is the
kinetic diameter and is the well depth). Potential energy maps are shown within each
cavity in Figure 6.1. The potential minimum is deepest wittavities with higher
curvature where the gas is closer to more surface atoms. Note ithgotantial is
independent of both temperature and pressure. The kinetic enefgy gdd in the bulk
phase relative to the size of the potential energy for adsorp@barncines the
probability that surface adsorption of a gas molecule will ocaura specified
temperature.

Usually the values of the kinetic energy of a gas molel§&gs and the potential
energy for adsorptioRPEs,ace@re similar and hence there exists a fusion between the
adsorbed and bulk phases, as shown in Figure 6.2. Gengoabikisg, if KEgas <
PEsurtace then surface adsorption occurs. Following this, the probalofitadsorption
can be derived from the Arrhenius equation which incorporates the avarsge k
energyRT, whereR is the universal gas constant ands temperature. The probability
that a molecule at a distanedrom the cavity center will be adsorbed can be expressed

as

RT

Pad () =1~ ex{MJ , (6.4)
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where exp(RE|/RT) is the probability thaKEgas > PEsurace i.€. the probability that a
gas molecule is in the bulk phase. The probability of adsorj®iplotted in Figure 6.2
showing the dependence of temperature and distance from the surface.

The total free volum¥; within a cavity is defined here as the volume for which the
potential energy is less than zero. In other words, the boundarigss free volume are
located where the potential energy for adsorption is zero at the adigiafrom the
center of the cavity in Figure 6.1, and also demonstrated imd=&82 where the volume
occupied by the surface is shaded. This total free volume wiidbeum of the volume
free for adsorptiorV,y and the volume free for bulk gad4,x. The volume free for
adsorption is found by integrating the probability of adsormptover the total free

volume as follows,
Vad = IV Pad (,0) do. (6.5)
f
Similarly, the volume free for bulk gas is calculated as

Vhuik = IV [1- Py (0)] do. (6.6)
f

The final step in the model is to calculate the actual number of giesutes within the
total free volume at a certain temperature and pressure. Equatidateaire commonly
used for this purpose [3-5]. Here an appropriate equation ofistastablished for the
adsorbed phase which is in a similar form to the Dieterici equafistate [4, 6]. The
common concept is that the kinetic energy between molecules is redueedo
attractive intermolecular interactions. Dieterici included the interactioesveen
particles in a liquid while here the interactions with the gawiall are included. This
means that the average kinetic energy between molecules is reduced therin
transition from the bulk gas phase to the adsorbed phase, alonotecules to sit
closer together and therefore to exist in a denser form. The heat ghtamisds a good
measure to describe the amount of energy lost upon adsorptioreagonable

approximation to the heat of adsorpti6h is given by Everett and Powl [7] as

Q:|PEmin|+alRT, wherePEn, is the depth of the potential minimum between the

gas molecule and the cavity wall, angd(~ 0.5) is the proportionality constant where
01RT is the energy contributed to the adsorbed phase due to the emveimthe
adsorbed molecules parallel to the cavity surface. Similarlyhis;mwork the heat of

adsorption is defined as
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Q= |C’-PEmin + (1_ w) I:)Ecent| + alRT ) (6-7)
wherew represents the weighted contribution of the potential minirR&m, and the

potential at the centdPE..n; Of the cavity. Accordingly, the equation of state for the
adsorbed phase is expressed as

P(Vag /Nag ~ Vo) = RT exe(-Q/RT), (6.8)
wherenyg is the total number of molecules in the adsorbed plpasepressure ang, is
the occupied volume of closely packed gas molecunlgss not to be confused with the
excess amourtle, used frequently in the literature [8{e is defined as the amount of
molecules in excess of the theoretical amount of molecules that tlity wawuld
contain in the bulk gas phase. Whilg is the actual amount of molecules in adsorbed
phase.

The total amount of gas molecules in the bulk gas phages found by solving

the simplified van der Waals equation of state,

P(Vbuik / Nuik = Vo) = RT . (6.9)
After the total amount of molecules are found=(nag + Nwuik), the gravimetric uptake is

calculated in the following way,

nm

oN—__ "
we.% (hm+M)

x100, (6.10)

wherem is the mass of a gas molecule ands the mass of the cavity wall (shown in
Figure 6.1). In addition, the volumetric uptakeadculated as,

nm
V=—o, 6.11
y (6.11)

where V is the total volume of the cavity including theedr volume and occupied
volume (shown in Figure 6.1).

Figure 6.2 demonstrates the effect of temperatdepaessure from the underlying
concepts of the TIMTAM approach. To summarize, gh&ential energy for adsorption
is calculated within the cavity which is used tdedmine the temperature dependent
probability of adsorption throughout the cavity. Bytegrating the probability of
adsorption over the free volume, the volume freeaftsorption is found and in the same
way, the volume free for bulk phase is also fourRkhally, temperature and pressure
dependent equations of state are used to detetherguantity of gas molecules in each

phase within the cavity.
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Figure 6.1: Potential energy for adsorption, tetalume and free volume within slit-

shaped, cylindrical and spherical cavitiess the arbitrary length of a section of cavity

andmn is the molecular mass of the surface atoms.
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6.3 Comparison with experimental results

To demonstrate the TIMTAM capacity to accuratelgdict adsorption performance
within a range of porous absorbents the followiregutts are reproduced: MD
simulations for hydrogen uptake within carbon shitel carbon nanotubes by Rzepka et
al. [5], experimental results for methane uptakearbon slits by Aukett et al. [9], MD
simulations for hydrogen uptake within Metal-OrgaRrameworks (MOFs) by Ryan
et al. [10], and experimental results for hydroggrake within MOFs by Kaye et al.
[11].

Comparison with existing simulation results is @@dest of the model since more
often than not all the variables are known, as epddo experimental results which are
difficult experiments to perform accurately. Rzep&t al. [5] have simulated the
gravimetric and volumetric hydrogen uptake in carlstits and carbon nanotubes of
various sizedsl at various pressures and temperatures. Here the parameter values
are used, listed in Table 6.1. Further, the TIMTAdimulation is found to provide a
good fit with @ = 0.8 anda; = 0.16. This means that the potential minimum is a
stronger factor contributing to the energy in tldsabed phase and there is little
movement of the adsorbed molecules parallel testhitace. Figure 6.3 and Figure 6.4
show excellent fits of the model with the simulatioesults for gravimetric and
volumetric uptake for slits and nanotubes. Desfhite simplicity, it is clear that the

model captures the essential characteristics dfithalation results.
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Figure 6.3: TIMTAM fit (solid lines) to simulatiomesults for hydrogen gravimetric
(above) and volumetric (below) uptake within carlsbits (blue squares) and carbon
nanotubes (red circles) of different pore sizeat 300 K and 98.7 atm, data from
Rzepka et al. [5].

Rzepka et al. [5] noted that the small peaks inup&ke correspond to pores in
which an individual hydrogen molecule can just f8ince the model utilizes a
continuum perspective it is difficult to mimic thetake of an individual molecule
accurately. However, the pore size for this sitratis very close to the pore size in
which the potential is at a minimum and therefdne tnodel is often capable of
mimicking the peak uptake especially within thé-shiaped cavities, see Figure 6.3.

The model also reproduced the experimental methgtake within activated
carbon AX21 which is believed to contain slit-shayp@res with an average sid®f 22
A, see Figure 6.5. An excellent fit is observed #mel parameter values are listed in
Table 6.1.

Since the leading hydrogen storage materials arévit©Fs it is important that the
model is capable of describing their uptake pertoroe. Here the isoreticular MOF-1
(IRMOF-1) composed of a cubic grid structure is ragpnated by a composition of
spherical cavities. The framework atoms zinc, oxygsarbon and hydrogen, denoted
by the subscripts= 1,2,3 and 4, are assumed to be evenly distdborethe surface of
the spherical cavity at radif2. Therefore the potential energy for adsorptiotiniw the
cavity can be estimated as
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4
PEMoF (0) = ) PEgni(9), (6.12)
i=1

4 4
where the parameters in Equation 5.3 are givew I;yZ/yi andC, = ZCik . The

i=1 i=1
Lennard-Jones parameter values are taken from tba&libg force field calculations
[12] and listed in Table 6.1 along with all the ettparameter values used. The cavity

size d for the MOF is found from fits to the simulatiomch experimental results.
However, a good approximation for the cavity radaid/2 = \/6 d'/4, whered’ is the

diameter of the largest van der Waals sphere inthdecavity, as determined by
Eddaoudi et al. [13] for each MOF in the series BMn (n = 1..16). Despite the
geometrical approximation the TIMTAM results agweell with the simulation and
experimental results, see Figure 6.6.
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Figure 6.4: TIMTAM fit (solid lines) to simulatiomesults for hydrogen gravimetric

(above) and volumetric (below) uptake within cartsbits (blue squares) and carbon
nanotubes (red circles) of pore size 10 A at difféerpressures and 200 K, data from
Rzepka et al. [5].
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Figure 6.5: TIMTAM fit (solid black line) to experiental methane uptake (black
squares) [9] within activated carbon AX21 with arei@age slit-shaped pore size of 22

A.
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Figure 6.6: TIMTAM fit (solid red lines) of total ylrogen uptake to experimental
results (green diamonds) [11] and simulation resfldtue circles) [10] for IRMOF-1 at

77 (upper curve) and 298 (lower curve) K.

Table 6.1:Parameter values used to reproduce the data fretitehature. Additionally,
the occupied volume of compressed hydrogea 0.0156 L/mol and of methang =
0.043 L/mol (calculated from critical parameters).

Gas- Kinetic Well Surface
Data from literature adsorbent diameter  depth density 1) o1
o (A) elka(K) 7 (No. /A%
Hydrogen uptake
Carbon nanotubes . 3.19 30.5 0.382  0.80 0.16

and carbon slits
Rzepka et al. [5]

Methane uptake
Carbon slits CH;-C: 3.64 84.19 0.382 0.55 0.22
Aukett et al. [9]

Hydrogen uptake Hz-C: 3.22 41.90 0.064
g IRI\?IOF-f H2-O: 3.00 42.05 0.070 L 090
Ho-H: 2.91 16.76 0.032 :

Kaye et al. [11] H,-Zn: 350 31.89 0.021
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6.4 Predictions of the model

An advantage of the TIMTAM approach is that it poms a way of exploring the
numerical landscape of factors controlling adsormptiPore size, free volume, system
mass, heat of adsorption, temperature and preafiysklay a crucial role in determining
gas storage outcomes. Figure 6.7 demonstrate$féot @ pressure within carbon slits,
tubes and spheres of dimension 10 A and at temper@43 K. The same parameter
values used by Rzepka et al. [5] are used hereimjortant note is that the cavity
shape with the highest hydrogen uptake dependbepressure which means that the
appropriate cavity shape is to be chosen accorttinpe known operating pressure.
This observation is more noticeable from the voltrroeiptake. Frost et al. [14] provide
an explanation for this in that at low pressures lieat of adsorption is the dominant
factor while at higher pressures the free volumsobees the dominant factor. The heat
of adsorption is greatest in spherical cavities knveest in slit-shaped cavities, while
free volume is greatest in slit-shaped cavities lamest in spherical cavities. Therefore
the observation is a result of the shifting tradlebetween the heat of adsorption and
free volume at various pressures.

As there are many possible combinations of temperapressure and pore size,
Figure 6.8 and Figure 6.9 show the gravimetric aoldimetric uptake within carbon
slits, tubes and spheres of varying pore sizesuatdistinct pressures and temperatures.
Slit-shaped cavities outperform the other shapedtiea in gravimetric uptake due
mainly to the higher volume to mass ratio. Howevtke cavity shape delivering the
highest volumetric uptake depends on cavity siemperature and pressure. At small
pore sizes the gas uptake is restricted by theviokene available in each cavity shape.
At large pore sizes the volumetric uptake tendsatawthat of compressed gas (no
absorbent), slit-shaped cavities approach thig liimst followed by cylindrical cavities
and spherical cavities. This is because the porfacas with higher curvature (higher
heat of adsorption) cause denser adsorption lagefsrm along the surface which
keeps the uptake higher than that of compressedimgjiispores become larger where

curvature decreases and the ratio of surface ausotp bulk gas decreases.
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Figure 6.9:TIMTAM results for total volumetric hydrogen uptakeathin carbon slits
(blue lines), tubes (red lines) and spheres (ghees) with varying pore sizes at four

distinct pressures and temperatures.

