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Abstract

With climate change becoming a major global concern, carbon capture and storage (CCS)
has been the subject of intense research activity around the world. Although the benefits of
CCS have been well recognised for decades, extensive industrial applications have not been
realised. Particularly, there is a gap in research on the handling of high pressure CO,, despite
the abundant work dealing with lower pressure CO,. This thesis focuses on the permeation
process of CO4 through semicrystalline polymeric materials under high pressures, to gain a
better understanding on the diffusion and sorption mechanisms in the CO,-polymer systems.
The work presented in this thesis provides fundamental data, which could be used to guide the
selection of suitable polymeric seals and liners in CCS applications, and may also be applied

to other permeation-related processes involving COqy-polymer systems under high pressures.

This thesis develops new experimental and modelling techniques to investigate the permeation
behaviour of CO, through semicrstalline polymers under high pressures. (i) An experimental
setup for permeation measurements was designed and constructed. (ii) Continuous permeation
experiments of CO, in two commonly used semicrystalline polymers, polytetrafluoroethylene
(PTFE) and high density polyethelene (HDPE), were carried out at various temperatures rang-
ing from 28 to 50 °C and pressures up to 600 bar. (iii) The experimental data was fitted to
a diffusion model, which incorporated the free volume theory to describe the concentration-
dependence of the diffusivity. The model was first nondimensionalised, and then simplified
using assumptions, which were subsequently shown to be valid. A simple graphical method,
which requires no numerical equation solvers, was proposed for model validation and param-
eter estimation. The obtained results were in excellent agreement with those obtained with
the numerical solver. (iv) The effect of pressure on diffusion was characterised from the near-
instantaneous flux drops, which were observed when the pressure was increased following steady
states of permeation. (v) The solubilities derived from the permeation measurements were fit-
ted to the Sanchez-Lacombe equation of state, and excellent fits were obtained between the two.
On the basis of the experimental and modelling results, transport properties and free-volume
parameters were successfully estimated; these were compared with data found in the literature

under similar conditions.
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Vi Molar free volume in Eq. (2.23) m?® mol~*
vi(T,p,v) Polymer fractional free volume in Eq. (4.6)
v;i(T, p,0) Fractional free volume of the pure polymer at p
and T in Eq. (4.7)
Vi Specific volume of component i m? kg~!
Vi Partial molar volume of component k
U Monolayer adsorbed volumetric quantity of the m3
penetrant
Up Specific volume of the pure polymer m? kg!
vy Specific volume of the pure polymer at 0 K m? kg!
Vs Specific volume of the pure solvent m?3 kg~!
v? Specific volume of the pure solvent at 0 K m?3 kg~!
V273K 1atm Specific volume of the penetrant at standard m?3(STP) kg™!
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Chapter 1

Introduction

This thesis investigates the process of permeation of high pressure CO, in semicrystalline poly-
mers, for applications such as polymer lining, sealing, and coating in carbon capture and storage
(CCS) sector. In this chapter, background information on climate change and CCS is provided.
The processes related to CO, transport in polymers in a CCS chain are introduced. Follow-
ing the project motivations and the scientific significance, the objectives and the scope of the

project are stated. An outline of the thesis is given at the end of this chapter.

1.1 Climate Change and CCS

The past year of 2020 has witnessed major commitments by a host of countries to cut carbon
emissions and eventually reach “net zero” targets within the next few decades [1]. Rather than
being just political statements, these commitments are increasingly likely to be fulfilled, with
the promising signals that the US seems to be moving back on track for the Paris Agreement
[2], that China has pledged peak emissions before 2030 and carbon neutrality by 2060 [3],
that countries responsible for more than 65% of global emissions and more than 70% of the
world economy have been making detailed plans and legislation to reach the goals [1], and
that the COVID-19 [4] pandemic recovery promotes clean energy investments and low-carbon

technologies to tackle climate change [1].
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Meeting the net-zero target requires both the reduction on carbon emission by substituting fossil
fuels with clean energy sources, and the removal of released carbon dioxide with CCS techniques.
A CCS chain consists of three primary steps: firstly, capturing CO, from emission sources and
separating it from other gases; secondly, compressing it to form supercritical or dense phase
CO, and transporting it via pipelines or ships to a storage site; and thirdly, injecting it into
oil and gas wells or saline aquifers for long term storage [5, 6]. As shown in Figure 1.1, high
pressure conditions can be involved in the operations for these steps. The resulting supercritical
or dense phase CO,, particularly with the existence of impurities produced from the emission

sources, can cause devastating damage to the pipeline and the polymeric seals and liners.

CO, capture CO, transport CO, storage
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Figure 1.1: Schematic diagram showing the three steps of the CCS chain, and their respective
operating conditions presented on the CO, phase diagram retrived from [7]. The diagrams were
plotted using data and information collected from [6, 8-11]. The rectangle region with blue
dash boundaries on the CO, phase diagram refers to the experimental conditions in this work.
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This damage, including the corrosion of the metallic pipeline [12-16], and the degradation of
seals, liners, coatings and other protective layers [17-19], can severely shorten the service life
of these components and negatively impact the cost effectiveness of the CCS chain. To tackle
these issues and to develop a better understanding of these processes under high pressure
environments, research on the transport behaviour of high pressure CO, in polymeric materials

is required.

In comparison to the abundant resources and studies on lower pressure gaseous CO,, which
are readily available in literature, e.g. [20-30], studies, especially experimental works, on the
transport phenomena of high pressure CO, are relatively scarce, despite an increasing number of
papers emerging [31-36]. To enrich the database for CO5-polymer systems under high pressures,
and develop reliable methods for investigating polymer issues due to CO, permeation in a CCS
chain, experimental and modelling work has been conducted in this project. The work was
conducted under a range of conditions, with the temperature ranging from 28 °C to 50 °C
and the pressure ranging from 5 bar to 600 bar, as shown by the blue outlined rectangle in
Figure 1.1. The methods developed and the results obtained can be applied to the specific

permeation-related processes in a CCS chain.

1.2 Permeation-Related Processes in CCS

A CCS chain consists of a series of processes, with various techniques involved, as shown
in Figure 1.2. After CO, is captured from power plants or other industrial sites, it needs
to be separated from the additional components in the stream, by means of e.g. physical
adsorption [37], absorption and stripping with aqueous amine [38], membrane technologies
[39], metal organic frameworks (MOFs) [40], and chemical looping [41]. Subsequently, CO, is
transported to the storage sites through either pipelines or ships, the latter of which normally
require cryo-compressed conditions to obtain liquefied CO, [42]. Throughout transportation,
all polymeric materials used in tubes, pipes, pumps, compressors and other components for

corrosion prevention and sealing purposes, can be exposed to COy and the impurities under
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the corresponding operating conditions. The performance of these polymeric materials has
significant impacts on safety, efficiency, profits and environmental issues. After CO, has been
transported to the storage sites, it is injected into depleted oil/gas fields, and is sealed by
impermeable rock formations [11]. This thesis focuses on CO,-polymer systems in permeation-

related processes, which are the highlighted ones in white colour as shown in Figure 1.2.

Capture Transport Storage

Adsorption Pipelines Well injection
Absorption - Barriers - Saline aquifer
Membrane - Seals - Depleted

- Separation Ships oil/gas fields
Compression - Cryogenic Seal
compression - rock/stone

Figure 1.2: Various processes involved in the three steps of CCS. The highlighted processes are
those related to permeation of CO, in polymers.

1.2.1 Polymeric Membranes for CO, Separation

Despite the long history of the modern membrane separation industry beginning in the 1960s
[43], the use of membranes for gas separation in a CCS chain is a relatively new technology, com-
pared with solvent absorption, which is a mature technology for CO, separation and has been
applied commercially. However, recent advancements in membrane materials for large-scale
CO, capture and separation make membrane technology a more competitive choice over sol-
vent absorption in the future, with the following advantages. Firstly, it involves less chemicals
in the operation than the solvent absorption method, which can lead to significant environ-
mental impacts [44, 45]. Secondly, membrane operations are less energy intensive and have
lower capital costs than absorption processes [45]. Thirdly, membranes are suitable for offshore

applications, owing to their ease of installation, operation and maintenance [46].

Various types of membrane materials exist for CO, separation [47, 48], such as polymeric, inor-
ganic and carbon membranes, etc. This thesis focuses on the gas transport through polymeric

membranes, which are generally non-porous, by a solution-diffusion mechanism [49], whereby
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gas permeation is decribed by the thermodynamic sorption within the membrane and its kinetic
diffusion through the polymer matrix. There is a trade-off of permeance and selectivity of CO,
[50], which are the two key parameters characterising the separation performance of the poly-
meric membrane. Methods should be explored to maximise both permeance and selectivity by
manipulating the chemical composition of the polymer and the conditions for its preparation
[39]. Meanwhile, research on the high-temperature stability of the polymeric membranes needs

to be conducted, to improve the high-temperature resistance of membranes [47].

1.2.2 Pipeline Corrosion and Polymeric Barriers

Being one of the major factors affecting the structural integrity and the economics of a CCS
chain in large scale, corrosion of the pipeline remains an issue, due to the technological gap
in understanding the transport behaviour of CO, and its various impurities in metallic and
polymeric materials in dry and wet environments. Corrosion issues have been seldomly reported
for pipeline steels exposed to pure, dry CO, [51]. However, in the presence of impurities such
as SO, NO,, O,, CO, and H,S [52], which are captured along with CO, from fossil-fuelled
power plants, high corrosion rates of carbon steel in aqueous enviroments were reported [53].
Consequently, polymeric materials are normally used as barriers to avoid the contact between
gases and the pipeline, so as to protect the metallic components from corrosion, and thus

decelerate the failure of the metals and prolong their service life.

Evaluation of the effectiveness of the polymeric barriers for corrosion prevention needs to be
conducted, on the basis of an understanding of the interactions between the gas components
and the polymeric materials, under a variety of working conditions. First of all, CO, may induce
swelling or platicisation effects [36], which could accelerate the diffusion and increase the uptake
of the gas components in the polymers, leading to failures of the barrier materials. Furthermore,
in spite of its trace amount in the CO, stream, water could react with CO, to form carbonic
acid, with SO, to form sulphric acid, or with NO, to form nitric acid [54, 55|, causing damages
to the polymeric barriers [51]. The resistance to acids can be used as a criterion for selecting

appropriate polymer materials. For instance, elastomers such as ethylene propylene diene
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monomer (EPDM) and natural rubber, are less stable towards sulphuric and nitric acids, than
polypropylene, polyethylene and polytetrafluoroethylene (PTFE) [56], which are considered as
suitable candidates for CO, streams containing small amounts of SO, and NO,. In addition,
perfluoropolymers (mainly PTFE copolymers) exhibit anomalously low permeability of HyS
compared to nonfluorinated polymers [57]|, making the former superior for being used as the

barrier materials.

1.2.3 Leakage and Polymeric Seals

Elastomeric seals are commonly used for pipeline sealing, which is essential for preventing
leakage and maintaining pressure in the CO, transport system. In many cases, for economic
reasons, the CO, transport system is adapted from the existing pipeline infrastructure used in
the oil and gas industry. Specifically, over 6500 km of CO, pipelines, primarily in the US, are
used for enhanced oil recovery (EOR) operations [58]. However, the CO, used for EOR is quite
pure, whilst the CO, stream in a CCS chain normally contains impurities, which could interact
with the polymeric materials, as discussed in Section 1.2.2. As a result, to avoid seal failure,
the suitability of the polymeric seals used for EOR operations needs to be evaluated for CCS

applications [59].

High pressure side
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Figure 1.3: Schematic diagram of the semicrystalline morphology, showing the amorphous
regions and the crystallites.

The morphology of polymers also has an impact on the gas transport process. Polymers nor-
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mally exhibit two types of morphology in the solid state: amorphous and semicrystalline. In

an amorphous polymer, molecules are randomly oriented and thus there is little long range

structure. A semicrystalline polymer is comprised of amorphous regions and regions of dense

crystallites, as shown in Figure 1.3. Gas molecules can only penetrate through the amorphous

regions, whilst the crystallites are typically assumed to be comparatively impenetrable and

result in the polymer properties of rigidity and good chemical resistance [20].