Overall TIMTAM encompasses many characteristiceeoled in the gas adsorption
phenomenon including the following: The amount afleécules in adsorbed and bulk

gas phase increases with decreasing temperatuie@edsing pressure; The amount of
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molecules in adsorbed phase increases with inogdseat of adsorption; Heat of
adsorption is proportional to the magnitude of pttd energy for adsorption which

increases with increasing surface curvature aneasing well depth of surface atoms,
and is maximum at a critical pore size; Gravimetnqtake increases with decreasing
surface mass. Therefore, the TIMTAM approach iseanellent tool to guide the

material design for gas storage applications.

6.5 Conclusion

The TIMTAM formulation is established for predigjigas storage within slit-shaped,
cylindrical and spherical cavities, and is foundatgree with available simulation and
experimental data. The transparency of the modaliges insight into the adsorption
phenomenon and allows the analysis of each critfe@kor governing storage
performance. Here the effects of pore size, freleime, heat of adsorption, system
mass, pressure and temperature are investigatiingf the guidelines for tailoring
absorbent materials for desired gas storage apiplhsa

Further extensions of the model may include theeqtodl of neighbouring gas
molecules causing the total potential to be depends number of molecules.
Differently shaped cavities may be investigated i8MTAM by numerically
integrating the potential throughout the cavity.
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List of symbols used in Chapter 6

PE

p

Cs, C12

Pad
Phuik
Vad
Vhuik

Vi

Vo
Nad

Npuik

potential energy

distance from center of pore

attractive and repulsive Lennard-Jones const@hts 4cc®)

kinetic diameter

well depth

atomic surface density

pore size (between surface nuclei)
kinetic energy of gas molecule
temperature

universal gas constant

probability of molecule in adsorbed phase
probability of molecule in bulk gas phase
volume free for adsorption

volume free for bulk gas

free volume within adsorbentVz + Vpuik)
heat of adsorption

weight fraction

pressure

occupied volume of closely packed gas molecules

number of molecules in adsorbed phase
number of molecules in bulk gas phase
total number of molecule stored ffiz + Npuk )
mass of individual gas molecule

mass of adsorbent
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ms mass of individual surface elements

d* diameter of metal-organic framework estimatedEbdgaoudi et al.
I arbitrary pore length

Vv total volume of unit cell

Po position at whiclPE =0

volumetric uptake (mass of gas over volume obsduknt)

<l

wt. % gravimetric uptake (mass of gas over systessina



Chapter 7

Impregnated metal-organic frameworks

7.1 Introduction

In this chapter the adsorption model outlined iragtbr 6 is used to analyze a new
concept for methane and hydrogen storage matdnatdving the incorporation of
magnesium-decorated fullerenes within Metal-Org&mameworks (MOFs), see Figure
7.1. Impregnation of MOF pores with magnesium-datamt fullerenes, denoted as Mg-
Ceo @ MOF, places exposed metal sites with high heatadsorption into intimate
contact with large surface area MOF structureshdpes surprisingly, given the void
space occupied bygg; this impregnation delivers remarkable gas uptakeording to
the model, which predicts exceptional performarmettie Mg-Go @ MOF family of
materials. These predictions include a volumetriethane uptake of 265 v/v, the
highest reported value for any material, which gigantly exceeds the US Department
of Energy (DoE) target of 180 v/v. The model alsedicts a very high hydrogen
adsorption enthalpy of 11 kJ/mulith relatively little decrease as a function of H
filling. This value is close to the calculated optim value of 15.1 kJ/mol, and is
achieved concurrently with saturation hydrogen kgtan large amounts at pressures

under 10 atm.
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Figure 7.1: Schematic representation for the rég@ndoposed material Mg+ @ MOF
showing a MOF cavity impregnated with magnesiunmodated Go.

7.2 Method

The MOF cavity structure is approximated to enahke development of a potential
energy function, which is then used to predict masiimportant adsorption results such
as the average potential energy for adsorptionyrael free for adsorption, heat of
adsorption and adsorbate (gas) uptake. A similprageh has been used previously to
explore the optimization of porosity and chemidtoy material performance, including
successful determination of the adsorption of fales onto the inside wall of carbon
nanotubes [1] and the gas separation regimes wathindrical pore channels [2, 3].

The TIMTAM approach taken here is an approximatidnch begins by assuming
that the iso-reticular MOF (IRMOF) structure is quowsed of spherically shaped
cavities such that the cavity surface, definedaaliusri, consists of the framework
atoms, namely zinc, oxygen, carbon and hydrogeexed as = 1,2,3,4, respectively.
These atoms are averaged over the cavity surfaaing a homogeneous layer onto
which a gas molecule can adsorb. This approximatioables the development of a
potential energy function between a gas molecutethe cavity surface based on the 6-
12 Lennard-Jones potential assuming a sphericahgey,
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4
PEmor (0) =Z(‘ Egi + E12j ) (7.1)
i=1
2Ckil7i7Tr1 1 1
B =—% - , .
“ k) ((p+r1)k'2 (p—rl)k-zj 72

where Cy ; = 4¢; aik; & ando; are the well depth and the kinetic diameter, respaly,

found by using the Berthelot-Lorentz mixing ruletveeen the gas molecule and atom
on the cavity surface. Furthex,is the atomic surface density of atomithin the cavity
surface at radius, (see Figure 7.3), andis the distance between the gas molecule and
the center of the cavity. Dreiding [4] force fieldlues are used for the framework
atoms and experimentally determined values are fasdd/drogen [5] and methane [6],
found in Table 7.1.

The effect of the insertion of decorategh @llerenes into the MOF cavity can be
studied by including the potential energy of theeiaction between the gas molecule
and the surface of the fullerene. The interactietwieen an atom and a fullerene has
been formulated by Cox et al. [7]. Here this folation is extended to consider
fullerenes which are functionalized with magnesiatoms, where functionalization is
by 10 magnesium atoms, which is equal to the nurmbphenanthrene subunit bridging

sites. The van der Waals interaction energy becomes

2
PEMg,Ceo () = Z(‘ Ee,j * E12,] ) (7.3)
j=1
o ZCk,]ﬂJﬂb 1 B 1
K ((p+b)k‘2 (p-b)“]' v

where Cy, j = 451-0?, b is the radius of a fullerene and he¢re 1,2 represents carbon

and magnesium, respectively. By assuming thatuhleréne is located in the center of
the cavity a combination of both expressiQRE(p) = PEvor(p) + PEvgics(p)) €nables
a prediction of the potential energy distributidmouighout the cavity. For undecorated
fullerenes the terms corresponding to2 are simply omitted.

The framework surface atomic densities for carbod laydrogen in the series of
IRMOF-n structures are approximately constant sittee number of ligand atoms
increases with increasing cavity radius. The nunobeinc and oxygen atoms remains

constant in the IRMOF-n structures and therefomfasa atomic densities depend on
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cavity radius, as shown in Table 7.2. Fullerene eriogs are listed in Table 7.3. Each
cavity is formed by 8 vertices of zinc and oxygemd 12 ligands of carbon and
hydrogen. Taking into account that each vertex cotsngith 8 cavities and each ligand
connects with 4 cavities, an average molecular massavity can be found, given in
Table 7.4.

In reality the fullerenes will be randomly but elyemistributed throughout the
porous network as demonstrated in recent moleaihaulation work [8]. It is most
likely that the fullerene is to assume a positibose to the cavity wall, rather than
centrally located as shown in Figure 7.3. Howewasrcan be seen from Figure 7.2, the
actual hydrogen uptake as calculated from assuimiogntral location is a very close

approximation to that of an offset fullerene.

Table 7.1:.Lennard-Jones parameter values for framework afoons Dreiding [4] and

gas molecules from experiments. [5, 6]

Adsorbate /Adsorbent Kinetic diamet&R) Well depthe/kg(K)

C 3.47 47.86
O 3.03 48.19
H 2.85 7.65

Zn 4.04 27.70

Mg® 4.36 156.00

H, 2.96 36.70

CH, 3.73 148.00

@ Dreiding force field values for aluminum are usedte for magnesium, suggested by
Aicken et al. [9].

Table 7.2 Cavity atomic surface density.

Framework atom Atomic density of cavity wall
Nadsorbent (NO. atoms / A)
C no. C atoms /#4r,° = 0.089
H no. H atoms /#Ar,>~ 0.045
Zn 32/ 4y’
0 104 / 41y

Table 7.3Fullerene properties.

Properties Values
Ceo radius 3.55 A
Cso mass 720.64 g/mol
Mg10-Cso mass 960.69 g/mol
Ceo surface density 0.379 (no. C atoms’) A

Mg.1o-Ceo SUrface density ~ 0.063 (no. Mg atoms?) A
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Table 7.4:Adsorbent molecular mass per cavity and adsorbateaular mass.

Adsorbent / Adsorbate Molecular mass (g Mol
IRMOF-1 769.79
IRMOF-8 920.04
IRMOF-10 998.15
IRMOF-16 1226.44
IRMOF-n ~1.357 1, + 469.51
Coo @ IRMOF-n ~1.35¢r,* + 1190.15
Mg10-Cso @ IRMOF-n ~1.357 1 + 1433.20
H, 2.02
CH, 16.04
20
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Figure 7.2:Comparison of total hydrogen uptake predictiongdmsa hypothetical
carbon sphere with radius 12 A at 77 K. Inset digplthe three cases: A) Centerag, C
B) Offset Go, and C) Empty cavity.

If the kinetic energy of the gas moleculeE{.d|, is less than the potential energy of
the interaction between the gas molecule and thmework, PEvor|, then the gas
molecule will be adsorbed. Conversely, WE|.s| > PEwvor| the gas molecule will
remain in the bulk phase. Hence the probabilitthef molecule remaining as bulk gas
is given by exp[RE|/RT] and the probability of the gas molecule adsorbegiven by
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1-exp[-PE|/RT]. The cavity free volume may then be split intootwhe volume in
which gas molecules are adsorbed:
%
Vg = I47102(1—exp{—|PE(p)|/RT])dp (7.5)
Po |
And that in which they remain as bulk gas:
%1
Voulk = J-47W2(9XF{‘|PE(/O)I/ RT])dp (7.6)
Po |

whereR is the universal gas constant ahds temperature. There are various ways of
defining the total cavity free volume and heresitlefined as the total space within the
cavity for which the potential energy is negatiVee radial boundaries of this space are
indicated bypo andp; in Figure 7.3and Figure 7.6A, wherey is equal to zero in the
absence of a fullerene. An alternative definitidnhe total cavity free volume could be
the total space within the cavity for which the gxital energy is less than the average
kinetic energy of the bulk gas phaR&. In this case, andp; would be temperature
dependent satisfyinBE(po) = PE(p1) = RT. In this work the former definition is used
wherepo andp; are independent of temperature, however, calonatshow that the
latter definition determines a total cavity freduroe increase of 3.5 % at a temperature
of 298 K, although, this only results in a hydroggrtake increase of 0.01 wt. %. Note
that the total cavity free volume is equal to thensof the volume free for adsorption
and the volume free for bulk gag; € Vag + Voui). It is believed that these expressions
are crucial to determining adsorption performarsiece the adsorbate is stored more
densely in the adsorbed state than in the bullstgs. The adsorbate uptake is derived
by combining the volume free for adsorption and flba non-adsorption, or bulk gas,
with the appropriate corresponding equations dfest@he simplified van der Waals
equation of state is used for determining the nunolbemoleculesk in the bulk gas
state,

P(Vouk / Npuik —Vo) = RT, (7.7)
wherep is the pressure ang is the occupied volume of densely packed gas ratdec
calculated from critical parameters. The equatibstate used to find the number of

molecules in the adsorbed statg is a modified version of the Dieterici equation of
state [10],
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PVaq / Nag ~Vo) = RTarexd- | PE |/ RT|, (7.8)

where PE is the average potential energy for adsorptionaarsdan empirical constant.
The average potential energy for adsorption isutaled by integrating the potential
energy functiorPE(p) over the total cavity free volume. This equatairstate allows
the kinetic energy between the adsorbate moletoldecrease as the adsorption energy
increases. The total uptake can be calculatedeag/¢ight percentage in the following
way,

nm
nm+M
wheren is the total number of molecules within the caitynag + Npuk), M is the mass

wWt.% =

x100, (7.9)

of a gas molecule and is the mass of the adsorbent per cavity.

Energy [llimol]

-0.16
-0.70
-1.25
-1.748
-2.33
-2.87
I -3.41
-3.95
-4.44

-5.03
-5.58

-6.12
. -6 .66
-7.20

Figure 7.3:Potential energy for hydrogen adsorption within filee volume of Mg-&
@ MOF.
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7.3 Comparison with experimental and simulation data

In the modelling of the likely gas storage perfonoe for the proposed material, it is
crucial that the modelling output be verified agaiather experimental and simulation
results for MOFs, in order to provide confidencetlie accuracy of the predictions
made. The difficulty of the sample preparation andasurement has led to varying
reported experimental results, and simulation teslso vary according to the different
methods and the different parameter values adofitg#f Therefore, a sample set
consisting of conservative uptake values [12-15] been selected and used to calculate
the empirical constant. Consequently, the empirical constanis set to 0.35, see
Figure 7.4, Figure 7.8ndTable 7.5. In addition, it is found that a good @p@mation

or 77K
I
OQ. 8f— 87K
2 = °
() B
—;g -
8 °F b
S B
c 5|
() B
[@)) B
o Lk 200 K
S |
N
£
T |
(@] 2;
= 298 K
A
| | |
% 20 20 60 80

Pressure (atm)

Figure 7.4: TIMTAM fit (solid lines) to Panella al. [12] experimental results (filled
circles) for total hydrogen uptake by IRMOF-1 atK,787 K, 200 K and 298 K. Panella
et al. [12] measure the excess number of adsorlmecales, reported as a quantiy
which was converted to total (absolute) adsorptidoy the formulain = Neyx + Vi pg,

wherepy is the bulk gas density [16].
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for the cavity radius ig; = +/3/2r* wherer is the fixed radius determined by

Eddaoudi et al. [17] which represents the radiutheflargest van der Waals sphere that
fits into the cavity without touching the framewortoms. These particular
experimental and simulation results are chosennfodel validation since the data
available encompass a wide range of temperaturessyres and cavity sizes. The
model accurately portrays the observed effectemiperature, pressure and cavity size
on the adsorbate uptake and is consequently capsblgredicting the effect of

impregnated fullerenes within the MOF structure.

30
- | == IRMOF-1
| | e IRMOF-8
25~ IRMOF-10 e
Cg | — IRMOF-16
S 20}
0) B
X~
S I
% 15 |
o 1
[0 B
£ 10
§ [
O B
5 L
E 1 1 |
9% 20 40 60 80

Pressure (atm)

Figure 7.5: TIMTAM fit (solid lines) for total hydrogen uptaki® experimental results
for IRMOF-1 [14] (filled circles) and IRMOF-8 [18{filled squares), Monte Carlo
simulation results (unfilled circles) for IRMOF-113], -10, and -16 [15] at 77K.

Average systematic deviatien9 %.
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Table 7.5:Parameter values far and cavity radius; found from fits to experimental

and simulation results, with, calculated such th&E(p1) = 0. Fixed cavity radius

from Eddaoudi et al. [17] and cavity radius appnoaiionr;=+/3/2r".

o rnd) ;A A r=J32r (R)

Exp. and Sim. results , : .
P (fitted) ~ (fitted) (calc.) (fixed) (approximation)

Panella et al. [12]

IRMOE-1 0.43 11.45 870  9.25 11.32
Ryf‘,{'Mect),il_'l[ls] 0.28 10.78 803  9.25 11.32
Kaﬁ,?é,azl_'l[m] 0.28 10.78 8.03  9.25 11.32
Fr?;t,\,?éilj8[15] 0.28 12.74 10.00 10.70 13.10
Rﬁfgé' '1([)13] 0.28 14.45 11.70 12.25 15.00
Rﬁfgé' '1([313] 0.28 18.25 1550  14.40 17.64

7.4 Model prediction of impregnated MOF structures

One of the major benefits expected from the impagign of MOF structures is the
surface potential energy overlap from the fullergneest’ with that of the MOF ‘host’
across the remaining free volume. This overlap &dotrease both the adsorption
strength and the total amount of gas that is a@sbito a dense fashion, as opposed to
simply filling the pores in a lower density gasedoisn. Figure 7.6 demonstrates these
effects in three discrete cases, by varymgthe MOF cavity radius at which the
framework atoms are approximately located.

Whenrq is small (Figure 7.6A), the overlap of potentialeggies is strong, and
under these conditions the material tends to eregegals adsorption at high enthalpies,
but this is offset by a reduction in the free votumvhich is available for adsorption
(Figure 7.7). Large values of reduce the potential energy overlap (Figure 7.®0),
for intermediater; there exists a region where potential energy etdgraent can be
achieved while still maintaining a substantial amioof free volume (Figure 7.6B). In
all cases it is clear that Mgs&@ MOF has a superior performance oves @ MOF
and unfilled MOF-.
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Figure 7.6:Profile of potential energy for adsorption withinQWs with cavity radir;

of A) 10 A, B) 12 A and C) 18 A. Unfilled MOF (redfso @ MOF (green) and Mg
Cso @ MOF (blue). Cavity surface at radius fullerene surface at radils and free
volume boundaries afy andp; for Mg-Cso @ MOF are labelled on Figure 7.6A for
clarity.

Fractional free volume for adsorptiov,{/ V) is one of the major factors governing
gas storage within porous materials, wherés given by 4/ar.°. It represents that
proportion of volume within the MOF where gasesl| witist in the dense adsorbed
state, as opposed to the bulk gaseous state. Figumemonstrates that up to 44 % of
the volume within Mg-Go @ MOF is able to accommodate both hydrogen antanet
in the densely adsorbed state, which is about 1héte than that for empty MOF
structures. In the case of both adsorbing gakespptimal cavity radius increases at
lower temperatures (GH.7A / 298K, 21A / 77K ; H13A / 298K, 16A / 77K). This is
because at lower temperatures it is possible femgalecules to be in the adsorbed state
at larger distances from the adsorbent’s surfaeating multiple adsorption layers, and

thus larger cavities are required to reach themgdtcapacity.
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Figure 7.7:Fractional free volume for adsorptiox.§/ V) at 298 K (lower curves) and
77 K (upper curves) for hydrogen (top) and meth@wtom) as a function of cavity
radiusri.

Tuning the heat of adsorption within hydrogen sgeranaterials represents perhaps
one of the greatest challenges facing those coedewith the viability of hydrogen

powered transport. Most physisorbent materials aipewell below the 15.1 kJ/mol
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proposed as necessary for room temperature opeifdi®y 20]. Since it is possible to
overlap surface potential energies through poreregmpation (Figure 7.7), some
enhancement in the measured heat of adsorptioqpected, as calculated through van’t

Hoff plots (using Equation 5.5), and shown in Fegyir8.

— Mg-CGO @ MOH
e Co0 @ MOF
s M O F

147‘“‘I““I““I““I““
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Heat of adsorption (kJ/mol)
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N

Figure 7.8:Heat of adsorption within IRMOF-8 for hydrogen (fopnd methane
(bottom). IRMOF-8 was chosen for this specificecas the cavity size approaches the

optimal value which is determined from Figure 7.7.
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The increase in the heat of adsorption observexugtr the fullerene impregnation
is appreciable. The calculations conservativelyiotea heat of adsorption of 11 kJ/mol
for Mg-Csp @ IRMOF-8. This value is slightly lower than foery recently reported
materials which have heats of adsorption as high2as kJ/mol for Cu/Zn mixed metal
frameworkg21] or 13.5 kJ/mol for frameworks with exposedNsites[22]. However,
the heavier metals with a more dense overall stracivould be likely to render these
materials less capable of significant weight petage gas uptake. Moreover the
optimum cavity radius is much smaller in these mal® 6 A, while in the present
materials the space available for adsorption pfsHnuch greater, and is calculated to
be optimum at the much largerradius of 13 A (Figure 7.7). Higher enthalpies ftg-
Cso @ MOF would also be attainable at smalieivalues, but at the expense of the
overall gas uptake capacity. Typically the heaad$orption decreases with increased
H, loading, as weak interactions between hydrogemstbegin to dominate, but as
shown here impregnated MOFs provide the requirethsel interactions to overcome
this problem.

The relative increase in the adsorption heat fotharee uptake is even more
marked than that for hydrogen, with Mgg@ MOF providing an enhancement of over
100 %. As shown in Figure 7.8, the calculated vall@5 kJ/mol, is close to that
required for an ideal methane storage material. [19]

The hydrogen uptake (calculated from Equation T.8wa pressures), shown in
Figure 7.9, demonstrates substantial enhancemear umese conditions, with ,H
uptake as high as 7.6 wt. % at just 10 atm for Mg@ MOF-10. Further development
of this strategy may remove the need for high pnesgessels.

The effect of fullerene impregnation on methameagje is even more pronounced.
The gravimetric values demonstrated in Figure MHY be compared to the US DoE
volumetric figure of merit of 180 v/v for adsorbedtural gas storage [23, 24]. As
shown in Figure 7.11, both bare and decoratedrérikes produce substantial increases
in the predicted methane uptake values when imptegnn MOFs. The material Mg-
Cso @ IRMOF-8 has the highest predicted methane upél&5 v/v, presumably due
to the increase in heat of adsorption.
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Figure 7.9: Modelling of total hydrogen storage .(%) within IRMOF-8 (left) and
IRMOF-10 (right) at 77K.
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Figure 7.10: Modelling of total methane uptake (@) within IRMOF-8 (left) and
IRMOF-10 (right) at 298K.
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Figure 7.11: Predicted methane uptake performaocarfpregnated MOFs at 35 atm
and 298 K.

7.5 Conclusion

Here in this chapter a new concept for hydrogen methane storage materials was
modelled using the new approach, TIMTAM. The speca#ixample of metal-organic
frameworks impregnated with magnesium-decoratetereies has been analyzed.
Perhaps surprisingly, capacity was found to inaedsspite an apparent loss of free
volume related to pore filling by fullerenes. Timeriease in capacity was related to the
tunability of pore sizes in conjunction with a dragncrease in adsorption enthalpy.
The TIMTAM approach was designed to be deliberatelyservative to ensure that the
results display a high degree of verisimilitude tlsat the actual physical materials may
possibly display an even higher performance. MoeeoVIMTAM is verified using
published experimental results. The predicted ptaseinclude methane uptake of 265
v/v, which is the highest reported value for anytemal, exceeding the US DoE target
by a remarkable 47 %. In addition, the model prsdmne of the highest reported
physisorption hydrogen adsorption heats of 11 klJ/mvbich does not diminish with
increased hydrogen loading.
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List of symbols used in Chapter 7

PE

p

Ce, Ci2

r

KE

potential energy

distance from center of pore
attractive and repulsive Lennard-Jones cons{@hts 4¢c%)
Kinetic diameter

well depth

atomic surface density

radial location of surface atoms
radius of fullerene

kinetic energy of gas molecule
temperature

universal gas constant

volume free for adsorption

volume free for bulk gas
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\ free volume within adsorbentVz + Vpuik)

Q heat of adsorption

p pressure

Vo occupied volume of closely packed gas molecules
Nag number of molecules in adsorbed phase

Npulk number of molecules in bulk gas phase

n total number of molecule stored iz + Npuik )

m mass of individual gas molecule

M mass of adsorbent

ry* radius of metal-organic framework estimated bgdamldi et al.
Vv total volume of unit cell

P0, P1 positions at whiclPE =0

<l

volumetric uptake (mass of gas over volume obduknt)

wt. % gravimetric uptake (mass of gas over systessina



Chapter 8

Nanotubes

8.1 Introduction

Here the viability of nanotubes as potential adsoté for hydrogen storage applications
is investigated by adopting the new thermodynamir@ach (TIMTAM), established
in Chapter 6. The effects of the tube size and asitipn have been explored with
respect to the hydrogen uptake and adsorption gnargl optimal compositions and
structures are proposed. In particular, inorgamicatubes exhibit the greatest potential
for high enthalpy adsorption, leading to the pasgb of increased operating

temperatures.

8.1.1 Hydrogen storage requirements

With the hydrogen electro-chemical cell poweredomgbile as a focus, the US
Department of Energy (DoE) has set the benchmarkR@&0 that the hydrogen storage
system must achieve a gravimetric uptake of 0K$ K, / kg system) and a volumetric
uptake of 0.045 (kg # L system), and for 2015 a gravimetric uptake @O0kg H /

kg system) and a volumetric uptake of 0.081 (kg Hsystem) [1-3]. The requirements
further constrict the operating pressure to 100 atrd operating temperature within
243-323 K by 2010 (233-333 K by 2015) [1]. Basigathe challenge is to fit enough
hydrogen inside a tank that is small and light gtofor a vehicle to travel at least 300
miles (483 km).