Solubility parameter ranges, MPa'/2

H,S
SO,
co
N,O
NH,
Water

Amines

5 - PTFE HDPE EPDM PVDF PP
10 -
15 -
R co,
20 -
PTFE HDPE EPDM PVDF PP
20°C|60°C|20°C|60°C 20°C|60°C|20°C|60°C|20°C|60°C
A A A A A A A A A A
A A A A A A A A A A
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A Excellent (recommended) B Slowly attacked
- Limited resistance Not known

Figure 1.4: Solubility parameters and chemical resistance of various semicrystalline polymers.
Data for solubility parameter at room temperature: PTFE [60, 61], HDPE (high density
polyethelene) [62, 63], EPDM [64, 65|, PVDF (polyvinylidene difluoride) [66], PP (Polypropy-
lene) [67], and liquid CO, [68]. Information on chemical resistance at 20 °C and 60 °C: PTFE,
EPDM, PVDF, and PP [69]; HDPE [70, 71].
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Figure 1.4 shows the properties of a non-exhaustive list of semicrystalline polymers (PTFE,
HDPE, EPDM, PVDF and PP), which are considered to be suitable candidates for polymeric
seals in CCS applications. These properties refer to the solubility parameters, which show
the affinity of the polymers with CO,, and their chemical resistance with respect to various

contaminants.

As can be seen from Figure 1.4, compared with PTFE and HDPE, the other polymers have
similar solubility parameters to liquid CO,, making it easier for CO, to dissolve into these
polymers and swell them. The solubility parameters may suggest that PTFE and HDPE tend
to be stable in an environment of liquid CO,. In addition, they seem to possess excellent
resistance to various contaminants in a wide temperature range from 20 °C to 60 °C. As a
result, PTFE and HDPE are considered two promising candidates for CCS applications. Thus,

they have been chosen as the representative semicrystalline polymers to be studied in this work.

PTFE, degraded by few chemicals, has so far been regarded as one of most chemically resistant
polymers among thermoplastics [72], which refer to a class of polymers that can be softened
and melted by applying heat [73]. This inertness arises from its molecular structure of carbon-
carbon bonds and carbon-fluorine bonds, both of which are extremely strong [74]. Owing to
the size of the fluorine atom, a uniform and continuous covering can be formed around the
carbon-carbon bonds to protect them from chemical attack, contributing to chemical resistance
and stability of the molecule [74]. These superior properties of PTFE result in its applications

in polymer lining, fittings, valves, pumps and other components for transport purposes.

HDPE is another widely used thermoplastic. The semicrystalline morphology, which is com-
posed of a hard crystalline phase and a soft amorphous phase, results in the high modulus of
elasticity of HDPE, as well as its high impact toughness [75]. The excellent chemical resistance
of HDPE, especially to polar compounds, arises from the relatively inert carbon-carbon and
carbon-hydrogen bonds, which make it resistant to most types of chemical attack [76]. The ad-
vantages of relatively low cost, excellent flexibility and resistance to impact damage distinguish

HDPE as one of the most common types of plastic used in both industry and daily life.
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1.3 Project Motivations and Scientific Significance

This project is motivated by two factors: industrial needs and research gaps, for the usage of
polymeric materials in CCS applications. Firstly, from the industrial point of view, polymeric
materials are desirable in a CCS system, for their excellent flexibility, sealing properties, resis-
tance to degradation, low weight, and low cost compared to metals. Experimental data and
test methods are required to understand the transport behaviour of CO, and impurities in the
engineering polymers, and to evaluate the performance of these polymers under specified condi-
tions. As a result, suitable polymers can be selected or developed for specific CCS applications,

and operating efficiency as well as profits can be maximised.

Secondly, despite the increasing amount of research into the subject of CCS, and more specif-
ically the application of polymers for CCS, research gaps still exist in several aspects. Most
work has been done in a relatively low pressure range of 1 - 100 bar, which is outside the oper-
ating ranges for many CCS processes, as can be seen from Figure 1.1. Furthermore, regarding
impurities, various components and compositions may occur in a CO, stream, depending on its
source and the applied capturing method. Therefore, comprehensive experimental data are in
demand for effective comparison and evaluation. Moreover, in addition to experiments, which
are normally time-consuming, expensive and sometimes dangerous to conduct, it is necessary

to develop accurate models, which can be used for estimation and prediction.

As a scientific project, the work presented in this thesis could have the following contributions to
the research community: (1) Data acquisition - the permeation data for CO, in semicrystalline
polymers under various temperatures and elevated pressures can be used as a guide for material
selection or a reference for other researchers. (2) Experimental method - a high-pressure perme-
ation rig has been built and operated under a safe code of practice, the experience of which can
be used for reference, and can be replicated by others. (3) Model development - the modelling
of the permeation process, with either analytical or numerical methods, assists the development

of theories, which help elucidate the mechanisms behind the permeation behaviour.
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1.4 Objectives and Scope

It is a primary goal in this work that the obtained data and the developed methods would con-
tribute to a better understanding of the permeation mechanisms involved in CCS applications,
and a more effective selection of suitable polymeric materials for these processes. In accordance
with this overall goal, the scientific and engineering objetives are: (i) to build a reliable high-
pressure permeation rig; (ii) to develop experimental methodologies for data acquisition; (iii) to
derive and simplify phenomenological models that help elucidate fundamental properties from

the permeation measurements.

Under the relatively broad topic of high pressure gas permeation through semicrystalline poly-

mers, this work was specifically refined to the following scope:

e Permeation experiments: despite the multi-functional feature of the high pressure rig,
which can be used to conduct separate permeation and sorption experiments (briefly
described in Appendix A) under high pressures, this project has a focus on the permeation
experiments, which were conducted under three temperatures (28 °C, 35 °C and 50 °C),

and under pressures ranging from 5 bar to 600 bar.

e COq-polymer systems: to form a basis for further permeation study of complex high-
pressure systems, this project investigates the permeation process of pure CO, in two

representative semicrystalline polymers: PTFE and HDPE.

e Modelling: a free volume model, together with the Sanchez-Lacombe (SL) equation of
state (EOS), is used to fit the experimentally measured transient permeation curves, using
the tools of Matlab, gPROMS and Aspen Plus. In addition, graphical and analytical
methods, which only require Microsoft Excel, are also developed for modelling the same

process.
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1.5 Structure of the Thesis

This thesis consists of seven chapters, including this introduction. The remaining chapters are

as follows:

Chapter 2 reviews previous studies of gas permeation, diffusion and sorption in polymers,

from theoretical, experimental and modelling perspectives.

Chapter 3 describes the materials and the appratus employed in this work, and addresses the

experimental design and the methods used.

Chapter 4 presents the results of single-step transient permeation measurements, and intro-

duces a graphical method for modelling, based on a free volume theory.

Chapter 5 presents the methods for estimating the free-volume parameters in the model, from

the results of experiments, which consist of multiple successive pressure steps.

Chapter 6 presents an analysis of the diffusivity and the solubility data obtained from both

the permeation experiments and the SL EOS.

Chapter 7 summarises the conclusions drawn from the previous chapters and provides recom-

mendations for future work.



Chapter 2

Literature Review

2.1 Introduction

In this chapter, a review of literature related to transport mechanisms in gas-polymer systems
is presented. The concepts and the theoretical models proposed for the transport properties
are described. Various factors, which could affect these properties, are discussed. Finally, the
experimental methods and the existing techniques for obtaining the transport coefficients are

reviewed.

2.2 Solution-Diffusion vs. Pore-Flow

Two models are used to describe the permeation process: the solution-diffusion model and
the pore-flow model [77]. In the first model, the permeants dissolve in the membrane and
then diffuse through it down a concentration gradient. In the second model, the permeants
move through the tiny pores in the membrane by pressure-driven convective flow. The primary
difference is that the solution-diffusion model assumes that the chemical potential gradient in
the membrane is expressed as a concentration gradient, and the pressure within it is uniform

at the high-pressure value, as illustrated in Figure 2.1. This way of transmitting pressure in

12
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solution-diffusion membranes is considered the same as that in liquids [77, 78]. On the other
hand, the pore-flow model assumes that the chemical potential gradient in the membrane is
expressed as a pressure gradient, and the concentrations of solute and solvent within it are

uniform [77].

Chemical potential

\—

High-pressure side Low-pressure side

>
Pressure

Diffusion
in polymer

High-pressure side Low-pressure side

Figure 2.1: Schematic representation of permeation through a polymeric membrane according
to solution-diffusion transport model (L denotes the membrane thickness).

Penetrant transport through a polymeric membrane, which is considered as a homogeneous,
non-porous material, is normally described by the solution-diffusion model [79]. In this case,

as shown in Figure 2.1, the permeation process consists of three steps [80, 81]:

e Sorption of the penetrant at one surface of the polymeric membrane.

e Diffusion of the penetrant, in a condensed liquid form, through the membrane under a

driving force of a chemical potential (concentration) gradient.

e Desorption of the penetrant at the side of lower partial pressure into the gaseous state.

Thus, the permeability coefficient, P, depends on both the solubility coefficient, S, which rep-
resents the amount of the penetrant molecules dissolved into the membrane, and the diffusivity
coefficient, D, which reflects the migration rate of the penetrant molecules through the mem-

brane. These three transport properties, P, D and S, are discussed in the next section.
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2.3 Transport Properties

2.3.1 Permeability

The permeability, P, can be related to the steady-state permeation flux, denoted by F(t = 00),
by Eq. (2.1):
P(pn —m)

F(t:oo):T, (2.1)

here, p, and p; refer to the high pressure and the low pressure on the two sides of the polymeric

membrane, respectively; and L is the thickness of the membrane.

Meanwhile, F(t = 0co) can be expressed as a function of the concentration gradient:

Flt = 00) = M, (2.2)

where C}, and C] represent the equilibrium concentrations of the penetrant at the two surfaces of
the membrane. Assuming Henry’s law holds, i.e. a linear relationship exists between the vapour
pressure of the penetrant and the corresponding equilibrium concentration of the penetrant at

the surfaces of the membrane:

C = Sp. (2.3)

A relationship, which expresses P as a product of D and S, can then be obtained:
P=DS. (2.4)

Eq. (2.4) suggests that knowing any two of the three quantities, the third one can be calcu-
lated. More specifically, in a permeation experiment, P can be obtained from the steady-state
permeation flux with Eq. (2.1). The diffusivity, D, can be derived from a “time lag” of the
transient permeation preceding the steady state, as will be described later in Section 2.3.2.

Accordingly, S can be calculated by Eq. (2.4).
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2.3.2 Diffusivity

Time Lag Method for Determining Diffusivity

Introduced by Daynes and Smith [82] and developed by Barrer [83], the time-lag mothod
has been extensively applied to the estimation of diffusivity in membrane studies. During a
permeation experiment, after a sufficiently long time, a steady state would be established. The
curve of the cumulative amount of diffusing substance, @)y, against the expermental time, t,
would asymptotically approach a straight line, as shown in Figure 2.2:

DG, r?
=" (t—G—D>. (2.5)

The line has an intercept on the t-axis, ©, which is referred to as the “time lag”:

LZ

@—6—D.

(2.6)

From ©, D can be obtained, since L is known. In addition, C}, can also be estimated from the

slope of the line.
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Figure 2.2: Plot of Q; vs. t, showing the “time lag” of a cumulative permeation curve approching
steady state.

To apply the time-lag method, the diffusivity, D, has to be assumed constant across the mem-

brane, independent of time or concentration. However, in some systems, such as the diffusion
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of vapours in high-molecular-weight polymers, this assumption might be over-simplified, since
it is quite typical that the diffusivities are dependent on penetrant concentration [84]. In those
cases, models with variable diffusivity, such as free volume models, need to be applied, as will
be presented in Section 4.2. Furthermore, the assumption of Henry’s law may not hold true,

since deviations may occur in the high pressure range, as will be discussed in Section 6.2.2.

Diffusion in Glassy vs. Rubbery Polymers

Diffusion of the penetrant in a semicrystalline polymer takes place in the amorphous region,
where a reversible transition from a glassy state into a rubbery state may occur, when the
temperature is increased above the glass transition temperature, 7}, of the polymer. Below
T,, the glassy-state polymer is rigid and dimensionally stable, since the chain segments can
only have limited vibration due to a lack of energy to rotate or change positions. On the other
hand, above T}, the polymer turns into a rubbery state, becoming soft and flexible, owing to
a greater rotational freedom [85]. This primary difference in molecular motion leads to their
different behaviours. Rubbery polymers tend to respond very quickly to the changes in their

conditions, whilst glassy polymers can have time-dependent properties [84].

One essential factor to consider is the viscoelastic stress, which results from a nonlinear memory
effect in some polymer systems. This stress is normally related to a term called relaxation time,
which corresponds to the time taken for one portion of the entangled polymer network reacting
to changes in another portion [86]. There is a certain relaxation time in the glassy region, and
the stress is slow to decay after a change in the condition. On the other hand, the memory
effect of the stress has a less significant impact on rubbery polymers, owing to their very rapid

respoise.

This important difference in the two types of the polymers leads to distinctive diffusional
patterns. Alfrey et al. [87] classified three cases of diffusion: Fickian diffusion, Case II diffusion,
and non-Fickian diffusion, which is in the transition region between the first two. Ideal Fickian
diffusion is normally applicable to rubbery polymers, in which case Fick’s laws of diffusion

can be applied. Case II diffusion and non-Fickian diffusion normally occur in glassy polymers.
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Case II diffusion is characterised by the velocity of the penentrant’s advancing front, which
separates the inner glassy core from an outer swollen rubbery shell of the glassy polymer, for
specimens of simple geometry, e.g. slabs, long cylinders, and spheres. Non-Fickian diffusion is
a combination of the two particular patterns of Fickian diffusion and Case II diffusion, in which

both the Fickian pattern and the relaxation effects may play a role in the diffusional behaviour.

2.3.3 Solubility

BET mode

Dual mode

Langmuir mode

Concentration

Henry's law mode

Flory-Huggins mode

Pressure

Figure 2.3: Isotherm plots of sorbed concentration wvs. pressure for the five typical sorption
modes (diagram reprodcued from [79]).

The permeation of simple gases, e.g. Hy, He and Ny, in rubbery polymers under moderate
pressures, tends to possess Fickian diffusion features and follow Henry’s law for sorption [79].
However, in the most general case, the solubility coefficient, .S, is not a constant, but a func-
tion of temperature, pressure, or concentration. There exist various expressions for S, which
correspond to the different sorption modes: Henry’s law mode, Langmuir mode, Dual mode,
Flory-Huggins mode [88-90] and BET mode. Figure 2.3 shows the isotherms for the five sorp-

tion modes. The characteristics of these sorption modes are presented in Table 2.1.
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Table 2.1: Typical sorption modes, with their respective expressions, dominant interactions,

and examples.

Sorption Mode

Henry’s Law

Expression

Interaction

Example

Polymer-polymer

Sorption of Oy, Ny and Hy in PDMS below 25 atm [28].

(Constant S independent of concentration and
temperature, leading to linear relationship

between C' and p, as shown in Figure 2.3.)

(At low pressures, weak penetrant-penetrant

and penetrant-polymer interactions.)

Sorption Mode

Langmuir

Expression

Interaction

Example

_ Cubp
¢= 1+bp

Penetrant-polymer

Gas adsorption on solid surfaces descibed by the Langmuir model

or its extended models [91, 92].

(CY is a “hole saturation” constant, and b is a

“hole affinity” constant.)

(Penetrant molecules occupy sites or holes in the
polymer, until all sites are occupied, as shown in

Figure 2.3.)

Sorption Mode

Dual Mode

Expression

Interaction

Example

C'bp

C'=5p+ 7,

Polymer-polymer

and

penetrant-polymer

Sorption of low-activity gases, e.g. Ar and Ny, in glassy polymers

(93, 94].

(Combination of Henry’s law mode and
Langmuir mode for the glassy polymers, as

shown in Figure 2.3.)

(One population of molecules dissolved in the
polymer following Henry’s law and a second
population of molecules adsorbed on specific

sites under Langmuir mode.)
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Continuation of Table 2.1

Sorption Mode Flory-Huggins

Expression Ina=In¢g;+ (1 — (ais the thermodynamic activity of the gas
é1) + x(1 — ¢1)? component; ¢; is the volume fraction of the
penetrant in the polymer; and y is the

Flory-Huggins interaction parameter.)

Interaction Penetrant-penetrant  (Stronger interactions between the penetrant
molecules, with increasing solubility coefficient

with pressure, as shown in Figure 2.3.)

Example Sorption of condensable gases of relatively high activities in rubbery

polymers under high pressures [95-97].

Sorption Mode BET
Expression m = (v is the adsorbed volumetric quantity of the
53150#’1 <£> + 1 penetrant; v, is the monolayer adsorbed
mCBET Po UmCBET

quantity; cggr is the BET constant; p and pg
are the equilibrium and the saturation pressure

of the adsorbates, respectively.)

Interaction Penetrant-polymer  (Combination of Langmuir and Flory-Huggins
and modes, as shown in Figure 2.3.)

penetrant-penetrant

Example Sorption of water in highly hydrophilic polymers [98—100].

Amongst these sorption models, the Flory-Huggins model, which is an activity coefficient model,
is most suitable for simulating phase equilibrium and thermodynamic properties for the sorption
of high-activity penetrants (e.g. CO,, high-molecular-weight hydrocarbons and vapours) in
rubbery polymers under elevated pressures. However, there are two major drawbacks of the
Flory-Huggins model: (i) the model relies on a few assumptions, which weaken its ability to
successfully describe the experimental data for polymer solutions. For instance, the model
poorly describes diluted solution behaviour, with its assumption of a uniform distribution of

polymer segments; (ii) to satisfactorily describe the isotherms of polymer solutions with large
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values of x (typically x > 0.8), the addition of several ad hoc empirical parameters is required,
considerably limiting the usefulness of the model [101, 102]. In comparison, modern equations
of state, such as the Sanchez-Lacombe EOS [103, 104], which will be presented in more detail
in Section 6.2.2, are found to be more appropriate for modelling sorption properties in rubbery

polymers [105].

2.4 Free Volume Theory

According to free volume theory, diffusing molecules migrate in a polymer by jumping between
thermally generated voids or holes in the polymer matrix. The sum of all the voids in the
amorphous region of the polymer is called free volume, as compared to the occupied volume by
the polymer chains. A fractional free volume, f, can be defined as a ratio between the specific

free volume, Vi, and the macroscopic specific volume of the polymer, V' [102]:

Ve V=W

f:vz % )

(2.7)

where Vr is regarded as the difference between V' and the specific volume occupied by the

polymer chains, Vj.

2.4.1 Free Volume in Glassy and Rubbery Polymers

As can be seen in Figure 2.4, above T,, when the polymer is in its rubbery state, the polymer
chains have large freedom to move, resulting in hole free volume. Below T}, the “frozen” polymer
chains can no longer rotate freely, leading to a great reduction of their mobility. The excess
free volume arises from a nonequilibrium state, at which the excess free volume is trapped in
the polymer matrix. On long time scales of weeks to years, the glassy polymers continuously
evolve from the nonequilibrium state towards the equilibrium state, through a relaxation process
known as physical aging [106]. During this process, the free volumes redistribute in the polymer,

leading to a loss of the excess free volume.
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Glassy Rubbery
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Figure 2.4: The specific volume of a polymer as a function of temperature, with free volume
and occupied volume shown in the graph.

2.4.2 Free Volume Models

Various free volume models exist in the literature, including the most widely used models of
Fujita [107, 108], and Vrentas-Duda [109-111]. In this section, the two models are reviewed,

with a discussion on their primary differences and conditions under which they are applicable.

Fujita’s Model

Fujita [107] considered a binary solution consisting of a monodispersed rubbery polymer and
a pure solvent. It was assumed that a single solvent molecule and a polymer segment acted as
thermal jumping units separated by free volume. On the basis of Doolittle’s empirical relation
for liquid viscosity [112, 113], Fujita made an ad hoc assumption that the relation was applicable
to each jumping unit in polymer-solvent systems. Denoting the mobility of the solvent by m,

expressed in terms of the fractional free volume, f:

Inmg = Cs — By/f, (2.8)
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where C; and B, are parameters, which were assumed to be independent of temperature and
concentration. From solution thermodynamics, Fujita and Kishimoto [114] proposed a relation

between f and the volume fraction of the solvent, ¢,:

F(ds) = T+ Bés, (2.9)
with
B=T.—T, (2.10)

where 72 denotes the fractional free volume of the pure polymer, and 7: refers to the fractional
free volume associated with the solvent at the limit of ¢, — 0, 7.e. in a very dilute solution

that is close to a pure polymer.
Combining Eq. (2.8) and Eq. (2.9) yields:

ms(¢s) _ Bdﬁ¢s
ms(0) ()7 + BFyes

In (2.11)

The mobility of the solvent, my, can be related to the thermodynamic diffusivity, Dy, by:

Dy = RTm,, (2.12)

where R is the ideal gas constant, and 7' is the absolute temperature of the solution. Thus,

Eq. (2.11) can be equivalently expressed as:

= =—F—=— (2.13)

where DY represents the thermodynamic diffusivity at ¢, — 0. Fujita’s free volume model has
been successfully applied to a number of penetrant-rubbery polymer systems, particularly when
the diffusivity exhibits a strong concentration dependence. However, Fujita [107] considered
his model to be not applicable to the diffusion of small molecules, such as water, in polymers,
owing to a failure of the model to describe the temperature and concentration dependence

of the diffusivity in these cases. Nevertheless, Kulkarni and Stern [115] tested the validity of
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Fujita’s model for small non-polar molecules in polymers, and concluded that the inconsistency
observed in the case of water was due to its hydrogen-bonding nature rather than a failure of the
model. On the other hand, Vrentas and Duda [109] claimed that this hydrogen-bonding nature
was unlikely to account for the lack of temperature and concentration dependence of diffusivity,
given the clearly dominant free-volume effects in water-polymer systems. They claimed that
Fujita’s model could be derived from a more general free volume model proposed by them,
under several further restrictions, which in their opinion were responsible for the failure of

Fujita’s model for water-polymer systems.

Vrentas-Duda Model

Vrentas and Duda [109] formulated a free volume model, starting from Cohen and Turnbull’s
theory of self diffusion [116], where an expression for the mobility of a molecule in pure liquids
was derived under a so-called hole-volume assumption; this assumption states that the difference
between the liquid volume per molecule and the average free volume per molecule gives the
critical hole volume per molecule, which represents the minimum volume of a hole that a
molecule must find in its neighbour for a thermal jump. Vrentas and Duda [109] extended
Cohen and Turnbull’s theory [116] to polymer-solvent systems and derived an expression for
the mobility of the solvent, m:

Y [05s + THE(1 — )]

In m5(¢s) = CS - fs(bs + fp(l - ¢s) ’

(2.14)

with

70 = v?/vs,ﬂg = vg/vp, (2.15)

where vs and v, denote the specific volumes of the pure solvent and the pure polymer, respec-

0
s

tively; v, and vg are v, and v, at zero absolute temperature, respectively; f, and f, are the
fractional free volumes of the pure solvent and the pure polymer, respectively; 7/ is a numerical
factor between 0.5 and 1; and £ is a dimensionless quantity denoting the molar critical hole

volume of the solvent relative to that of the polymer segment. Eq. (2.14) forms the basis of
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the Vrentas-Duda free volume model.

Vrentas and Duda [109] derived from Eq. (2.14) an expression for the thermodynamic diffusivity,

DTI
DT . EdBV¢S
nD_% B Upfg +prv¢s’ o
with
B~ [gvzpfs B w;ffp] 7 (2.17)
B:fs_%fp’ (2'18)

Vs
where vy, and vy, are the specific critical hole volume of a jumping unit of the solvent and that

of the polymer segment, respectively.

The change in the liquid volume, V', on mixing can be represented by:

AV (ws) =V — wsvs — wpvy, (2.19)

where wy and w,, are the masses of the jumping units of the solvent and the polymer, respectively.

When no volume change upon mixing is assumed, i.e. AV =0, Eq. (2.19) becomes:

V S S
Ve (2.20)
Up Up
Under the condition that:
(v = wp)ws (2.21)
Up
Eq. (2.16) can be reduced to Eq. (2.22), by replacing V' with v,:
D BB,

“DY T 124 Bl0.