8.1.2 Storage methods

The storage requirements can be achieved by thpressed gas method at pressures of
about 350 atm, but that is a safety concern folipubads and there are a few problems
with refuelling according to the Ecobus operatiamglort from a 3-year trial throughout
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Australia [4]. Adsorbents are porous materials bépaf storing hydrogen in a highly
dense phase at ambient conditions by mechanisnhydigorption or chemisorption.
Physisorption takes advantage of the high contiawsamface areas while chemisorption
takes advantage of the available high enthalpy-sgigeific locations within the
adsorbent.

The optimal adsorption enthalpy to enhance theagrand release process has
been predicted to be 15.1 kJ/mol [5] which chentisats well exceed requiring vast
temperature ranges for adsorption and desorptionodeur [2, 6]. In addition,
chemisorbents’ uptake capacities are limited taorthember of adsorption sites and
hence physisorption based systems are favouraltl@isirespect and are the focus of

this study.

8.1.3 Nanotubes: Properties and synthesis

Among the many physisorbents striving to meet gguirements there are the popular
nanotube-based materials, mainly because of thmen dunnel-like pores which are
highly accessible to hydrogen [7, 8]. Since thecaliery of the carbon nanotubes’
ability to store hydrogen there has been much wakenhancing the storage capacity
by methods such as, tailoring tube size, forminffedint structures and shapes,
functionalizing the surface and many others [8-1ilJs clear from experiments and
simulations that carbon simply does not interaobrglly enough with hydrogen to
create high adsorption close to ambient conditidrd§. Therefore, other atoms that
have stronger van der Waals potential energiegdctexized by well depth) need to be
included in the structure which is why the metajaoic frameworks (MOFs) are
currently the leading hydrogen adsorbents [12, 13].

While MOFs expose their metal sites resulting indimg energies of about 2
kJ/mol per H [14], inorganic nanotubes are capable of exposkmgrtmetal (or
metalloid) sites even more than MOFs resulting imdimg of energies of up to 20
kdJ/mol per H [15, 16]. Additionally, nanotubes provide ultrasfagas diffusion
pathways which could possibly speed the adsormtesorption process [17, 18] and
hence inorganic nanotubes are excellent adsorlbedidates.

Since the synthesis of carbon nanotubes [19], th@sebeen much work in creating
nanotubes out of non-carbonic elements, for exadpéng and Zhang have reviewed
the following tubes, AIN, Si@ BN, InP, ZnO, GaN and ZnS [20]. Boron nitride

nanotubes can be synthesized by arc-dischargedBéiical vapour deposition (CVD)
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[22], laser ablation [23], carbon-thermal reductgymthesis [24] carbon nanotube- and
template-confined methods [25, 26], pyrolysis mdtfi@7] and ball milling [28]. The
other nanotubes are synthesized by different metsadh as: epitaxial casting [29] for
single-crystal gallium nitride nanotubes; vapoulagd synthesis [30] for aluminium
nitride nanotubes; VLS (vapour-liquid-solid) lasdalation [31] for indium phosphorus
nanotubes; thermal oxidation-etching [32] for silitanotubes; organogel template [33],
unconstrained solution growth [34] and templatelessioparticle growth [35] for
titanium oxide nanotubes; and microwave plasmaesy486], thermal reduction [37]
and vapour phase [38] for zinc oxide nanotulié® primary interest of this work is to
theoretically test the storage performance of thégkes and determine the
characteristics needed to satisfy the DOE requintsnéy considering tube size,

potential energy for adsorption (well depth) anderal mass.

8.2 Method

Complete details of the model are found in Chagtewhile a brief description is

provided in this section. Overall, the method ules van der Waals interactions to
determine the space within the material in whicklirbogen will either be in adsorbed
phase or bulk gas phase. Equations of states aredimployed to calculate the total
number of hydrogen molecules in each state.

Firstly, the van der Waals interaction betweentpdrogen molecule and the tube
wall is calculated using a continuum approach wiieeeatoms making up the tube wall
are smeared across a continuous surface. From1Bd énnard-Jones potential energy
function, the total interaction energy between liigdrogen molecule and the tube can

be expressed as
PE(0) =77~ CsH3 +Cy,H),

_ 2m%d? i o' (2k +2i —2)! 2 (8.1)
T A& k-2 4| 2d)itk+i-1))

i=0
whered is the tube diameter (between surface nugleg,the radial distance from tube
center, andCs and C,, are the attractive and repulsive Lennard Jonesstants

represented a8, = 4e* (o is the kinetic diameter andis the well depth). The van der
Waals parameter values are available from a vadesources including the Universal
Force Field (UFF) [39], DREIDING [40] and Poling al. [41] database. The most
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favourable database for this application has béenUFF and parameter values are
given in Table 8.1 using Lorentz-Berthlot mixingles for the interaction between
hydrogen and the nanotube atoms. The resultingnpaktesnergy is demonstrated in
Figure 8.1 for a single nanotube with various tsizes. A contour view of this example
is given in Figure 8.2.

By knowing the potential energy between a gas nuideand the tube wall the free

volume for adsorption may be determined,
£0
Vag =J’O 2mpI{1- exd~|PE(p) /RT ]} dp, ©82)
and the free volume for bulk gas,
20
Viuik =J'O 2p{exd~|PE(0)|/ RT }dp, 8.3)

wherepg is the radial position at which the potential gyeis equal to zerdR is the
universal gas constant (= 5.1894861 X’V K'mol™), T is temperature (K) andis
the arbitrary tube length.
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Figure 8.1: Potential energy for adsorption witbarbon nanotubes of diameteds: 8
(red lines), 10 (green lines) and 12 (blue linesPAshed lines represent the position of

the surface nuclei.
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Figure 8.2: Contour plot of potential energy fosaiption within carbon nanotubes of
diameters; a) 8, b) 10 and ¢) 12 A.
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Table 8.1: Parameter values used in this chapher Kinetic diametes between Hand

the nanotube elemedt is approximated as 3.3 A, and the surface atoraitsitly 7 is

approximated as 0.38 No7A4in reality ¢ and# vary for different nanotubes but does

not influence uptake as much as changes in wethjlep

X-H, well depth

ElementX ¢ /'ks (K) Mass (g/mol)
C 56.16 12.01
O 42.45 16.00
N 45.53 14.01
Al 123.17 26.98
Si 109.89 28.09
B 73.54 10.81
Zn 61.04 65.38
S 90.73 32.07
Ga 111.66 69.82
In 134.15 114.80
P 95.72 30.97
Bi 124.75 208.98

Note that the total free volume, defined\as= zpo?l, within the nanotube is equal

to the sum of the volume free for adsorption arelblume free for bulk gas/{= Vaq

+ Vuuk)- Figure 8.3 depicts the fractional free volume fds@ption Vaq/ V) within a

carbon nanotube at temperatures 77 and 298 K, tivghotal volume defined ag =

7d?l. This is a very important property to considercsirthe amount of adsorbed

60—
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30?—
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Fractional free volume for adsorption (%)
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IR R

L 10 L
Tube diameter (A)

L l L
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\30\

Figure 8.3: Fractional volume for adsorption witlarcarbon nanotube at temperatures

77 (higher curve) and 298 K (lower curve).
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molecules is maximized when there is more spadamihe material for which the gas
will be in adsorbed phase. This is predicted tonasimized at a tube size of 16 and 21
A which match excellently with the optimal sizeggicted by Dillon et al. [7] of 16.3
and 20 A.

The actual number of molecules within the nanottdoe be predicted by using the
appropriate equation of state for each phase. Aldied van der Waals equation of

state is used to calculate the number of molednld®e bulk gas phase expressed as

P(Vbuik / Npuik —vo) = RT , (8.4)
wherep is pressurenyk is the number of adsorbate molecules in the batkghase per
nanotube andy represents the occupied volume of the adsorb&telated from critical
parameters (set to 0.0136 L/mol). Similarly, thentver of molecules in adsorbed phase

is calculated from a modified Dieterici equationstdte,
pVag /Nag —Vo) = aRT expl- |PE|/ RT), (8.5)

where nyy is the number of molecules in adsorbed phase paotube,ﬁ is the
average potential energy for adsorption and an empirical factor dependent on the
mobility parallel to the surface (set to 0.85). the binding energy of adsorption gets
stronger the collision energy between adsorbateecntds lessens causing the
molecules to store closer together in a highly deflashion. Once the total number of
molecules are foundh(= nyy + Npuk), the gravimetric uptake can be calculated in the
following way,
nm

\Nt.%=m, 8.6)
wherem is the mass of an adsorbate molecule (kg/mol) Mn& the mass of the
nanotube (kg/mol). Note that the mass of the ndreots halved (same as work by
Rzepka et al. [42]) since this study is only ingsted in analyzing the inside of the
nanotube where the higher uptake results are daataiifhe full consideration of
interstitial gaps between the nanotube array isudised at the end of this section. The
volumetric uptake is calculated as

__nm

Vo (8.7)
whereV is the nanotube volume (L). An example of the kptsotherms for hydrogen

within a carbon nanotube is given in Figure 8.4e T$ptherm trends match closely to
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those predicted by Rzepka et al. [42] and are lative agreement with the range of
experimental results summarized in review work e et al. [8].

This study is only interested in analyzing the desof the nanotube. In reality there
are interstitial gaps between the arrangement obtudes which usually are in a
triangle or square packing array. The fact thatohaves are in contact with each other
is a disadvantage to the system because therestedvapace where hydrogen can not
stick onto the complete outside surface of eack.tbaddition, concave surfaces have
much stronger adsorption energies than convexsgfaneaning that the insides of the
tubes are the more favourable parts of the nanatybem. If there were a method to
separate the nanotube array such that the tubgsletenoutside surface were accessible
to hydrogen then the total adsorption uptake cpolssibly reach as high as the inside-
only results. Therefore, the results could be itess of actual adsorption results,

provided that the available van der Waals pararaetex accurate for this application.
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Figure 8.4: Predictions of gravimetric (top) andwnoetric (bottom) hydrogen uptake
isotherms in a carbon nanotube of diameter 10 femperatures 77 (red lines), 200
(green lines) and 300 (blue lines) K. Simulatioasutts (green circles) from Rzepka et
al. [42] at 77 K.

8.3 Model prediction of nanotubes

It is has been shown experimentally that carborondoes are far behind in the race for
the ultimate hydrogen storage material becausheofveak interaction energy between
hydrogen and carbon. However it is possible thabh#é&es made out of non-carbonic
elements could be capable of achieving high uptekelts. Each element has a different
adsorption energy (well depth) and mass, two majuaracteristics important for
achieving high gravimetric storage results. Theni@ations outlined in Chapter 6 allow
the direct exploration of how the characteristicdlwlepth, mass and tube size can be
tailored to reach the DoE requirements and, thesgfdetermine whether any existing
elements are capable of reaching these requirements
First the hydrogen uptake is investigated with wrayywell depth within tubes of

diameters 10, 15, and 20 A, and with identical nusk) g/mol, demonstrated in Figure
8.5. The atmosphere conditions are set as the Bgirements for 2010. According to
the gravimetric uptake results, the 2010 goal mayréached with a nanotube of
diameter 20 A and composed of an element with asa45 g/mol and well depth of

230 K. It is clear that there is an upper bounditlifar each tube size where the
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maximum number of hydrogen molecules can fit ingidetube. Dresselhaus et al. [43]
predicted by geometrical considerations that theximam amount of hydrogen
molecules that could fit inside a (10,10) nanot(tiameter of 13.6 A) was equivalent
to 4 wt. % which matches excellently with the modesults in Figure 8.5 (this is
comparable since the mass of carbon is close tg/hbl). The results in Figure 8.5
demonstrate that the volumetric uptake DoE goabs more attainable than the
gravimetric requirements. One advantage is thavthemetric uptake does not depend
on material mass where it is difficult to find elents with high adsorption energies that
also have a low mass.

Gravimetric uptake with varying well depth withinbes of mass 10, 20, and 30
g/mol is investigated; see Figure 8.6, with ideaitjgore diameter of 16 A. The drop in
uptake as mass increases is remarkable, indicttatgubes created from light atoms
have a great advantage over heavier tubes. Asébdfere is an upperbound, this time
determined by mass. This demonstrates that even teee is an identical number of
hydrogen stored in the tubes, the difference insmdastically changes the final

gravimetric uptake.
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Figure 8.5: Prediction of hydrogen gravimetrigpftand volumetric (bottom) uptake in
nanotubes with diameters 10 (red), 15 (green),2&ntblue) A with a mass of 15 g/mol
in operating conditions: temperature = 243 K arespure = 100 atm (DoE requirement
for 2010). Dotted lines represent the 2010 DoEdtarg
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Figure 8.6: Prediction of hydrogen gravimetric lggtan nanotubes with mass 10, 20,
and 30 g/mol with diameter of 16 in operating conditions: temperature = 243 K and

pressure = 100 atm (DoE requirement for 2010). d2bline represents the 2010 goal.
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The final investigation includes the testing of therformance of non-carbonic
nanotubes, namely, AIN, SjO BN, InP, ZnO, GaN and ZnS in Figure 8.7,

4 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
i AIN 1
i BN |
[ —— GaN 1
i InP ]

3r Sio, .

i Zn0O 7
- —— 7ZnS a

Gravimetric hydrogen uptake
(wt.%: kg H,/kg system x100)
= N
I I

0\\\\l\’d\\l\\\\l\\\\l\\\\l\\\\

0 5 10 15 20 25 30
Tube diameter (A)
4 L L L B L B
i AIN i
i BN ]
6 GaN 4
o B InP ]
%,.\ i Sio, ]
88 5 Zno —
gg | — zns ]
@ i
S5 4F
S50 |
25 [
o< 3f
8L |
52,
> i
1
0:\ L L \I \I\\\\I\ \\I\\ \I\\\\
0 5 10 15 20 25 30

Tube diameter (A)

Figure 8.7: Prediction of hydrogen gravimetric {tagmd volumetric (bottom) uptake in
nanotubes in operating conditions: temperature 3 R4and pressure = 100 atm (DOE

requirement for 2010). Dotted line represents iE0goal.
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manufactured by Zhang and Zhang [20]. Since thHedepth and mass (found in Table
8.1) are set, the only varying parameter availgbtae tube size. The volumetric targets
are met for an InP tube of diameter 11.5 — 22 Aamd\IN tube of diameter 12.5 — 16
A while the gravimetric uptake predictions fall shof the targets. The boron nitride
tube is the highest performing for gravimetric Uatebecause of its strong van der

Waals well depth and relatively light mass.

8.4 Conclusion

Hydrogen uptake predictions were made with the TAWI approach where factors
such as, adsorption energy, tube size and tube mass investigated. The study
showed some intuitive trends that provide insigih ithe tube characteristics needed to
achieve the DoE goals. Gravimetric uptake showebdetohe more difficult adsorption
measure to achieve with aluminium nitride and borotnide tubes performing the
highest but still below the DoE targets. The voltneeuptake 2010 target is achieved
within the indium phosphide and aluminium nitridebés with maximum uptake
occurring for tube diameters of 15 and 17 A, retipely. Overall, the complete DoE
requirements are almost achievable and the hydregmage may be maximized by

tuning the nanotube properties with the guidanchisfstudy.
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PE
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Vad

potential energy
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attractive and repulsive Lennard-Jones const{éhts 4€ak)
kinetic diameter

well depth

atomic surface density

diameter of nanotube

temperature

universal gas constant

volume free for adsorption
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Vhulk volume free for bulk gas

Vs free volume within adsorbentVz + Viu)

p pressure

Vo occupied volume of closely packed gas molecules
Nad number of molecules in adsorbed phase

Npulk number of molecules in bulk gas phase

n total number of molecule stored rfiz + Npuik )

m mass of individual gas molecule

M mass of adsorbent

I length of nanotube
V total volume of nanotube

D0 position at whichPE = 0

<|

volumetric uptake (mass of gas over volume obdaknt)

wt. % gravimetric uptake (mass of gas over systessjna
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Chapter 9

Introduction to physical aging

9.1 Previous work

The leading membrane for industrial gas separatiahe glassy polymer membrane.
Glassy membranes are in a non-equilibrium statevbéheir glass temperatuiig. A
usual aging experiment is to quench the polymemfeotemperature above the glass
transition temperaturg, to a temperature beloWy causing the polymer to be in a non-
equilibrium state. Over time the molecules withihet polymer move toward
equilibrium, with a consequent increase in densaty] decrease in both free volume
and molecular mobility, see Figure 9.1. This precssknown as physical aging and
affects many mechanical, physical, structural, ahectrical properties, and more
importantly gas separation and storage propertiReviews of non-equilibrium
behaviour and physical aging can be found in Tamt Wilkes [1], Struik [2] and
Hutchinson [3]. Models that accurately describe thteysical aging process are
important for the prediction of the polymers penfiance over time and to provide some
physical insight to guide possible preventions gifig. In this chapter existing models
of physical aging are reviewed.

The usual measure of physical aging is the chanigespecific volumeV
(volume/mass) over time which is generally modeisdhe departure from equilibrium
0, see Figure 9.1. A successful model needs to atyrdescribe the initial departure
from equilibriumdy and the gradual relaxation to equilibrium whicle dependent on

many factors such as the temperature, the quebelamd the sample thickness.



Chapter 9: Introduction to physical aging 173

Total specific volume
(volume/mass)

Temperature T

Departure from equilibrium &

Aging time {

Figure 9.1: Diagrams of the physical aging proadte a quench frorf, (aboveT) to
T1 (belowTy).
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9.1.1 Kovacs Model

Kovacs [4] who performed a large range of experisenitially proposed the first-
order equation,
do _
dt

to match the experimental data wheris known as the relaxation time. Equation 9.1

Ch ©9.1)
4

has become the basis for other physical aging ,maleth as the Struik model [2], the
KAHR model [5] and the constitutive kinetic equati®-12].

9.1.2 Struik Model

Struik [2] built on Kovacs’ theory of isothermal lume relaxation (Equation 9.1) by
defining a relation for the relaxation time as daik,

Int=Inr, — )0, (9.2)
wherey is a constant, and, is the value ot at equilibrium. The combination of this
relation with Equation 9.1 yields the followingdirorder differential equation,

do o

—_—— 9.3
dt T EXPE)O) ®3)
which can be solved to yield the implicit solution,
t
Ey(~10) - Eq(~ y0p) = T (9.4)

wheredy is the initial departure from equilibrium agel(x) is the exponential integral,

Ey(X) = j expu(_”) du. (9.5)

The Struik model has been used to successfully hamileg data [13, 14], examples are
shown in Figure 9.2. In addition, it has been shdhet the parameters correlate to
temperature and thickness by Huang, Wang and B&jjl§ee Figure 9.3. Therefore, by
extrapolating these fits (linear and polynomialg@an predict the aging properties with

differing temperature and sample thickness.
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Figure 9.2: The Struik model fitted to various agohata. Taken from Huang et al. [13]
(top) and from Cangialosi et al. [15] (bottom).
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Figure 9.3: Relationships between the parametetheoStruik model and temperature

and film thickness. Taken from Huang et al. [13].

9.1.3 Constitutive kinetic equation

With the Kovacs’ equation as the basis, the depme®f the relaxation time was
found to rely on the temperature and the structpieneered by Tool [16],
Narayanaswamy [17], Rekhson [6], Moynihan et al. §hd Hodge et al. [8-12].
Although it was originally expressed in terms oe tfictive temperature, here it is
expressed in terms of the departure from equilibry

dd_ O

dt - 7(T,9)° (9.6)

r(T,0) =1, exp[-0(T —T,)]exp[-@—-x)85/ Aa],

wherez; is the relaxation time in equilibrium at the reflece temperatur&,, 6 is a
material constant and is a partition parameter (8 x < 1) which determines the
contributions of temperaturd) and structured to the relaxation time(T,0). Finally,
Ao is the difference between the thermal expansi@fficeents in the liquid and glassy
state. This form of the constitutive kinetic equativas developed by Kovacs, Aklonis,
Hutchinson and Ramos (KAHR) [5] which is the bafis the KAHR model, see
Section 9.1.4. Equation 9.6 allows the modelling aingle relaxation unit and can also
be used to model the relaxation of a material wisdbelieved to be the contribution of
many relaxation units. One method of achieving thiby causing the total relaxation
time t to depend on the distribution of relaxation tin{esrresponding to the many

relaxation units) expressed continuously with atstred exponential function,

@t) = exp[-(t/1)B], (9.7)
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developed by Kohlrausch [18], Williams and Watt®][lwherep (0 < < 1) is

inversely proportional to the width of the distrilain and wheref = 1 represents a
single relaxation unit (a solution to Equation 9.An alternative approach to
incorporating the distribution of relaxation uniis offered by Kovacs, Aklonis,

Hutchinson and Ramos [5], as outlined in the foltay\section.

9.1.4 Kovacs, Aklonis, Hutchinson and Ramos (KAHR) mlbd

The KAHR model considers the total relaxation @& thaterial as the sum of a discrete
number N) of relaxation units where the total departurenfrequilibriumo can be

derived from the following system of equations,

N
5225’ (9.8)
i=1

dd __ ¢
dt  #(T,9)’ (9.9)
ri (T,0) =1 ; exd— (T -T,)]exd- - )85/ Aa ], (9.10)

where the parameters are as defined above in 8&&tlo3 and the subscriptefers to
an individual relaxation unit. Initially, each r&kgtion unit contributes a fraction gfto
N
the total departure from equilibrium, i.6(0) =g; 6(0), Wherez g;i =1. Further, each
i=1
relaxation unit is assigned an equilibrium relaxattime t;; causing each relaxation
unit to relax at different rates. Figure 9.4 dentaies an example of how each
relaxation unit; and their corresponding relaxation timgshange after each time step
(a-d). For this example, each relaxation unit dbaotes the same amount of departure
from equilibrium, i.egi = 1N. The relaxation unit correspondingite 1 has the lowest
relaxation time and therefore relaxes the fasestquilibrium. It has been suggested
that the distribution of relaxation units could pibdy represent the distribution of free
volume elements, measurable by techniqgues such ASS Por photochromic
spectroscopy.
The KAHR model has the capacity to model the rdlara(contraction) after a
temperature quench and also an expansion aftengetature rise, as demonstrated for

various temperature jumps in Figure 9.5. An advantage of the KAHR modelnsts
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transparency in that the relaxation of each unit loa observed throughout the aging

process.

(a)
i=1 2345678910
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-
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l

(d) \

Increasing aging time

I
I
|
|
|
I

Log 1
Figure 9.4: Schematic example of how each relaratioit’'s contributiond; changes

over time with the corresponding relaxation time3 aken from Hutchinson. [3].
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Figure 9.5: KAHR model predictions of the relaxati¢contraction) process after a

temperature quenchil < 0 and the expansion process after a temperasar&T > O.
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9.1.5 Dorkenoo and Pfromm model

Physical aging has been shown to depend on the memlhickness and therefore a
model that explains and predicts this phenomenkigkly desirable. Dorkenoo and

Pfromm [20] developed a thickness-dependent phlysigeng model that is based on
several well known functions arising from works Ilsuzs Doolittle [21], Cohen and

Turnbull [22], Kovacs [4] and Keddie et al. [23]h& important component of the
model is the thickness-dependent glass transiéiopérature [23] expressed as

bp
Ty () =Tgo{1—(]ﬂj } (9.11)

wherel is the sample thicknes$y is the glass transition temperature of a thick il
andap andby are adjustable parameters. The physical conseguribis dependence is
demonstrated in Figure 9.6, where the initial deparfrom equilibrium depends on the
film thickness. With permeability as the chosen aging property the following model

was developed,

B
P=hRexp-c | 9.12
0 eX[{ S(x) = Soj ( )
S(x) = Fy(X) + Y Fu(X) + VPFo(X) + PF3(X) + O/ , (9.13)
Fo(x) = S(0)e™”, (9.14)
e S-S0
Fi(x) = S(0)e In[—so ~s0) J (9.15)
2 X
F(0) = s<0)e‘X{— e
45, - 50 [45, - s@€
_1"{80 —S<0)e‘xj ! |n2(50 - S(O)eXJ} ©.16
2 | S-S0 2 S, - S(0)
F3(X) - S(O)ex{%s(o)(l_ e:)l: S(O)e_x
$-SOe™ | [45,-50)] 45, - SO

__ 5sO-e)
[45, - SO2{45, - @)™
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+In(so—8(0)exJ[ 1 S(O)e‘x[s0 ZS(O)eX]}
S ~S0) 2s, - SO [

. stf-e)
(45, - SO2{45, - @)™

N |nz[So -S(0)e” J{ S2 - 5,S(0)e* + S(O)ze_zx}
=350 2s, - S(0)e™]

(SO S(Oe ]} (9.17)
6 S —S(0)
X= = y
T =Tyl
Ep [T (1)- T] ( gJ ) (9.18)
exp Tq
RO [ fg +T=T4()
| 0’
Sp=Vg~V,, and y= Yo (9.19)

v00 -vy

where vy is the occupied volumey, is the equilibrium volumeE;, is the activation
energy for the movement of defects, d&®dp, b, fg, 7g andag are constants. This model
has been successfully fitted to permeability aglata; an example of this is shown in

Figure 9.7. However, because of its complex formd @&m many adjustable parameters
the model has not been widely adopted.