This equation agrees with Eq. (2.13) that Fujita and Kishimoto [114] derived from their free
volume formulation, despite that B, and 3 differ from B, and f in the contents. From the
formal agreement, Vrentas and Duda [109] claimed that the Fujita’s model, Eq. (2.13), was a

special case of their more general model, Eq. (2.16), when the value of wy is small, i.e. polymer
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solutions with dilute solvent, as suggested by the condition specified by Eq. (2.21). Futhermore,
as illustrated in Vrentas and Duda’s original paper [109], in order to guarantee that B, and /3 in
Fujita’s model are equivalent to By and f in the Vrentas-Duda model, another condition needs
to be met: the molecular weight of the solvent is equal to that of a jumping unit of the polymer
segment. However, this condition may not be valid for all polymer-solvent systems. Thus,
Vrentas and Duda [109] stated that the usefulness of the Fujita’s model is restricted to certain
scenarios, whilst the Vrentas-Duda model is applicable to polymer-solvent mixtures regardless of
the size of the solvent. In addition, Vrentas and Duda [109] also pointed out that their model,
coupled with experimental data for pure liquids, can be used to predict the concentration,
molecular weight , and temperature dependence of diffusivities for amorphous polymer-solvent

systems, whilst Fujita’s model is a correlative one and does not have a predictive capability.

Fujita [117] in a later paper clarified a major difference, that Fujita’s theory was based on
the free volume per unit volume of solution, whereas the Vrentas-Duda theory was based on
the average free volume per jumping unit. Fujita [117] disagreed with the conclusion that his
model was a special case of the Vrentas-Duda model, by pointing out that Eq. (2.16) can be
transformed into an expression conforming to Eq. (2.13) with 8 = f, — f, without invoking
Eq. (2.21). Nevertheless, Fujita agreed that his theory lacked the predictive capability of the
Vrentas-Duda theory. However, in another paper Fujita [118] questioned the predictability of
the Vrentas-Duda theory, with respect to its assumptions. He recommended careful examina-
tions of the assumptions used in the Vrentas-Duda theory to give satisfactory predictions and

for better agreement with observations.

Applicability of Fujita and Vrentas-Duda Models

Both Fujita’s free volume model and the Vrentas-Duda model have been extensively applied to
diffusion in penetrant-polymer systems. A selected list of these works are summarised in Table
2.2. As a straightforward correlative model, Fujita’s free volume model, which is the basis of
many other free volume models, has been modified and applied to model permeation processes

of various polymer-diluent systems. Some of these works are also included in Table 2.2.
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Table 2.2: A non-exclusive summary of the literature applying the Vrentas-Duda theory and
Fujita’s theory of free volume.

Vrentas-Duda Theory

Work

Effects of thermodynamic models on the predictions

of the Vrentas-Duda free volume theory for

concentrated polymer solutions.

Representation of the behaviour of diffusion

coefficients by the Vrentas-Duda free volume theory.

Predictions of the diffusion behaviour for several
polymer /solvent systems using the Vrentas-Duda

free volume theory.

Tests of the predictive capability of the
Vrentas-Duda free volume model for diffusion of

organic solvents in natural rubber.

Predictions of the solvent self-diffusion coeflicients
in rubbers with the Vrentas-Duda free volume

theory.

Tests of the Vrentas-Duda free volume theory for

penetrant diffusion in rubbery polyers.

Evaluation of a multicomponent free volume model
based on Vrentas-Duda theory applied to diffusion

in liquids.

Correlations of the diffusion coefficients determined
from sorption kinetics measurements, with

predictions of Vrentas-Duda free volume theory.

Comparative studies on both Fujita’s theory and
Vrentas-Duda theory for diffusivity through

polymeric membrane in pervaporation process.

References

Mossner and Grulke [119]

Yoon et al. [120]

Hong [121]

Guo et al. [122]

Hong [123]

Tonge and Gilbert [124]

Mauviel and Favre [125]

Schabel et al. [126]

Mafi et al. [127]
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Continuation of Table 2.2

10

Measurements and correlations of the diffusivity in
polymer-solvent systems using Vrentas-Duda free

volume theory.

Danner [128]

Fujita’s Theory

Work
Comparative investigation of the diffusion and

viscosity behaviour of polybutadiene solutions.

Sorption and permeation of organic solvent in

polypeptide membranes.

Modelling the binary diffusion and solubility
coefficients for CO,, CH,, C;H,, and C3Hg in
polyethylene at elevated pressures using Fujita’s

free volume theory.

An interpretation of the temperature dependence of
the self diffusion of polystyrene and polyethylene in
the melt with the free volume theory in the form of

Doolittle and Fujita.

Predictions of separation factor and permeability in

the separation of binary mixtures by pervaporation.

A study of the gas solubility and permeability of

various cured polyalkoxysilylbutadiene films.

Measurements of the transport of CO, in linear

low-density polyethylene.

An interpretation of the self-diffusion of water,
ethanol and decafluropentane in perfluorosulfonate

ionomer by Fujita’s free volume theory.

Derivation of the concentration dependency of the
diffusivity of a solvent in a polymer solution, on the
basis of a modified Fujita-Doolittle free volume

equation.

References

Chalykh et al. [129]

Kinoshita et al. [130]

Kulkarni and Stern [115]

Fleischer [131]

Rhim and Huang [132]

Hachisuka et al. [133]

Laguna et al. [134]

Gong et al. [135]

Hsu and Lin [136]
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Continuation of Table 2.2

10 Estimations of the thermodiffusion coefficients in Abbasi et al. [137]
ternary mixtures, using a new proposed model

based on Fujita’s free volume theory.

Other Free Volume Models

Apart from Fujita’s model and the Vrentas-Duda model, which are the two most widely applied
free volume models for penetrant-polymer systems, there exist at least 20 more in the literature
for specific applications. Amongst these various models, four relatively new ones are presented
and discussed in this section. They are Liu et al.’s generalised free volume model [138], Thornton
et al.’s relation between diffusion and free volume [139], Ohashi et al.’s shell-like free volume

theory [140], and Abbasi et al.’s thermodiffusion model [137].

Liu et al. [138] developed a free volume correlation for the self-diffusion coefficient, D, by

considering both the molar free volume, V;, and the activation energy, F,:

D = f(Vy)exp (— gT) . (2.23)

This relationship can also be applied to other transport properties, such as viscosity and thermal
conductivity. Moreover, Liu et al. [138] investigated the relationship between free volume
expressions and equations of state of a van der Waals type. Following a comparison of the effects
of density, temperature and molecular shape, some free volume expressions were recommended

to represent the transport properties over wide ranges of temperature and pressure.

Thornton et al. [139] modified Doolittle’s empirical relation and obtained:

D =dexp(pf), (2.24)

where o/ and ' are constants; and f is the fractional free volume, as defined by Eq. (2.7).

This relation has been shown to model the data for gas diffusion through a glassy polymer
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well, and agree with a variety of computational simulations. Thornton et al. [139] claimed
that it could be used as an efficient tool for predicting transport properties in a wide range of
available polymers, on the basis of the fractional free volume. In addition, this relation has been
shown to provide an exact solution to the vacancy diffusion equation, which allows accurate

and convenient modelling of physical aging of thin films [141].

Ohashi et al. [140] developed the shell-like free volume theory to estimate the self-diffusivity in
multicomponent polymeric systems, using only pure component parameters of the constituents.
The shell-like free volume is defined as the free space surrounding the penetrant molecule that

emerges from molecular collisions. The theory is expressed as follows:

D — DO eXp o pen. Zl wl(sl/ Z)

Spen./ Mpen. Zz wi(Vii/v")

(2.25)

where D, is the pre-exponential factor; f/p*em is the molecular core volume of the penetrant;
Spen. 1S the molar surface area of the penetrant molecules; M., is the molecular weight of
the penetrant; w; is the weight fraction of component ¢, which is in contact with the penetrant
molecule; s;, M;, and V;; /" represent the molar surface area, molecular weight and free volume
of componoent 7, respectively, with 7" being the free-volume parameter. On the basis of the
excellent prediction results, Ohashi et al. [140] concluded that this multicomponent shell-like

free volume theory is an appropriate predictive tool for applications such as various polymeric

membrane systems, polymer coating-drying processes, and diffusion in polymer solutions.

Abbasi et al. [137] proposed a new model for predicting the thermodiffusion coefficients. They
incorporated the size and the concentration of the molecule, on the basis of a Fujita-type model
to determine the ratio of evaporation energy to activation energy, 7, in ternary hydrocarbon

systems:
Vi
Vi

: (2.26)

Tk = Tk,pure €XP ‘1 -

where 7 pure 1 the ratio of the evaporation energy to the viscous energy in pure limits; x
and Vj are the mole fraction and the partial molar volume of component k in the mixture;

x; and V; are the mole fraction and the partial molar volume of largest component in the
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mixture. Abbasi et al. [137] showed that this new model resulted in an improvement in the
accuracy of thermodiffusion modelling and the diffusivity estimation for the ternary mixtures

they investigated.

2.5 Equations of State for Penetrant-Polymer Systems

In modelling polymer systems at high pressures, equations of state have several advantages
over activity coefficient models. For instance, activity coefficient models ignore the equation
of state properties of the pure components, and thus completely fail to describe the lower
critical solution temperature (LCST) behaviour [104]. In contrast, EOS models are able to
predict both upper critical solution temperature (UCST) and LCST types of phase behaviour
in polymer solutions [142]. Second, the activity coefficient models work well at low reduced
temperatures and up to moderate pressures, where the liquid phase is relatively incompressible
[143]. Violation of these bounds may lead to serious problems, particularly for supercritical
components. In comparison, EOS models are valid from the dilute-gas to the dense-liquid
regions, and are not limited to incompressible liquids. Furthermore, in the cases of activity
coefficient models, the use of different models for the various phases precludes the correct
description of mixture critical points [143], whereas the EOS extended to mixtures provides

accurate information for both pure components and mixtures.

2.5.1 Equations of State

The equations of state for polymer systems can be categorised into the following types [144, 145]:

e Cell theory. Many equations of state for P-V-T behaviour of chain molecular systems
in the solid and melt states are based on the modifications of cell theory of Lennard-
Jones and Devonshire (LJD) [146], which was developed for monomers. The cell models
are based on the assumption that each molecule in the liquid is confined to a “cell”

by its nearest neighbours, restricting the molecular motion to the small free volume of
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the cell [147]. To adapt the cell model formalism to describe polymer liquids, Prigogine
et al. [148, 149] proposed internal and external modes of polymer molecules, which
are associated with internal motions of the molecules and intermolecular interactions,

respectively.

e Lattice theory. In lattice models, each monomer segment, solvent molecule, or void
occupies a single lattice site. The Sanchez-Lacombe equation of state [103, 104], which
was derived from the lattice fluid theory by introducing vacant sites in the lattice, has been
widely used to describe polymer-solvent phase behaviour of molecular fluids of arbitrary

size.

e Hole theory. In the hole models, the thermal expansion of liquids is considered to result
from holes, i.e. the vacant cells, while changes of cell volume are also allowed [150]. The
representative Simha and Somcynsky [150] hole model has been successfully used to de-
scribe the P-V-T behaviour for several polymer liquids. However, the difficulty in solving
the model has hindered its wide applications. To overcome its drawback of mathematical
complexity, Zhong et al. [151] derived a simplified hole theory EOS, following the ap-
proach of Simha and Somcynsky [150]. Through a comparison between the two equations
of state, Zhong et al. [151] showed that their EOS was of the same quality as the other,

but with much less computing effort.

e Statistical associating fluid theory (SAFT). SAFT [152, 153] is a perturbation-based equa-
tion of state solution model for associating fluids, which contain clusters of molecules
capable of forming associative complexes. SAFT accounts for the association effects and
has been found to be accurate in predicting properties of pure components and mixtures

over a wide range of operating conditions.

Amongst the various equations of state, the Sanchez-Lacombe EOS is the most widely used

model to correlate the solubility and the swelling effect of CO, in polymers [154-156].