Temperature of
the permeation tests

Specific /
Volume

lem/gram] thick ¢— thick film T,
or S S
Fractional Free b
Volume v, }[Tﬂ e thin film T,
HITL

Temperature

Figure 9.6: Schematic of the thickness-dependeadsgtransition temperature. Taken
from Dorkenoo and Pfromm [20].
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Figure 9.7: Dorkenoo and Pfromm model fit to expemtal N permeability results for

a thin and thick film during the aging time. Takeom Dorkenoo and Pfromm [20].

9.1.6 Zhou, Chung, Wang and Goh (ZCWG) model

An alternative thickness-dependent aging model been established by Zhou et al.
[24] based upon chain mobility equations, free wwdutheory and a newly proposed
empirical thickness-dependent component. The d@wivebegins by using Park and
Paul’'s [25] expression for permeability with respiecfractional free volume=FV),

P=A exp-B,/FFV), (9.20)
whereA; andB; are constants for a particular gas. Accordingee fvolume theory [2,
21, 22, 26-28] the chain mobility can be expressed

k(T)
FFVY

whereA; is a constant(T) is a non-increasing function of temperatyrés a positive

InM = A, - +d(T), (9.21)

exponent ang(T) is an increasing function of temperature. Fina8yruik and Kovacs
[2, 4] suggested that the mobility is proportiot@lthe reciprocal of the aging time in
the following way,

MOz (9.22)

t

whereB; is a constant antdis the aging time. By settingequal to unity which was
empirically determined by Doolittle [29], Turnbulhnd Cohen [27], Equations 9.20-
9.22 are combined to create the ZCWG equation,
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InP=A+B(T)Int, (9.23)
whereA is a constant anB(T) is a function of temperature which is also shdwibe
heavily dependent on the sample thicknleasd therefore an empirical equation was
proposed of the form

B(T) =a-hin(1/12), (9.24)
wherea and b are constants. An example of the ZCWG model wlgchised to fit
permeability aging data is shown in Figure 9.8.sTimodel is easier to use than the
other models but there are too many adjustablenpeteas and the model has not been
widely verified by use in the literature. Additidlyait is unable to mimic the cross over

behaviour of thin films < im found in Huang and Paul’s [30] experiments.
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Figure 9.8: The ZWCG model fit to experimental @rmeability results during aging
time. Taken from Zhou et al. [24].

9.1.7 Curro, Lagasse and Simha (CLS) vacancy diffusiodel
Alfrey et al. [31] first suggested that during agjivacancies were diffusing to or from
the external surface where they would be annildlatecreated. This diffusion process
can be described by the well-known partial difféi@nequation for one-dimensional
diffusion,

Ll =1(Dﬂj, (9.25)
ot ox\ o0x
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wheref = f(xt) is the fractional free volume at positi@rand at timet, andD is the
diffusion coefficient (or diffusivity), schematidglshown in Figure 9.9. Curro, Lagasse
and Simha (CLS) [32] used Equation 9.25 with théudion coefficient in the form of

the Doolittle relation,
D=D, exr{_ B(f 1_ fr_l)J’ (9.26)

where B is a material constant, arig} is the diffusivity andf; is the fractional free
volume at the reference temperature. This modelshas/n to match the KAHR model

results [4, 5] for the aging of polyvinylacetate/@&), shown in Figure 9.10.
t

A L/

— X
—1£/2 0 £/2
Figure 9.9: Schematic of the fractional free volureaxation towards equilibriurfy

within a membrane of thickneksTaken from Huang et al. [13].

CLS found that the model did not match the datahéd assumption that the
vacancies diffuse to the external surface was helds suggested three alternative
mechanisms which may occur simultaneously with magaiffusion. These three are
lattice contraction, internal annihilation of vacaes, and density fluctuations. McCaig
et al. [33] combined the vacancy diffusion modethwa lattice contraction component
to successfully model aging data within films ofckmesses from 0.25 to 3@m,
reviewed in the following section.

The CLS vacancy diffusion model is a simple modielt tprovides a conceptual
explanation for the physical aging phenomena. Hamnevacancy diffusion to the
external surface does not explain all the expertaietata and therefore the model

needs to be modified or combined with other agirgnanisms.
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Figure 9.10: The CLS vacancy diffusion model (cgjvand the KAHR model results
(circles) for the relaxation and expansion in agerdractional free volume within
PVAc. Taken from Curro et al. [32].

9.1.8 McCaig, Paul and Barlow (MPB) dual mechanism atod

McCaig et al. [33, 34] performed oxygen permeapiikperiments after an immediate
guench with films of thickness ranging from 0.253®um, and found that the vacancy
diffusion mechanism alone was incapable of modgllimle data. Therefore, a lattice
contraction component was included to form a duatmanism model which is labelled
here as the MPB model, illustrated in Figure 9THe total fractional free volume is
expressed as
f =f —Af ¢ —Afp, (9.27)

wheref; is the initial fractional free volumeAf.c (= fi — f* . ¢) is the amount of free
volume lost due to lattice contraction ant} (= fi — o) is the amount of free volume
lost due to vacancy diffusion. The lattice conti@ctfree volume is modelled according

to the Hirai and Eyring [35] equation,
fic = fq +(fi - fg)e_t/r, (9.28)
wherefy is the fractional free volume at the glass tramsitemperature and is a

relaxation time. As in the previous section, theary diffusion free volume is

modelled according to the differential equation,
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ofp _ 0 ofp
—=—| D—|, .
ot ax( 0x j (9.29)

whereD is the diffusion coefficient as defined by the Ditke expression (Equation

9.26).

vacancy diffusion lattice contraction
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Figure 9.11: MPB dual vacancy diffusion and latoatraction model.

The MPB dual mechanism model successfully followleel decreasing trend of
permeability during the aging time and provided samsight into the physical aging
process, see Figure 9.12. According to the modelaging of the thicker filmd & 2.5
um) is primarily due to the lattice contraction camnpnt, because of the large distances
that the internal vacancies have to travel to reaetexternal surface causing vacancies
to decrease in size before annihilation at the £dgéile the aging of the thinner films

(I < 2.5 um) is mainly due to the vacancy diffusion componesihce vacancies
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disappear at the surface much quicker becauseeosttbrter travelling distance. This
intuitive model is satisfactory for these experitsehut was incapable of modelling
other aging experiments by the same group [30].r&fbee, a modified model that

explains all the experimental results is highlyicdse.
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Figure 9.12: The MPB dual mechanism model (curvésgd to experimental ©
permeability data within films of thicknesseg @3um, (@) 28 um, (©) 9.7um, (A) 4.4
um, (V) 1.85um, (@) 0.99um, (@) 0.74pum, (¢) 0.58um and () 0.25um.

9.2 Thesis work overview

In Chapter 10 the CLS vacancy diffusion model veithalternative diffusion coefficient
to the Doolittle relation (found in Chapter 4 [3&)presented which gives rise to a new
Empirically-derived Vacancy Diffusion (EVD) modelThis EVD model is an
approximate analytical solution that satisfies vaeancy diffusion equation (Equation
9.24), and the initial and boundary conditions. akalytical solution allows the user to
fit and predict data without having to numericalglve complex partial differential
equations as is the case for the current CLS, KAH& MPB models. Determination of
the best fit parameters is easily found througheastl squares algorithm when an
analytical solution is available. This new approadters significant advantage given
that there is presently no method to determinebis fit parameters when fitting a
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numerical solution to data, according to the bestowr knowledge. Furthermore,
physical aging data [30] for thin films (<\lm) are accurately described by the model,
indicating that the vacancy diffusion mechanisndasninant in these films. However,
thick films (> 1um) are not described by the model and hence vadgiffagion to the
external surface is not the dominant aging mechaniBinally, the new vacancy
diffusion model is combined with the new gas diifus model to investigate the

transport process with in an aging polymer samphind the uptake and release of gas.
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List of symbols used in Chapter 9

Ty glass transition temperature

do initial departure from equilibrium

0 departure from equilibrium

To, Ta temperatures at which the sample is quenched dmahto
t aging time

T relaxation time parameter

I sample thickness

T reference temperature
Aar difference between thermal expansion coefficients
AT temperature jump

T glass transition temperature of thick film
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Fi

FFV

fo
fLC

fi

permeability

functions for the Dorkenoo and Pfromm model
fractional free volume

mobility of polymer chains

generalized free volume (various definitions)
free volume for vacancy diffusion

free volume for lattice contraction

initial free volume

free volume at glass transition temperature

diffusivity (diffusion coefficient)



Chapter 10

Vacancy diffusion model

10.1 Introduction

It has been suggested that physical aging is a result of vacancies (cavities, holes or
pores) travelling to the external surface where they disappear and therefore can cause an
increase in density. The Doolittle relation D = A exp( -B / f) where f is the fractional
free volume and A and B are constants, has been used in previous work to describe the
diffusion coefficient D (diffusivity) for vacancy transport. In Chapter 4 a new
empirically determined relation has been suggested as an alternative to the Doolittle
relation, and this new relation has been shown to accurately model gas permeability data
over a wide range of polymeric free volume. This new relation takes the form D = «
exp( B f) with a and f as constants. Here it is shown that when the Doolittle relation is
replaced with the new relation an exact analytical solution exists to the differential
equation that governs the fractional free volume behaviour throughout the sample
during physical aging leading to an Empirically-determined Vacancy Diffusion (EVD)
model for physical aging. An approximate analytical solution based on the exact
solution is then compared to experimental data and other popular models such as the
Kovacs, Aklonis, Hutchinson and Ramos (KAHR) phenomenological model and the
Curro, Lagasse and Simha (CLS) vacancy diffusion model. This EVD model is also
combined with a lattice contraction model to form a dual lattice contraction and vacancy
diffusion model which is compared with McCaig, Paul and Barlow’s (MPB)
experimental results, showing a good correlation. Further support for the new EVD
model is revealed by its similarity with the early established constitutive kinetic
equation. Previous aging models are complicated and difficult to implement, therefore, a
model that is easy to implement and physically meaningful such as this EVD model is

highly sought after. An application of the model reveals that vacancy diffusion to the
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external surface is the dominant aging mechanism within polysulfone thin films (< 1
pum), but not within the thick films (> 1 um). Additionally, the model is used to predict

the gas transport within an aging polymer.

10.2 New empirically-derived vacancy diffusion model

First the one dimensional diffusion equation which CLS and MPB used is solved with

the new empirically derived diffusion coefficient [1] for vacancies in the form,

D =aexp(Bf,) (10.1)

>

where D is the diffusion coefficient, & and [ are constants, and fp is the fractional free
volume governed by vacancy diffusion such that fy — fp is the free volume lost to the
surface by diffusion, where fj is the initial fractional free volume. The one dimensional
vacancy diffusion equation can be created,

%3 (y)

o ol o (10.2)

where ¢ is time and x is the position across the sample. For this equation, an exact
solution is available by the method of separation (f(x,f)=Q(x)+R(¢)) accomplished by
Polyanin and Zaitsev [2],

£y (00 = 1{%}/ B, (10.3)
where ¢ to ¢4 are constants. Equation 10.3 is the EVD equation for the one dimensional
problem. Here this solution is manipulated so as to fit initial and boundary conditions of
a typical aging experiment where a sample is heated above the glass transition
temperature 7, and is then rapidly cooled to a temperature below T,. The sample has an
initial fractional free volume of f; and gradually approaches towards an equilibrium
fractional free volume of f,, as illustrated in Figure 9.9. Initial and boundary conditions
are given as

fo(x0)=fy, fr(X1/12,6)= f, +(f, — f,) and 9f,(0,¢)/dx =0, (10.4)
where f, is the fractional free volume at the glass transition temperature and x = 0 is the
middle of the slab with thickness I. The no flux boundary condition at the center of the
sample causes the constant ¢, to become zero. Unfortunately it is not possible to
determine the remaining constants such that the initial and boundary conditions are

satisfied. However, there is a modified form of this solution found by allowing cj, ¢3
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and c4 to depend on f, x, and ¢, which results in an approximate solution that does satisfy

initial and boundary conditions,

Barexp(B(f, + f, = f))i+1° —4x2j/ﬁ

(10.5)

=f, +1
Jolet)= 1o n( Saexp(fBf, )t +1° —4x°

The above approximate analytical solution is formally based on an exact solution of
the governing partial differential Equation 10.2 and is essentially the new EVD model.
However, for the exact solution it is not possible to satisfy all the initial and boundary
conditions, and therefore the above approximate solution is proposed as one which is
similar in mathematical structure to an exact solution, but it is constrained to satisfy all
the given initial and boundary data. In fact, numerical results indicate that the above
approximate solution is very accurate except at the edges at small times. The average

fractional free volume within the sample is given by

B K f (;Il(,t )
o= ==, (10.6)
k=0

where K is the total number of intervals used to calculate the average fractional free
volume while k is the summation parameter where k = O represents the center of the
sample and k = K represents the edge of the sample (in this work K = 100). This average
fractional free volume may be combined with a lattice contraction component based on
the work of Hirai and Eyring [3] where fractional free volume decreases during aging
according to

fre@=f,+(fo—fexp(-t/7), (10.7)
where f; ¢ is the fractional free volume governed by lattice contraction such that fy — fi.c
is the free volume lost due to lattice contraction, f, is the fractional free volume for the
glassy or “bulk” state demonstrated in figure 2 of reference [4] and 7 is a material
relaxation time. This component is assumed to be independent of sample thickness
while the vacancy diffusion component depends on the sample thickness as vacancies
have further to travel in a thicker sample to escape at the surface.

Once the final total fractional free volume is determined, given as
F@O=f,+ fre®O=fy. (10.8)

it is then converted to permeability by the new relation P(r) =a* exp(b f(r)). a” and b

are chosen to be 0.008 and 35.2 respectively to match experimental results of oxygen
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permeation through PVAc so that P = 2.33 when fy = 0.160 and P = 1.58 when f, =

0.149, values from reference [4].

10.3 Comparison with results in the literature

10.3.1 Comparison with MPB

Experimental permeability results were obtained by MPB [4] during aging for up to
1000 hours. Results for polyarylate films with thicknesses 33, 28, 9.7, 4.4, 1.85, 0.99,
0.74, 0.58 and 0.25 pm are plotted in Figure 10.1. Also included in the figure is the dual

O, Permeability (Barrer)

0.5 L \HHHI L \HHHI L \HHHI L \HHHI L \HHHI L \HHHI L L1l
10°  10° 10" 10" 10% 10% 10" 10"

t/1 (sec/cmz)
Figure 10.1: Experimental oxygen permeability data for BPA-BnzDCA films with
thicknesses (©) 33 pum, (m) 28 um, (0) 9.7 um, (A) 4.4 um, (V) 1.85 pum, (@) 0.99 pm,
(0) 0.74 pm, (¢) 0.58 um and (A) 0.25 um fitted with the dual mechanism model (lines).

mechanism model where the vacancy diffusion part is replaced with the new EVD
model, with & = 3.5x10' cm®s™', # = 150, t = 3.5 hours, f; = 0.160, f, = 0.149 and f, =
0.102. The fit is reasonably good and is almost identical to the original numerical
solution of MPB. Note that this procedure is to demonstrate the ability to replace the

previous model based on the Doolittle relation with the new EVD model and does not
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prove the reliability of the dual mechanism model for predicting permeability during

aging.

10.3.2 Comparison with CLS

Secondly the model is compared with the CLS model [5]. The CLS model was the first
use of the Doolittle relation for vacancy diffusion in a physical aging model. The CLS
model fitted estimates of experimental volume recovery results for poly(vinyl acetate)
from the KAHR phenomenological theory. Spherical geometry was assumed by CLS
and therefore the diffusion equation becomes
¥ _10(ap)
ot r’or or
D=aexp(B[).

where r is the radius of a spherical sample and f is fractional free volume. Again by

(10.9)

using the method of separation an exact solution is also available in the form

Clﬁr2_ﬁcz+c
fr=In| _6a  r  *|IB. (10.10)
_Clﬂt+C4

Once again this solution is manipulated to satisfy the initial and boundary conditions,
fr0)=f,, f(,t)=f, and If (0,¢)/dr =0. (10.11)

I now represents the radius of the sample. However, CLS believed that volume recovery
is sample-thickness independent and therefore the radius length of the sample [ was
scaled out of the equation. This can be done by scaling the length parameter / into a
characteristic time t = [//a. The following approximate analytical solution is almost
identical to the one dimensional solution and also varies from a full numerical solution
of the boundary value problem at small times,

6aexp(Bf )t +1> —r’ /5
6aexp(ff)t+1> —r* '

frn)=f, +lr{ (10.12)

The above approximate solution is the EVD equation for the free volume distribution in
a spherically shaped sample. For large times the above solution provides a very accurate
approximation to the numerical result. Figure 10.2 shows comparison of the KAHR
phenomenological model (circles), CLS vacancy diffusion model (solid lines) and the
newly proposed EVD model (dashed lines) for average fractional free volume during

volume recovery of poly(vinyl acetate). Some experimental results (crosses) are
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included from Kovacs, Stratton and Ferry (KSF) [6] where specific volume is converted
to fractional free volume using the Bondi group contribution method where occupied
volume is calculated to be 0.7988 cm’/g. The T, of poly(vinyl acetate) is 36 °C. The
upper symbols/lines correspond to a sample equilibrated at 40 °C and cooled to 35 °C at

t = 0. The lower symbols/lines correspond to a sample equilibrated at 30 °C and heated

*
)

*
—

oo

)

~
¥e)

| 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 '~

~
o0

Average fractional free volume f (%)

b N

7.7 L L \\HHI L L \\HHI L L \\HHI L L \\HHI L \\\HHI L L L]
107 10° 107 10" 10° 10" 10*
time (sec)

Figure 10.2: Average fractional free volume predicted by the KAHR model (circles),
CLS model (solid lines) and the new EVD model (dashed lines) with a = 3x10°* cm®s™
and f = 1500. KSF [6] experimental data points included (crosses). The upper
symbols/lines correspond to a sample equilibrated at 40 °C and brought to 35 °C at r = 0.
The lower symbols/lines correspond to a sample equilibrated at 30 °C and brought to 35

°Catr=0.

to 35 °C at r = 0. The new EVD model agrees well with the KAHR results and is a good
replacement for the diffusion model used by CLS. Note that this example is for a sample
aging very close to the glass transition temperature therefore there is not a very large
amount of difference between initial and equilibrated free volume. Although the new
model is capable of fitting this type of experiment its real advantage is modelling aging

after a large temperature jump where the free volume is far from equilibrium, this is
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because the diffusion coefficient has been shown to fit data best over a large range of
free volume [1]. This small departure from equilibrium explains the very small and

large values determined for the parameters a and b, respectively.

10.3.3 Comparison with constitutive kinetic equation

This new EVD model is similar to the early established constitutive kinetic equation,
do )
dr _m , (10.13)
7(T,0) =7, exp[-60(T —T,)]exp[-(1-x)60/ Ac, ],
where ¢ is the departure from equilibrium which can be expressed as (f — f,). ©(T.0) is
known as the relaxation time dependent on temperature 7 and distance from equilibrium
0. 7, is the relaxation time in equilibrium at reference temperature 7,. 6 is a material
constant and x is a partition parameter (0 < x < 1) which determines the contributions of
temperature (7) and structure (J) to the relaxation time 7(7,0). Finally Aar is the
difference between the thermal expansion coefficients in the liquid and glass state. This
form of the constitutive kinetic equation was developed by Kovacs, Aklonis,
Hutchinson and Ramos (KAHR) [7]. It is founded upon earlier pioneering work of
Rekhson [8], Moynihan et al. [9], and Hodge et al. [10-15] and is the basis for the
KAHR phenomenological model. An excellent review of these works and physical
aging of polymers in general is written by Hutchinson [16].

By substitution and simplification this constitutive equation can be expressed as

d 4
7{ — " exp(yAF)AS (10.14)

where Af'is equivalent to the departure from equilibrium 6 = (f — f,) with constants
7' =7 "expl@(T —T,)] and y=(1-x)8/Aa,. (10.15)

Apart from the obvious dependence on the exponential of fractional free volume f, a
stronger similarity is found by approximating the EVD equation using a finite difference
method which approximates the sample width into three steps (the center f{0,r) = f{(¥)
and the edges f(,t) = f, and f(-,¢) = f, of the sample). This means that there is only one
discrete relaxation unit as opposed to a continuous distribution of relaxation parts
throughout the sample. The approximation is performed as follows,

I _9 9
o ax(“e"p(ﬂf ) axj
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2 2
caools 2L s apotar(¥)

2
- aexply 0.0 LED=2O0ES ("”)]+ op exp(ﬁf(o,n)(W]
- W[— Ar - 1)+ Blrr- )]
= —2%%1)(&}‘)[& - B12(A)?] (10.16)

When Af is small (Af )* = 0 the approximated EVD equation becomes identical to the

original constitutive kinetic equation with constants,

a= 5 exp(0(T —T.))exp(—- (1- )¢, / Act;)
g (10.17)
and f=(1-x)8/Ac,.
Coincidently it is pointed out by Kovacs [17] that the constitutive equation is most
accurate within a narrow temperature interval which is equivalent to a small departure
from equilibrium Af.

It is important to note that both the KAHR model and the EVD model actually use a
distribution of relaxation parts rather than a single discrete part. The relaxation parts of
the KAHR model have been suggested to represent the distribution of hole sizes [16]
where each hole size decreases in quantity according to the kinetic equation which
could possibly be tested by positron annihilation lifetime spectroscopy (PALS)
experiments [18]. In contrast the parts of the EVD model represent a spatial distribution
of free volume throughout the depth of the sample which could possibly be tested by a
positron beam that provides a free volume depth profile [19]. However, the core basis of

these models is very similar as demonstrated above.

10.4 Model applied to thin film aging

This new EVD model, which is easier to implement, since it is a simple analytical
equation, will provide the opportunity for experimental data to be modelled and
predicted without having to numerically solve complicated differential equations. This
ease of use will also help the testing of the vacancy diffusion explanation for physical

aging. For example previously it was shown that it was necessary to include a lattice
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contraction component to fit MPB’s experimental data and this was done without
having to numerically solve the governing partial differential equation. An additional
example is given here where the model is applied to experimental permeability data
within thin films to test whether the observed physical aging is a result of vacancies
diffusing to the external surface. The logic behind the test is that if the physical aging
can be described by the vacancy diffusion model in which the length scale is that of the
sample thickness then it is confirmed that vacancy diffusion is the dominant mechanism
governing physical aging.

Huang and Paul’s experimental results for oxygen permeability through
polysulfone (PSF) films of thicknesses from 413 nm to 61.2 um during aging [20] are
used as an example of this test. Equation 10.5 is used with the length scale / set as the
macroscopic sample thickness and all other parameters varied to attain the best fit. As

seen in Figure 10.3, the model fits the thin samples (I < 1000 nm) well but is unable to

2.4

l=

—4— 413 nm
—— 718 nm
—— 993 nm

v 1850 nm
+ 3600 nm
A 8500 nm
4 35600 nm
B 61200 nm

O2 permeability (Barrers)

1 |

\ \
1 10 100 1000 10°

Aging time (hr)
Figure 10.3: Experimental oxygen permeability of PSF films as a function of aging
time. The new EVD model (solid lines) with « = 102*! nm>h™, g = 400, fy = 16.2 %
and f, = 13.5 %.
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fit the thick samples (/ > 1000 nm). Consequently the model invokes the conclusion that
vacancy diffusion to the external surface explains the majority of the physical aging
effects within these thin films, however, another aging mechanism must be included to
explain the aging in the thick films. This other aging mechanism is not known since the
addition of the lattice contraction component, used earlier, did not describe these

experimental results.

10.5 Model predictions of transport in aging polymer

(store and release application)

As shown above, a vacancy diffusion coefficient of the form

D, =a,exp(B, f), (10.18)
allows the partial differential equation that governs vacancy diffusion to be analytically

solved. By defining a gas diffusion coefficient of the same form
D, =a, exp(ﬂgf), (10.19)

analytical expressions are found for the system of partial differential equations that
govern gas diffusion throughout the sample, shown below. These solutions provide an
excellent model (or tool) for investigating many transport and adsorption applications.
In this section the model is used to investigate the store and release process of a gas
within an aging polymer.