32 Chapter 2. Literature Review

2.5.2 Sanchez-Lacombe EOS

The Sanchez-Lacombe (SL) EOS is a lattice-based statistical mechanical theory, which has
been proven to be advantegeous for predicting gas and organic vapour solubilities in polymer
liquids, as well as in semicrystalline polymer solids above T}, [144]. The penetrant at its limit
of solubility is considered to be in thermodynamic equilibrium with the polymer, under the
assumption that the polymer, being monodispersed and behaving as a liquid in the state above
its T,, does not dissolve in the dense phase of the penetrant. The SL EOS models the polymer
solution as a lattice consisting of occupied and empty sites [103]. The vacancies or “holes”
in the lattice account for the compressibility of a solution, related to the “free volume” [157].
These empty sites are introduced to illustrate the extra entropy change in the system, as a

function of volume and temperature of the system [158].

Sanchez and Lacombe [103] expressed the total number of lattice sites, N,., for a binary mixture

of N m—mers and Ny empty sites as:

N, = Ny + mN, (2.27)

where N is the number of molecules in the system; each of the molecule occupies m sites (an

m—mer); and Ny is the number of vacant lattice sites. The total volume of the system is:

V = (No +mN)v*, (2.28)

where v* refers to the volume of a lattice site. Sanchez and Lacombe [103] defined a reduced

density, p, as the fraction of the occupied sites:

. P mN
=P _ 2.29
P T No s mN (2.29)
with
M,
pr=—" (2.30)
muv
NM
-7 (2.31)
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where p* is a characteristic parameter of the pure fluid, representing the scale factor for density;
p is the mass density of the fluid; and My, is its molecular weight. In particular, for polymer

components, My, refers to the number average molecular weight.

In addition to p*, the SL EOS introduced two more characteristic parameters for pure compo-
nents, 7.e. the characteristic temperature, 7™, which is associated to the potential energy; and
the characteristic pressure, p*, which is related to the cohesive energy density of the component
in the close-packed state, i.e. that of a liquid at 0 K [159]. The main equations of the SL
EOS for the pure fluids and the mixtures will be elaborated in Section 6.2.2, where a solubility

analysis is conducted based on the SL EOS.

2.6 Factors Affecting the Transport Properties

The transport properties can be affected by a number of factors: temperature, pressure, crys-
tallinity, penetrant properties, polymer properties, etc. The effects of temperature, pressure

and crystallinity are discussed in the following sections.

2.6.1 Effects of Temperature

The transport coefficients, namely permeability P, diffusivity D, and solubility coefficient S,

depend on temperature according to Arrhenius laws:

Ep
P= POO exXp <_ﬁ> y (232)
Ep
D=D —— 2.
00 exp( RT)’ (2.33)
AHg
S = SOO exp <— RT ) . (234)

The pre-exponential constants represent the limits of the coefficients when T" — oo; Ep and

Ep are the activation energies of permeability and diffusivity; and AHg is the apparent heat
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of solution [79, 160]. A relation exists for Ep, Fp and AHg:

Ep = Ep + AHsg. (2.35)

These parameters depend on the morphology (i.e. amorphous or semicrystalline structure) of
the polymer, as well as the temperature relative to the characteristic temperature (e.g. Tj)

[79).

In a study of the transport of CH, in various polyethylenes at temperatures up to 80 °C
and pressures up to 10 MPa, Flaconneche et al. [161] reported that trends were evident in
P and D, increasing with increasing temperature, whilst S appeared to be less sensitive to
temperature. In addition, Clarizia et al. [162] reported in their study of gas transport in a
polydimenthylsiloxane (PDMS) membrane in the temperature range of 15 °C - 65 °C, that
permeability increased with temperature for all species considered (CO,, CHy, Oy, He, and Ny).
Nevertheless, compared with the other gases, the gas which most readily permeated through
the polymer, CO,, was less affected by temperature. Meanwhile, the diffusivity for CO,, CH,
and O, increased with increasing temperature, whilst solubility decreased. In a study of the
sorption of CO, and Ny in molten polypropylene (PP) and high density polyethylene (HDPE)
at 433.2 K, 453.2 K, and 473.2 K and pressures up to 17 MPa, Sato et al. [163] found that the
solubilities of CO, decreased with increasing temperature, while those of N, increased within

the range of temperatures investigated.

Regarding diffusivity, as can be seen from the above results, D is an increasing function of the
temperature. This is due to the activation energy, Ep, which represents physically the energy
level that a molecule needs to reach for a jump between one position and another [79], always
being positive. The higher temperature promotes the diffusion process, in such a way that an

increase in the free volume is caused by the increased segmental motions of the polymer.

Park and Paul [164] related the permeability, P, to the fractional free volume of the polymer



2.6. Factors Affecting the Transport Properties 35

matrix, f, which is added to the Arrhenius formulation for P, i.e. Eq. (2.32) [165]:

P(T) = Py exp (—%) exp [— fl(};)] (2.36)
Similarly, for D and S:

D(T) = Do exp (_%) exp [_%1 | (2.37)

S(T) = Soo exp (—AR};S ) exp {— f?;)l : (2.38)

In these equations, Bp, Bp and Bg are the penetrant-free volume interaction parameters, which

are practically independent of temperature.

2.6.2 Effects of Pressure

A number of studies reported insignificant pressure effect on the gas transport coefficients in
polyethylene. Flaconneche et al. [161] found that the values of permeability, diffusivity and
solubility for He and CH, in polyethylene hardly exhibited variations with pressure in the
investigated range of 4 to 10 MPa. In a study of the diffusion of methane in linear polyethy-
lene under various temperatures and pressures, Lundberg [166] found that at 104.04 °C, the
diffusivity is approximately independent of pressure. However, at 162.78 °C and 188.31 °C,
the diffusivity exhibited a decreasing trend with increasing pressure. Naito et al. [167] anal-
ysed the effect of pressure on permeation of 10 gases through semicrystalline polyethylene and
polypropylene, in the pressure range of 1 - 130 atm at 25 °C, which is above T,. They found
that the permeability decreased with increasing pressure for slightly soluble gases (He, Ne, Hy,
N,, Oy, and Ar), whilst the permeability increased with increasing pressure for highly soluble
gases (CHy, Kr, CO,, and N,O). Accordingly, they attributed the pressure effect on permeabil-
ity to two aspects: a decrease of diffusivity due to hydrostatic pressure, which compressed the
polymer matrix and led to a reduction in the free volume; and an increase of solubility due to

increased concentration at the higher pressure. Naito et al. [168] proposed a diffusivity model
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to describe the two opposite effects:
D= D6 exXp (_/Bhp + O{CC) ) (239)

where D is the diffusion coefficient at p = 0 and C' = 0; 3, is a constant expressing the drop
of diffusivity due to hydrostatic pressure effect; «. is a constant characterising the increase of

dissolved penetrant in the polymer. Naito et al. [168] also derived an equation for permeability:
P = Dykp exp [—ﬁhp + (U + %) k?Dp} ; (2.40)

where kp is the Henry’s law coefficient, which is equivalent to S, the solubility coefficient

independent of concentration; and o is a constant related to polymer-penetrant interaction.

For slightly condensable gases, e.g. H,, Oy, and N,, under pressures lower than 10 MPa,
Henry’s law is likely to be obeyed, in which case the solubility coefficient seems to be only
dependent on temperature, but neither hydrostatic pressure nor gas concentration [28, 168].
For more condensable gases, e.g. CO,, N,O, and CyH,, under significantly higher pressures,
strong deviations from Henry’s law behaviour, including non-linear sorption isotherms, which
are convex to the pressure axis, can be observed for rubbery polymers [97]. In such cases, the
solubility coefficient increases with increasing pressure, as a result of the swelling effect due to

high penetrant concentration.

2.6.3 Effects of Crystallinity

Michaels and Parker Jr. [169] pointed out that for semicrystalline polymers, the crystalline phase
was an effectively impermeable dispersed phase to penetrants, whilst the permeation process
took place almost exclusively in the amorphous region. The dispersed crystalline phase impedes
the penetrant transport under two effects: first, the penentrant molecules are constrained to
move through irregular intercrystallite passages, adding extra path length for diffusion; and
second, the polymer chain-segment mobility might be reduced in the interstitial amorphous

phase, raising the energy barrier for diffusion. To account for these two effects, Michaels
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and Parker Jr. [169] introduced “tortuosity factor”, ¢, and “chain immobilisation factor”, i,

obtaining the expressions for the transport coefficients:

S = 5%y, (2.41)
D*
_Po
P= T (2.43)

where S*, D* and P* are the solubility coefficient, the diffusivity and the permeability of the
penetrant in completely amorphous polymer; and ¢, is the volume fraction of the amorphous
phase in the polymer. Michaels and Bixler [20] pointed out that the existence of the crystalline
regions hardly changes the nature of the amorphous phase, so that the transport coefficients in
completely amorphous polymer (i.e. S*, D* and P*) are equivalent to those in the amorphous

phase of a semicrystalline polymer (denoted by S,, D, and P,). That is to say:

S*=S, D*=D, P =P, (2.44)

Peterlin [170] proposed different expressions for the diffusivity and permeability, by considering
the amorphous phase as a complex network of tortuous thin flat channels, with the mobility of

the amorphous chains restrained by their ends fixed in the adjacent crystals:

D= EDa, (2.45)
¢
pP= %PM (2.46)

with Klute’s “detour ratio” ¥ between 0 and 1, describing the detour required to avoid the
impermeable crystalline zone [171]; and Michaels and Parker’s “blocking factor” ¢ greater than

1, suggesting narrow amorphous regions between two crystalline zones [169].

Practically, understanding of the transport mechanisms in semicrystalline polymers is limited

by the facts that it is not possible to directly measure S*, D* or P*, and that it is not common to
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measure the properties for a completely amorphous polymer (S,, D, or P,). Budzien et al. [172]
showed that the crystalline phase could affect the nature of the amorphous phase. Budzien et al.
[172] criticised Michaels and Parker’s oversimplified treatment of neglecting the contribution of
the crystalline phase for sorption. Instead, they proposed a method to predict the gas solubilities
in completely amorphous polyethylene, by extrapolating alkane behaviour to the long chain
limit with Flory-Huggins theory. Their predictions were approximately a factor of two higher
than those found from Michaels and Bixler’s extrapolation of solubilities in semicrystalline

polyethylenes [173].

2.7 Experimental Techniques

There are three categories of experimental methods for penetrant permeability in polymers

[174]:

(1) Sorption-desorption method, which measures the uptake of the penetrant by a known
amount of polymer. The solubility coefficient can be directly obtained from the amount of

the absorbed gas, which is typically very small and thus requires sensitive measurements.

(2) Isovolumetric permeation method, which determines the amount of the gas permeating into

a closed chamber by gravimetric or manometric measurements.

(3) Isobaric permeation method, in which case the permeated gas is swept away by a flowing

gas towards a device, which measures the concentration of the permeated gas in the flow.

2.7.1 Sorption-Desorption

Determinations of the transport coefficients can be achieved by direct measurement of the
rate of uptake or loss of a penetrant by a polymer sample, via gravimetric, pressure-decay, or
volumetric methods. There are several advantages of the sorption approach, compared with

the permeation approach. First, it is suitable for lengthy experiments on materials in which the
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diffusion coefficients are low [175]. Second, it reduces uncertainties in the sample surface area
exposed to permeation. Moreover, visual inspection of the penetration process in the sample is

allowed in some cases.

Gravimetric Method

The weight variation of a polymer sample after absorbing the penetrant can be quantified with
gravimetric approaches. For instance, Kamiya et al. [176] determined precisely the solubilities
of gases (e.g. Ny, CHy, CoHg, and CO,) in polymers, such as low density polyethylene (LDPE),
polycarbonate (PC), and polysulfone (PSUL), at pressures up to 50 atm, using an electromi-
crobalance. Chaudhary and Johns [177] used a novel magnetic suspension balance with good
mass sensitivity, for measuring gas solubilities in polymers. With this device, the balance can be
separated from the saturation system and thus be protected from aggressive gases. The needs
for accurate determination of the initial pressure (or volume), and conversions of pressure (or
volume) to mass with fugacity, are avoided by using the gravimetric approach, in comparison

with the other approaches.