By assuming that the fractional free volume within a polymer decreases as a result
of vacancy diffusion (according to Equation 10.18) and that the gas diffuses through the
available free volume (according to Equation 10.19), the simple coupled partial

differential equations can be formed,

of 0 Jf
== a—x(% exp(B, f )8_xj’ (10.20)

aC
o x( p(ﬁ f) j (10.21)

where C = C(x,?) is the concentration of the gas within the available free volume at
position x and at time 7. Equations 10.20 and 10.21 can be solved using the separation of
variables method in which solutions are assumed to take the form
J0) =00 +R(@), (10.22)
C(x,t)=S(x)+T(1). (10.23)
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By substituting these into Equations 10.20 and 10.21 we have,
R()=a, P (Q+R®M) B,(0) +a, eﬁv(Q(X)+R(t))Q”( X), (10.24)

Bg (Q(x)+R(1) Bg (Q(x)+R(1))

),BgQ'(x)S'(x) ta,e

By rearranging Equations 10.24 and 10.25 the variables can be separated to form the

T'(t)=age §7(x) (10.25)

following four equations,

R(t)e PRO = 3| (10.26)
aveﬁvQ(x) (ﬁv (Q’(x))2 +Q”(x))= /11, (1027)
T’ (e PR = 4, (10.28)
ageﬁgQ(X) (ﬁgQ,()C)S’()C)'FS”()C)):ﬂQ. (10'29)
By solving these four equations the following solutions can be obtained,
Q(x) =1In(e; +crx—c3x°)/ (10.30)
R(1) = =In(cy +2a,c30)1 B, , (10.31)
4
S(x) = J'L%H es@y e +epx—czx?) P dxteq, (10.32)
o
g

o
B, (cy +2a,c30" P )4,
zavc?a (ﬁv - :Bg )

where ¢; (i = 1..7) are constants. These constants depend on the initial and boundary

T(t) = (10.33)

+cq.

conditions for the appropriate application. Here the storage and release of a gas is
investigated and therefore the initial and boundary conditions for the fractional free
volume are

f(x,0)=f, and f(£Lt)=f,, (10.34)
where fj is the initial fractional free volume, f, is the equilibrium fractional free volume
at the edges of the sample and 2/ is the sample thickness (center at x = 0). The initial
and boundary conditions for the gas concentration are

C(x,00=C, and C(£l,t)=C,, (10.35)
where Cy is the initial gas concentration within the polymer and C, is the equilibrium
gas concentration in the environment surrounding the polymer. These conditions can be

used to model the uptake of gas into the sample (Cy < C,) or the release of gas from the
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sample (Cy > C,). The exact solution has been manipulated to satisfy the boundary

conditions, providing the following solution for the fractional free volume

(10.36)

Bote 2_ 2
f(x,t)=Q(X)+R(t)=fo+ln[2ave A J/ﬁv-

20!veﬁVf°t +1%—x?
Note that the aging of the polymer does not depend on the gas concentration. It is found
that this approximate solution is very accurate except at the edge of the sample at short
times. The solution for C(x,f) was found and is provided in the appendix due to its
length. Although the solution for C(x,?) is very large, it is made up of simple functions
which provide quick results with any mathematical software.

Here the polymer sample is assumed to initially have a fractional free volume of 30
% (fo) and will eventually relax to an equilibrium fractional free volume of 20 % (f,).
For the storing process, the gas concentration within the sample is initially zero (Cj)
with an outside concentration of 50 vol. % (C,), and vice-versa for the release process
(Co =50 vol. % and C, = 0). Additionally, the sample thickness is 2 cm (! = 1 cm) and
the other parameters are assigned the following values: a, = 1x10? cmzs'l, Bv=30, a,=
93x10™* cm’s™ and Be = 37. The total volume percent concentration within the sample is
calculated as Cin(x, 1) = C(x, ) fix, t), since C(x, t) is the concentration within the
available free volume and f{(x, f) is the ratio of the free volume over the total volume of
the sample.

The model provides quick and easy predictions of the fractional free volume profile
(Figure 10.4), gas uptake profile (Figure 10.5) and gas release profile (Figure 10.6)
within the polymer sample. These predictions are very useful for calculating the uptake
and delivery rates and additionally provide insight into the effect of physical aging. If
the free volume within the sample could be controlled then the uptake and delivery rates
could be controlled and these equations would determine the necessary free volumes for
specified operation rates. Other applications of the model include gas separation
membranes, polymer coatings for corrosion protection, polymer packages for food

preservation and many others.
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Figure 10.5: Gas uptake profile predictions within a polymer sample at times z.
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Figure 10.6: Gas release profile predictions within a polymer sample at times z.

10.6 Conclusion

Previously the Doolittle relation has been used to describe a variety of properties and
processes within polymers such as viscosity, mobility, fluidity, and particle diffusion.
Another use of the Doolittle relation was established by CLS where the Doolittle
equation was used to predict the diffusion coefficient for vacancies in a vacancy
diffusion physical aging model. With this in mind the diffusion coefficient in the
vacancy diffusion aging model is replaced with the new relation, established in Chapter
4 [1], that provided an exact analytical solution. This new EVD model matched
experimental results and compared well with other models such as the KAHR
phenomenological model and the CLS vacancy diffusion model.

Further support for the EVD model was given by revealing the essential similarity
with the early established constitutive kinetic equation. This kinetic equation has been
used as a basis for many models including the KAHR model, and at a fundamental level
the new EVD model is very similar.

The usefulness of the model was demonstrated in testing whether the vacancy
diffusion mechanism could explain the physical aging effects in films ranging in
thickness from 400 nm to 60 pm. According to the fit, the vacancy diffusion concept
could explain the aging phenomena within the thin films (< 1 pm) but failed to describe

the aging behaviour within the thick films (> 1 pm), implying that an additional
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mechanism may be responsible for aging within the thick films. Additionally, the model
was shown to be a useful tool for observing the gas concentration profile within an
polymer sample during the store and release process.

In summary the new empirically derived relation [1] between diffusion and free
volume allows an exact solution to the one dimensional vacancy diffusion equation
giving rise to a new analytical EVD model for the diffusion of vacancies which

compares well with experimental results and other popular models.
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List of symbols used in Chapter 10

P permeability

D diffusivity

S solubility

f represents the generalized free volume (for various definitions)
FFV fractional free volume from Bondi’s method

FFV, gas-specific fractional free volume from Park and Paul’s method
fo free volume for vacancy diffusion

frc free volume for lattice contraction

fo initial free volume

I equilibrium free volume

fa free volume at glass transition temperature

X position within sample

) sample thickness

t time

T relaxation time parameter

r radial position within the sample

C gas concentration

Co initial gas concentration

C. equilibrium gas concentration (concentration surrounding sample)
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Chapter 11
Concluding remarks and future

directions

11.1 Summary

In this thesis, new mathematical models have been presented to analyse, describe and
predict the physical phenomena that govern the following three processes:

(i)  gas separation;

(1)  gas storage; and

(iii))  physical aging in polymers.
Materials that efficiently separate and store gases are composed of angstrom and nano-
sized pores which can be tailored to control and enhance their performance. The
technique of applied mathematical modelling has been adopted to gain insight into the
behaviour of gases within different porous networks which has lead to the development
of new models and conceptual frameworks that might guide material design. Moreover,
polymers that currently dominate the gas separation industry are composed of dynamic
porous networks that may collapse over time due to the physical aging process, for
which a new model has been developed that accurately describes the process. The main
advantages of these new mathematical models as compared to the computational
models, are their simplicity, speed of calculation, and overall ability to facilitate a more

complete understanding of the processes.

11.1.1 Gas separation

Gases are separated as a consequence of their different transport rates through a porous

material referred to as the membrane. In this thesis two new models have been
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developed that determine the gas transport rates by considering various material
properties.

Firstly, a nano-scale approach was taken by considering the individual pore shape,
size and composition. The interactions between the gas and the pore surface were
formulated, and this formulation provides insight into the behaviour of the gas. This
information led to the development of precise decision criteria that can be used to
predict the dominant transport regime. In addition, the model predicted a new transport
regime, termed suction diffusion, by which the gas is “sucked” through the pore like a
nano-scale worm hole due to the favourable gas-pore interactions within almost
frictionless environments. Further, the model predictions which are readily calculated,
agree with experimental and simulation results.

Secondly, a macro-scale approach was taken by considering the bulk material
property, free volume. An extensive collection of permeability, diffusivity, solubility
and free volume data for available polymers, revealed a new relationship for which a
new empirical model has been developed that accurately encompasses all the data. The
new model is shown to follow the large increase in permeability (diffusivity) at the
critical amounts of free volume for which pores become interconnected and bi-
continuous. In addition, new types of polymers are evaluated using the model to
determine whether their free volume and permeability characteristics conform to other
families of polymers. The practical utility of this model is that it can be used as an
efficient tool for predicting transport properties in the wide range of available polymers,

and it is based only on one readily obtainable material characteristic, free volume.

11.1.2 Gas storage

Gases may be stored densely within adsorbent materials containing porous networks in
which the gases enter and adsorb onto the available internal surface. The interactions
between the gas and the pore surface were integrated throughout pores of different size,
shape and composition to determine the binding energies. This information was
combined with fundamental thermodynamic theory to form a new mathematical
adsorption model that predicts the amount of gas stored within the adsorbent material at
chosen temperatures and pressures. The new model was found to agree with available
experimental and simulation results. Further, the new model was used to investigate the
potential gas storage performance within nanotubes and metal-organic frameworks

impregnated with various nanostructures. Again the new mathematical model produces
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essentially the same characteristics that the simulation studies deliver but is easier and

faste to implement and can be readily applied to a wider range of cases.

11.1.3 Physical aging in polymers

Polymers are widely used as membranes, adsorbents, films and coatings. Due to their
dynamic structure polymers are subject to physical aging, a relaxation process by which
the internal porous network tends to collapse and consequently cause a change in the
transport properties. In this thesis a new model was presented based on the vacancy
diffusion mechanism in the form of analytical equations which agree with experimental
data. The model was used to explain the aging process within ultra thin films and was
combined with gas transport theory to predict the gas concentration profile within an

aging polymer.

11.2 Final comments

The technique of applied mathematical modelling has been adopted to successfully
develop models and conceptual frameworks to:

e provide understanding of the physical phenomena of gas separation and storage;

e provide guidelines for tailoring porosity;

e characterize novel materials; and

e ultimately accelerate the development of clean alternative fuel technologies.

11.3 Future directions

Possible extensions of the work presented in this thesis are suggested here. The
transport and adsorption models presented in Chapters 2 and 6 could be used to
investigate any molecules of interest including water, proteins, drugs, ions, viruses or
acids, and can easily consider electrostatic effects by adding Coulomb’s equation to the
potential energy functions. Further, more complex cavity shapes could be investigated
including hour-glasses, funnels, spheroids, cubes or rectangles.

It would also be interesting if the model presented in Chapter 3 could be extended
to membranes which have a distribution of pores, bearing in mind that the pores might
be distributed in many different ways. For example, Figure 11.1 shows four membranes
with an identical pore size distribution but with the pores arranged differently. The

question arises as to how the flux would differ for each membrane?
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Another useful study might be to try and relate the free volume within polymers
with the connectivity of pores. This has been investigated using a computer simulation
approach, but an analytical equation relating these properties would be a very useful
tool. The percolation threshold has been found by various computational methods
indicating the amount of free volume for which a connected path exists. But the
question arises as to how the diffusion depends on connectivity when the amount of free
volume is below or above the percolation threshold?

Factors that have not been considered in the models presented here for gas transport
through polymer membranes include cohesive energy density, chain vibrations, chain
length, chain mass, temperature and gas concentration. Future work could include the
formulation of a more complete universal gas transport model for which these factors
would need to be incorporated.

The physical aging in polymers was shown in Chapter 10 to be governed by
vacancy diffusion within films thinner than 1000 nm. It would interesting to see whether
the vacancy diffusion model could match the free volume profile within these films
during aging, measured possibly by a positron beam. Additionally, positron annihilation
lifetime spectroscopy has the ability to measure pore size and number and therefore it
would be useful to test whether the dual mechanism model can describe the loss in

number (vacancy diffusion) and loss in size (lattice contraction).

Flow direction

Figure 11.1: Membranes with identical pore size distributions but with different

arrangements.
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Solution for the gas concentration with an aging polymer for Section 10.5.
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