Pressure-Decay or Volumetric Method

Being simple in its principle and mechanics, the pressure-decay method has been adopted in a
number of studies [178-185] to measure the penetrant solubilities in polymers at high pressures.
With the pressure-decay method, the solubility is obtained by measuring the reduction in
pressure due to sorption in a constant-volume vessel containing a polymer sample. To overcome
the problem caused by Joule heating of the gas, so as to obtain accurate gas density from
pressure data at the beginning of an experiment, Koros and Paul [180] developed a dual-
chamber method, in which the gas was expanded into the sample chamber from a second vessel
of known pressure, volume and temperature. This dual-chamber method significantly improved
the reliability and accuracy of the pressure-decay method, and thus has been the standard
method of pressure-decay experiments for decades [184]. On that basis, Davis et al. [184]

developed two new volumetric sorption techniques, in which the initial density was measured
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by simple extrapolation of the mass uptake curve or was measured gravimetrically using a small
titanium capsule. With the solubility and diffusion data collected for carbon dioxide, ethylene,
and nitrogen in LDPE, it was shown that the simpler extrapolation method produced the same

results as the more complicated dual-chamber method.

2.7.2 Permeation

Isovolumetric Permeation

The amount of the gas crossing a polymeric membrane and accumulating in a closed receiving
chamber of a constant volume, is determined as a function of time, by gravimetric or mano-
metric measurements. With the manometric methods, which are widely used for determining
permeability, the pressure change due to the gas accumulated in the receiving chamber, is con-
tinuously recorded [167, 168, 186]. For instance, with the manometric measurements, Naito
et al. [167] determined the permeabilities for 10 gases through semicrystalline polymers above

T,

g, in the pressure range of 1-130 atm.

Apart from the manometric methods, there are also analytical methods, in which the quan-
tity of permeated gas is determined indirectly from parameters that are proportional to it.
These analytical techniques include infrared spectroscopy, ultraviolet (UV) spectroscopy, mass

spectroscopy, radio tracers and thermal conductivity [174].

Isobaric Permeation

In the cases of isobaric permeation, the permeated gas is swept away by a flowing gas stream
(e.g. Ny), towards a measuring device. The concentration of the permeated gas in the stream
can be measured by analytical techniques that are able to measure relatively low concentrations

with a high accuracy [187-189).

There are several advantages of this method. It is able to quantify the permeation of each species

in a gas mixture by using gas chromatography or mass spectrometry. Moreover, it is possible



2.8. Concluding Remarks 41

to determine the intrinsic transport coefficients of each species, and to detect the presence of
particular affinities of a polymer for a gas [174]. Therefore, this technique has been extensively

applied to selective membranes for binary mixtures (e.g. CO,-CHy) [187, 188, 190-192].

2.8 Concluding Remarks

This chapter has reviewed the two models that describe the common permeation processes:
the solution-diffusion model and the pore-flow model. The former is most applicable to the
cases of penetrant transport through polymeric materials considered in this work. The theories
related to the transport properties and the methods for determining their values were presented.
The time-lag method, which has been extensively applied since it was introduced, provides a
convenient approach for simultaneous determinations of the transport properties from a single
permeation experiment. However, this method can be over-simplified for scenarios where the

diffusivity is concentration-dependent or where Henry’s law is not obeyed.

Free volume theories offer an interpretation of the concentration-dependent diffusivity in a free-
volume context. Two commonly applied free volume models, Fujita’s model and the Vrentas-
Duda model, have been discussed and compared. It was concluded that the Vrentas-Duda model
had a predictive capability that the Fujita’s model lacked, whilst many other free volume mod-
els, including the one derived in this work, were developed on the basis of the straightforward
formula of Fujita’s. Amongst the various equations of state, Sanchez-Lacombe EOS is consid-
ered to be an appropriate one for estimating the thermodynamic properties of COy-polymer
systems. Therefore, it is aimed in this work to apply both the free volume theory and the
Sanchez-Lacombe EOS to elucidate the diffusion and sorption mechanisms for systems under

various conditions.

The effects of temperature, pressure and crystallinity on the transport properties have been
described with examples and the accompanying theories. Various experimental techniques for
permeation studies have been reviewed. In this study, the isobaric permeation method was

adopted, owing to its superiority in accurate measurements of relatively low concentrations
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of the permeated species. Furthermore, despite that pure CO, was investigated in this work,
the isobaric permeation method is advantageous to future permeation studies for gas mixtures
through polymers, since the permeation of each component could be accurately quantified by
the method. In addition to permeation experiments, which were conducted in this work by
applying the isobaric permeation method, sorption experiments using the sorption-desorption
method were also designed, as described in the following chapter. The sorption experiments
will be carried out in the future to supplement the current permeation study and verify the

results obtained in this work.



Chapter 3

Experimental

3.1 Introduction

In this chapter the properties of the materials, including the gases and the polymers employed
in this work, are specified. A detailed description of the design of the experimental setup is
provided, with safety aspects taken into consideration. The apparatus used for the experiment
is introduced. The experimental procedure is given, so that other researchers are able to
reproduce the experiments. Finally, this chapter ends with a discussion of the repeatability

and uncertainty of the experiment.

3.2 Materials

3.2.1 Gas Specifications

Three gases were used in this study: carbon dioxide, nitrogen, and argon. Information and

specifications for them are presented in Table 3.1.

43
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Table 3.1: Purchase information and specifications for the gases used in this work.
Carbon Dioxide* Nitrogen Argon

Process Permeating fluid Sweep gas Purge gas

Supplier BOC BOC BOC

Grade CP grade Oxygen free Zero grade

Purity (mol%) > 99.995 > 99.95 > 99.999

Pressure*™* (bar) 55 - 65 300 200

Temperature™* (°C) 20 20 20

* of a dip tube for liquid withdrawal.

** At purchase.

3.2.2 Polymer Characterisation

Two semicrystalline polymers were used in this study: polytetrafluoroethylene (PTFE) and

high density polyethelene (HDPE). All the polymer samples were cut into round pieces from

the plain sheets supplied by Direct Plastics (Figure 3.1). The characteristics of the two polymers

are summarised in Table 3.2.

Figure 3.1: (a) PTFE sample; (b) HDPE sample.
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Table 3.2: Characteristics of the polymer samples.

Thickness, Diameter, Density, Amorphous Glass
Sample
L (mm) d (mm) p (gem™?)  Fraction, ¢,  Transition, T, (°C)
PTFE 1.05 £ 0.01 24.78 £0.18 2.18 £ 0.03 0.73 £ 0.03 -20 [193]
HDPE 092 +£0.01 2482+0.19 0.94 4+ 0.01 0.39 + 0.02 -95 [194]

Differential Scanning Calorimety (DSC) Measurements

T Exo

Heat Flow, W g™
N

T,=331°C —~

T T T T T T T T T
-100 0 100 200 300 400
Temperature, °C

(a) PTFE

AH,=179Jg"

Heat Flow, W g
>

t Exo T,=129°C —=

-20

T T T T T
-150 -100 -50 0 50 100 150

Temperature, °C

(b) HDPE

Figure 3.2: DSC curves of the samples.
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The degree of crystallinity, X., which specifies the percentage of the crystalline volume of the
semicrystalline polymer, can be obtained from DSC measurements [195]. The PTFE and the
HDPE samples were analysed in duplicate on a TA Instrument Q2000 DSC (10 °C min™?, -50
to 400 °C for PTFE; and 10 °C min~!, -150 to 150 °C for HDPE). The degree of crystallinity, X,
is calculated by:

X, =AH,,/AH?, (3.1)

where AH,, is the enthalpy of fusion, i.e. the heat absorbed by the polymer sample during the
heating process; AH? is the enthalpy of fusion of the 100% crystalline poymer. The enthalpy

of fusion, AH,,, was estimated by integration of the melting endotherm.

Figure 3.2a and Figure 3.2b show the heat flows measured by DSC for the two polymer samples.
For PTFE, the melting temperature of the sample, T,,,, was found to be 331 °C. From the DSC
measurement, it was found that AH,, was 23 J g='. Typically, AH? is 85 J g~ for PTFE
[196]. Therefore, X. was 0.27. The amorphous volume fraction of the sample, ¢,, obtained by
subtracting X, from 1, was 0.73. For HDPE, T,,, was found to be 129 °C, and AH,, was 179
J g=1. For 100% crystalline HDPE, AHY? is typically 293 J g~! [197]. Therefore, X, was 0.61,

and accordingly ¢, was 0.39.

It was noticed in Figure 3.2a that there was a smaller peak at around 21 °C for PTFE sample,
whilst such peak was not observed in Figure 3.2b for HDPE sample. For PTFE, the peak
may indicate a glass transition at the temperature of 21 °C. For HDPE, this glass transition
was not detected from the DSC measurement. Three reasons might account for it. First, the
glass transition temperature of the particular grade of HDPE used was outside the applied
temperature range (i.e. below -150 °C). Nevertheless, this hypothesis seems unlikely, given the
glass transition temperature of -95 °C suggested in the supplier’s material datasheet for HDPE
[194]. Second, T, was within the experimental temperature range, but the heating rate could
affect the measuring result. This hypothesis was tested by conducting the measurements with
different heating rates at up to 40 °C min~!. However, the smaller peak that associated with
glass transition temperature was not observed in all cases. Third, the DSC measurement was

not sensitive enough to capture the glass transition of the HDPE sample. In fact, apart from
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DSC, dynamic mechanical analysis (DMA), which measures the response of a sample to an
applied oscillatory strain, is considered to be the most sensitive technique for Tj analysis. For
reference, the glass transition temperatures given in the supplier’s material data sheets for the
PTFE and the HDPE samples are shown in Table 3.2. It is noted that these temperatures are

well below those at which all the permeation experiments were conducted in this work.

3.3 Experimental Design

3.3.1 Permeation Setup

As shown in Figure 3.3, the setup for permeation experiments can be divided into four sections:
feeding, first-stage pressurisation, second-stage pressurisation, and permeation. For pressures
in a range of 1 - 500 barg, an ISCO 260D syringe pump, P-1, was used to raise the pressure.
For pressures in a range of 500 - 1000 barg, P-1 and P-2, the latter of which is an ISCO 65D
syringe pump, were used for the high pressure. Prior to each experiment, argon was used to
purge the system and also for leak testing. To start a measurement, the three-way valve (V-1)
was open to the C-1 (CO,) side and closed to the C-2 (Ar) side. Liquid CO, at around 57
bar, which is the equilibrium pressure of CO4 at room temperature, was drawn out from C-1
and flowed to the system through V-1. No pressure regulator was attached to C-1. Instead, a
pressure indicator was used for reading the outlet pressure of CO, from C-1. A pressure relief
valve (PRV-1) was set at 65 barg and relieved higher pressure in line 01001 in case of failure of

the non return valves.

Despite that permeation experiments under pressures up to 600 bar are the focus of this project,
the experimental setup was designed and constructed with greater capacities, so that it can be
conveniently extended for experiments conducted under higher pressures up to 1400 bar (20000
psi) and adapted for separate sorption experiments as follow-ups for future projects. The
process flow diagram for permeation experiment is presented (in landscape) on the following

pages, whilst information on the sorption experimental design is included in Appendix A.
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Figure 3.3: Process flow diagram for permeation experiments (1 of 2).
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Figure 3.3: Process flow diagram for permeation experiments (2 of 2).
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In the permeation section of the setup, the inert nitrogen, which was used as a sweeping gas,
was discharged from C-3 at room temperature and at a pressure of 2 barg, which was controlled
using a pressure regulator (PR-3). A pressure relief valve (PRV-3) was set at 230 barg. The
nitrogen stream with a flowrate of 10 cm® min™!, which was controlled by a mass flow controller
from MKS Instruments (FC-3), flowed into the downstream compartment of the permeation
cell (PC) through line 01012. It carried the permeated CO, into a gas analyser (GA) through
line 01011. The concentration of CO, was measured by an infrared (IR) gas analyser (LI-
COR LI-850). The permeation cell (PC) was placed in an oven. The cell was comprised of
a top plug and a bottom plug, with the sample disc inserted in between, forming the high-
pressure upstream compartment and the low-pressure downstream compartment. Apart from
the permeated portion of the CO, stream, the rest of the stream was discharged to a safe
location through a micrometering valve (MMV-2). At the end of the experiment, the valves on

the gas cylinders were closed, and the fluids in the system were vented to a fume cupboard.

3.3.2 Safety Aspects

The major hazard of the experiment was the high pressure in the system. In a case of over-
pressure, serious consequences could result, when the pressure exceeds the equipment design
pressure. As a result, several layers of protection were implemented to minimise the risk of

overpressure and to ensure a safe working environment.

Bursting Discs (BD)

BD-1 was used between P-1 and the non-return valve (NRV-2) to protect P-1. The pump design
pressure, which was the shear key breaking pressure, was 683 bar. Beyond this pressure, the
pump could be damaged. The design pressure of P-1 was 646 bar, with a maximum operating
pressure of 517 bar (646 bar x 0.8 =517 bar). A bursting disc with a nominal bursting pressure
of 646 bar (£ 10%) could potentially burst at 711 bar (646 bar x 1.1 = 711 bar), which was

above the shear key breaking pressure of 683 bar, leading to potential damage to the pump.
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Thus, it was recommended to operate P-1 at pressures not higher than 400 bar, and use a

bursting disc of a nominal bursting pressure of 500 bar (+ 10%).

BD-2 was used between P-2 and the valve (V-2) to protect P-2. A nominal bursting pressure
of 690 bar (£ 10%) was chosen for BD-2. The lowest possible bursting pressure was 621 bar
(690 bar x 0.9 = 621 bar). The highest possible bursting pressure was 759 bar (690 bar x 1.1

= 759 bar), which was well below the pump design pressure of 1986 bar.

The bursting disc BD-3 was used between P-2 and PC to protect the pump and the cell. The
design pressure of the cell was 1725 bar, which was also the maximum operating pressure of P-2
(1379 bar / 0.8 = 1725 bar) and the nominal bursting pressure of BD-3 (1725 bar + 5%). The
bursting disc could burst at 1811 bar (1725 x 1.05 = 1811 bar), which was below the shear key
breaking pressure of P-2 of 1986 bar and the pump would be protected. However, this highest
possible bursting pressure of 1811 bar was above the design pressure of PC. Therefore, it was
recommended to conduct experiments at pressures lower than 1725 bar. For follow-up projects,
the maximum pressure of the experiments has been determined to be 1400 bar, which is the

maximum operating pressure of P-2.

Pressure Relief Valves (PRV)

PRV-1, set at 65 barg, was attached to the CO, cylinder (C-1). It was used to protect C-1
from the potential reverse flow of the high-pressure gas, in a case of V-1 failure, introducing
high-pressure gas from the Ar cylinder (C-2), or a failure of NRV-1, introducing high pressure
gas from downstream and damaging C-1. PRV-2, set at 206 barg, was used to protect both
C-1 and C-2 from the failure of NRV-1. PRV-3, set at 310 barg, was used to protect NRV-1,

whose pressure rating is 414 barg.

Regarding the low-pressure N, lines, the pressure relief valve (PRV-4), set at 2.6 barg, was used
to protect the tubing, the N, cylinder (C-3), the mass flow controller (FC-3) whose maximum
allowable pressure is 10 bar, and the gas analyser (GA) with a maximum allowable flowrate of

1 L min~! at atmospheric conditions.



52 Chapter 3. Experimental

3.3.3 Apparatus

Pumps

(a) (b)
Figure 3.4: (a) ISCO 260D pump (P-1); (b) ISCO 65D pump (P-2).

Teledyne ISCO 260D syringe pump, as shown in Figure 3.4a, P-1, was used for first-stage
pressurisation of CO,. It offered pressure control to 517 bar, with high-precision pressure
transducers of 0.1% linear accuracy. The applicable flowrate of the pump ranged from 0.001
to 107 em® min~!, with a cylinder capacity of 266 cm?®. Teledyne ISCO 65D syringe pump, as
shown in Figure 3.4b, P-2, was used to assist the second-stage pressurisation of CO,. It offered
precise control for high-pressure applications conducted at up to 1379 bar. The applicable
flowrate of this pump ranged from 0.00001 to 25 cm?® min~!, with a cylinder capacity of 68 cm?.
The two pumps can be operated at ambient temperatures of 5 to 40 °C, with pump cylinder

heated up to 200 °C.
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Permeation Cell

The permeation cell has a design pressure of 1725 bar (25000 psi) and a maximum operating
pressure of 1400 bar (20000 psi). The cell passed a hydro test of 2475 bar (35880 psi) and can
be operated in a temperature range of 0 - 250 °C, with a design temperature of 300 °C. The
cell was CE-marked, indicating that it complies with Category IV, Module G of the Pressure

Equipment Directive (PED).

Figure 3.5: Permeation cell (PC): (1) circlip; (2) cap; (3) sleeve; (4) top plug; (5) dowel; (6)
dip tube; (7) bottom plug.

As can be seen from Figure 3.5, the permeation cell is comprised of a top plug (4) and a bottom
plug (7). They are clamped together in a sleeve (3) by two locking caps (2). When the two
plugs are assembled together, a removable sealing ring clamps up on a sample disc. The sealing
ring is placed into the inside face of the top plug and seals against the top plug using an O-ring
and a back-up ring. Any leakage between the sample disc and the sealing ring can be detected

by a 1/8” NPT leakage detection port in the sleeve. In the bottom plug, the sample disc sits
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on top of a porous sintered stainless steel disc, which is 2 mm thick with a nominal pore size
of 1 pm, supplied by Aegis Advanced Metals Ltd. The part of the sample disc exposed to CO4

is 10 mm diameter.

Two 1/8” Sitec ports in the top plug are used to introduce and vent the upstream high-pressure
gas through the gas chamber by a 1/8” dip tube (6), which was intended to enable gas to be
bubbled through liquid in future experiments involving water or hydrocarbons. Similarly, the
bottom plug has two 1/8” Sitec ports for the N, stream through the porous support and carrying
the permeated gas. Two circlips (1) are used to retain the two caps (2) on the plugs. These
plugs have been treated with PTFE based electroless Nickle to prevent galling. Two threaded
holes on the sleeve help fix the permeation cell on a support frame, which is placed inside an

overn.

Gas Analyser

LI-850

CO./H.0 Gas Analyzer

Figure 3.6: The infrared (IR) gas analyser (LI-COR LI-850) gas analyser used in this work.

Figure 3.6 shows a LI-850 CO,/H,0 gas analyser (GA) from LI-COR, which is based on non-
dispersive infrared absorption, was used to quantify the concentration of CO, in the sweep gas.
This analyser was considered to be suitable for the work, owing to its several advantages. First,
it has a thermostatically controlled IR detection system, which provides excellent stability and

high accuracy of measurement. Specifically, for CO, and H,O concentrations, a narrow band
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optical filter, which only allows the wavebands of interest to illuminate the detectors, is applied
to eliminate the influence of other infrared absorbing gases. Second, liquid nitrogen is not
required by the analyser, since it does not use mercury cadmium telluride (MCT) detectors.
Thus, the LI-850 analyser has a lower expense and a smaller size, making it convenient to use.
Third, the volume of the sample cell is only 14.5 cm3, leading to a relatively quick response of

the system.

The analyser used in this work was calibrated using a gas of known concentration (CK Special
Gases, 500 £ 5 ppm carbon dioxide mixed with nitrogen). A magnitude of 500 ppm for the molar
fraction of CO, in the sweeping stream was typical in a permeation experiment. By conducting
a step-change measurement, where the time lag of the concentration change measured by the
analyser was recorded after a step change in the flowrate of the sweeping stream, e.g. from 20
cm?® min~! to 10 cm® min~!, a dead time of two minutes was determined for the permeated CO,
travelling from the cell to the analyser, under the flowrate of 10 cm® min=! for the sweeping
stream. This dead time was substracted from the measured permeation time to obtain the real
permeation time, resulting in a shift of the time axis by this amount in a flux-versus-time plot.
In addition, the random noise of the concentration measurement was found to be less than 1

ppm, when the calibration gas flowed through the analyser, at an average CO, concentration

of 500 ppm.

Other Apparatus

L referred to standard temperature

The flowrate of the sweeping N, stream was 10 cm?® min~
and pressure, STP, of 273.15 K and 1 atm. The flowrate was controlled by a mass flow controller
(FC-3) supplied by MKS Instruments, as shown in Figure 3.7a, which can be operated in a
temperature range of 0 - 50 °C, with a maximum inlet pressure of 150 psig (10 barg). The
flowrate measured by the mass flow controller was calibrated with N, using a bubble column,

resulting in measured flowrates of 10.00 &= 0.01 cm?® min~!.

A pressure transmitter (PT-1) from WIKA, as shown in Figure 3.7b, was used to measure the

CO,, pressure in the upper compartment of the cell. It is suitable for high-pressure applications
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with pressure ranging from 0 to 1600 bar (0 to 20000 psi), and temperature in a range of -30
to 100 °C. The pressure transmitter was calibrated using a gas pressure controller (DHI model
PPCH-G-70M), in a pressure range of 0 - 600 bar. The pressure transmitter measured pressure

with a random noise of less than 0.5 bar.

Figure 3.7: (a) Mass flow controller (MKS Instruments); (b) pressure transmitter (WIKA); (c)
Thermocouple (TC Ltd).

A Type K thermocouple, as shown in Figure 3.7c, was used for measuring the temperature of the
permeation system. This thermocouple was suitable for temperature measurement below 250
°C. It measured the temperature with a random noise of less than 0.01 °C. The thermocouple
was inserted through a hole on the top plug of the cell, with its tip located within 3 mm of the
sample disc. The thermocouple measured the temperature of the cell when it reached thermal
equilibrium with the inside of the oven. It was assumed that the temperature measured by this
thermocouple was the same as that of the fluid inside the cell, and thus represented the system

temperature at the thermal-equilibrium state.

3.4 Experimental Procedure

The operating procedure for the permeation experiment is detailed here, to enable the per-
meation measurements to be understood, so that the experiment can be conveniently and

consistently reproduced.
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1) Leak test.

(a)

(b)

Check the pressure of each cylinder, and the condition of each apparatus with each

connection port.

Test leaks for the system, by introducing gases at certain pressures to the closed
system, e.g. Ar at 20 bar to the upper compartment of the cell, and Ny at 2 bar to
the lower compartment. If the pressures could be maintained for a certain period of
time, e.g. 10 minutes, the system passes the leak test. Otherwise, test leaks for each

connection port, until the leaks are found and the problem is solved.

2) Preparation.

(a)
(b)
()

Prepare a 1 mm thick sample disc of 10 mm diameter.
Place the sample disc into the permeation cell.

Tighten the permeation cell and all fittings.

3) Evacuation.

(a)

Close the valves attached to the CO, cylinder (C-1) and the Ar cylinder (C-2). Open
the three-way valve (V-1) towards the C-1 end during the first evacuation run, and

towards the C-2 end during the second evacuation run. Close MMV-1 and V-2.

Connect the vacuum pump to MMV-1. Switch on the vacuum pump and slowly
open MMV-1. Evacuate this section for 15 minutes for each of the two evacuation

runs.

After the 30-minute evacuation, close MMV-1, switch off the vacuum pump, and

disconnect it from MMV-1. Close MMV-2 and open V-3.

Connect the vacuum pump to MMV-2. Switch on the vacuum pump and slowly

open MMV-2. Evacuate this section for 30 minutes.

After the 30-minute evacuation, close MMV-2, switch off the vacuum pump, and

disconnect it from MMV-2.
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(f) Close the cylinder valve and the pressure regulator attached to the N, cylinder (C-3).

Connect the vacuum pump to the outlet port of the gas analyser.
(g) Switch on the vacuum pump. Evacuate this section for 30 minutes.
(h) After the 30-minute evacuation, switch off the vacuum pump and disconnect it from
the gas analyser.
4) Permeation.
(a) Open the valve of the Ny cylinder (C-3). Set the outlet pressure to 2 barg using the
pressure regulator.

(b) Open V-1 towards the CO, cylinder (C-1) side. Open V-2, and close MMV-1, MMV-
2, and V-3.

(c¢) Open the valve of C-1. Switch on P-1 and P-2.
(d) Switch on the oven, and heat up the system to the required temperature.

(e) If the required system pressure is between 50 and 300 barg, then use P-2. Refill P-2
to a “full” position, but keep P-1 at an “empty” position. Run P-2 at the constant

pressure (CP) mode and specify the desired pressure.

(f) If the required system pressure is between 300 barg and 600 barg, then use both
P-1 and P-2. Refill both pumps to “full”. Run P-1 at the constant flow (CF) mode
and specify the flowrate to be 90 cm® min~!, which is the maximum flowrate of P-1.
Once P-1 cylinder becomes empty, run P-2 at the constant pressure (CP) mode and

specify the desired pressure.
5) Depressurisation.

(a) After the permeation experiment is finished, close all cylinder valves. Close V-2 and

open V-3.
(b) Switch off all electrical devices.

(c) Slowly open MMV-1 and MMV-2, and vent the gas until atmospheric pressure is

reached.
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3.5 Experimental Methodology

As mentioned earlier, an isobaric permeation method was adoped in this work, whereby the
permeated CO, was swept away by a flow of Ny, towards the gas analyser. Denoting the molar
fraction of CO, in the sweeping N, stream by yco,, the flowrate of the sweeping stream by g,
and the surface area of the sample disc exposed to CO, in the upper compartment of the cell

by A, the permeation flux of CO,, F,,, can then be expressed by:

By = 2502, (3.2)

2571, The uncertainty

where ¢ is in cm® s7!, and A is in cm?. Therefore, F,, is in cm?(STP) cm™
of F,, was obtained as a combined result of the uncertainties of the measurements for ¢, yco,
and A, which were repeated for multiple times for the same measurements. To be specific,
taking a run conducted with a PTFE sample disc as an example, the permeation area, A, was
measured for several times. The measurements led to a mean value of 0.79 cm?, with a standard
deviation (SD) of 0.01 cm?. The uncertainty of A was taken to be twice the value of SD, i.e.
+ 0.02 cm?, which included about 95% of the measurements. Therefore, the value for A was
expressed as 0.79 cm® + 0.02 cm?. Similarly for ¢ and yco,, mean values were determined from
a number of measurements, and twice the standard deviations were used as the uncertainties.
That is to say, ¢ was 10.00 cm® min~" + 0.01 ¢cm® min~!, and yco, was 393 ppm =+ 1 ppm. By
applying Eq. (3.2), the mean value of F,,, was calculated from the mean values of ¢, yco, and
A. The uncertainty of F},, was obtained in such a way that its upper bound, which represented
its largest possible value, was calculated from the maximum values of ¢ and yco,, as well as the
minimum value of A; and vice versa. As a result, the mean value and the uncertainty range of

F,, were 8.33x107° cm?®(STP) ecm™2 s71 4+ 0.16x107° ¢cm?®(STP) ecm ™2 s71, as shown in Table

4.4 for Run-P-1. The other fluxes shown in the table were obtained in a similar way.

In order to analyse the permeation data obtained from measurements, by using Fick’s laws of
diffusion, together with free volume theory and Sanchez-Lacombe EOS, the following assump-

tions were made: (1) At the start of an experiment, the sample disc was initially free of the
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penerant CO,. (2) During the experiment, the top surface of the sample disc was considered
to be saturated with CO, at the system temperature and pressure. (3) The concentration or
the volumetric fraction of CO4 in the penetrant-polymer system was assumed to be zero at
the lower face of the sample disc. These assumptions were considered to be reasonable for this

work, and they will be discussed in greater detail in Chapter 4.

3.6 Systematic and Random Errors

There are two main types of measurement errors: systematic errors and random errors. Sys-
tematic errors normally arise from poor calibration of the instruments, errors in observation, or
interference from the environment. Therefore, systematic errors are predictable in a way that
they affect the measurements with the same amount or by the same proportion. Primarily,
systematic errors influence a measurement’s accuracy, which indicates how close the measure-
ment is to the true value. On the other hand, random errors normally result from instrumental
limitations, or dynamic changes in conditions. Random errors are unpredictable and often ex-
hibit a Gaussian normal distribution. Random errors affect a measurement’s precision, which

represents how consistent a series of repeated measurements are with each other.

In an experiment, the quantities of interest may be directly measured, or calculated from other
measured quantities. The uncertainty of each quantity can be analysed, from the point of view
of the systematic errors or the random errors. Once the contributing factors to the uncertainty
are identified, error mitigating measures can be taken to obtain more accurate results. Here,

an example is given for the analysis of the experimental uncertainty.

The flowrate ¢ was controlled by the mass flow controller (FC-3), whose control range was 1
- 50 ecm® min~!. Within this range, five flowrates were tested with N, and a bubble column,
to compare with the specified values. Regarding the random errors introduced by reading the
volumetric flask and the stopwatch, each specified flowrate was tested for five times, and an

average value was taken as the measured flowrate.

To reduce the offset error and the scale factor errors, which are two common types of the
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systematic errors, the zero and span of the gas analyser were checked and reset, by using
the calibration gas mixture of carbon dioxide and nitrogen (CK Special Gases). Typically, a
permeation experiment lasts for about 10 hours, after which drift in the zero and span may
occur. As a result, it is recommended to conduct calibration before each experimental run to

increase the accuracy of yco,.

Inside the permeation cell, a removable sealing ring seals against the the top plug and the sample
disc, which sits on top of a porous sintered disc in the bottom plug. The area for permeation,
A, was determined by the area of the porous sintered disc, through which the permeated CO4
was swept by the Ny flow. Since the same sintered disc was used for all experimental runs, the
random error associated with A can be effectively minimised by repeating the measurement of

the size of the sintered disc for several times.

In fact, the systematic error might be the major factor contributing to the uncertainty, owing
to the assumptions made for calculation. Firstly, variations of the permeation area due to the
extrusion of the polymer sample into the tiny pores of the sintered disc were neglected. Secondly,
only axial diffusion was considered, whereas radial diffusion was neglected. In addition, for the
calculation of diffusivities with Fick’s diffusion laws in the following chapters, the swelling effect
of CO4 on the polymer sample was neglected, meaning that the thickness of the sample disc
was assumed to remain unchanged. The errors introduced by these assumptions existed in all
experimental runs and they were due to simplifications of the diffusion process. Therefore,

these were considered as systematic errors rather than random errors.

These errors cannot be minimised by repeating the experiments. Nevertheless, there seem to
be appropriate reasons for neglecting each of them: (i) there has been no evidence of polymer
extrusion, upon removing the sample from the permeation cell after the measurements; (ii) the
polymer disc is relatively thin, comparing its thickness of about 1 mm with the diameter of
around 25 mm, so that axial diffusion is considered to be more significant than radial diffusion;
(iii) at pressures up to 200 bar, measurements of CO, sorption in polyethylene conducted by
Sarrasin et al. [198] indicated approximately 5% swelling, which seemed to be a reasonably small

degree for swelling. Although the systematic errors due to these assumptions are not quantified
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in this work, for future’s investigation to obtain more accurate results, it is recommended that
the effects of the assumptions on the results should be evaluated, and appropriate methods

should be adopted to take these effects into account.

The systematic measurement errors can be minimised by routinely calibrating the equipment,
whereas the random errors cannot be predicted or eliminated. However, it is helpful to take
an average value of multiple data points to be close to the true value. For the flowrate of Ny
stream, the obtained data points for ¢ were within the range of 10.00 cm? min=! £ 0.01 cm?
min~!. For Yco,, the data points clustered around the average value within 1 ppm. For A, the
uncertainty primarily came from the systematic errors. It was considered to be equal to the
area of the porous sintered disc, whose dimensions can be precisely measured by taking the

measurements for multiple times at various positions of the sintered disc.

3.7 Repeatability
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Figure 3.8: Breakthrough curves of CO, flux against time, obtained from repeating runs of CO,
through PTFE and HDPE.

Owing to the relatively low permeabilities of CO, in the two polymers, it normally took around
10 hours to finish each experimental run at a specific temperature and pressure. In the cases

with multiple pressure steps, a typical experimental time of more than 80 hours for one run
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would be expected. To achieve the objectives of the project, as specified in Section 1.4, within
the constrained time, the measurement was not repeated for each run. However, representa-
tively, the repeatability of the experimental results was examined with two repeating runs at 56
bar and 28 °C with two initially penetrant-free PTFE samples, and with two repeating runs at
52 bar and 35 °C with two HDPE samples. As can be seen from Figure 3.8, although the curves
in the two cases do not entirely overlap, the differences between the curves are comparable to
the 2% uncertainty obtained from the flux error analysis. Given that the sample discs used
in the two repeating runs may have slightly different properties, the repeatability presented in

Figure 3.8a and Figure 3.8b was considered acceptable.

In this study, the uncertainties for the quantities of interest were considered based on three
categories: (i) those of the measured quantities, e.g. N, flowrate ¢, COy molar fraction in N,
stream yco,, and permeation area A, etc. As mentioned in Section 3.5, the uncertainty ranges
for these quantities were obtained by repeating the measurements for multiple times, and taking
twice the values of the standard deviations around the mean values, covering about 95% of the
measurements. (ii) The quantities calculated from measured ones, such as permeation flux
F,,, and penetrant concentration in the mixture C'. The upper and lower bounds of these
quantities, i.e. their largest and smallest possible values, were calcualted from the uncertainty
bounds of the measured quantities appeared in the equations. (iii) The modelling parameters
estimated from the slope or the intercept of linear regression, e.g. ¢ and |k| estimated by early
approximation, solubilty coefficient S estimated from the linear part of the C' vs. p curves,
and binary interaction parameters k;; and 7;; from SL EOS modelling, etc. The uncertainties
of these estimates were obtained with 95% confidence intervals. In the following chapters, the

uncertainty bounds were shown for all quantities presented in the tables.



Chapter 4

Transient Permeation Following a

Single Pressure Step

4.1 Introduction

This chapter focuses on transient measurements of the permeation of CO, through PTFE and
HDPE on a single pressure step under elevated pressures. This chapter consists of two parts:
Part I develops a simplified, nondimensionalised free volume model and proposes a method of
graphical analysis; and Part I applies this method to the analysis of the experimental results,

from which the transport properties and lumped free-volume parameters are determined.

4.1.1 Background

A fundamental understanding of the permeation process of a fluid through a polymer is im-
portant in a wide range of applications [49, 199-201]. Many of these processes take place at
elevated temperature and pressure, under which conditions the diffusivity can exhibit a strong
dependence on penetrant concentration. The permeation of CO, in the two polymers inves-
tigated in this study is such an example. Figure 4.1 shows the results, which provided the

motivation for developing the new framework. As can be seen, in both cases, the breakthrough

64
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curves obtained by applying the time-lag method where a constant diffusivity was assumed
(see Section 2.3.2), were not as close as those obtained by using the free volume model with a

thermodynamic diffusivity (see Section 4.2), to the experimental curves.

CO, Flux, 105 cm3(STP) cm? 5™

Experimental
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Figure 4.1: Comparisons of the breakthrough curves of CO, flux against time, obtained from
the permeation experiments, by applying the time-lag method with a constant diffusivity, or
by using the free volume model with a thermodynamic diffusivity, for the two polymers.

In addition, it was observed that during a successive permeation experiment which involved
multiple pressure steps (see Chapter 5), when the upstream pressure was suddenly increased,

there was an immediate drop in the flux, as can be seen in Figure 4.2.
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Figure 4.2: Plots of flux and pressure against time in a successive permeation experiment for
PTFE and HDPE.

This drop of the flux upon pressure increase also seems to be observed in the transient perme-
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ation measurements made by Craster and Jones [202]. It was speculated in this work that the
compaction caused by the higher hydrostatic pressure acting upon the polymer matrix led to
a decrease of the free volume in the polymer, giving rise to a decrease of the diffusivity and
accordingly a drop in the flux. Following the near-instantaneous drop, the permeation flux
would gradually increase, owing to the increase in solubility at the higher pressure, also leading

to an increase of the thermodynamic diffusivity, until a new steady state is established.

4.1.2 Aims

There is a lack of experimental data in literature, regarding the concentration-dependent trans-
port properties for penetrant-polymer systems at elevated pressures. Therefore, through the
work presented in this chapter, it is aimed to further develop the practical and theoretical

understanding of the topic. Specifically, the following objectives are set out for this chapter:

1) to conduct measurements of the transient permeation of CO, in PTFE and HDPE at

various temperatures and pressures;

2) to report the experimental results and interprete the data using a free volume model;

3) to nondimensionalise the free volume model, so as to reduce the number of the parameters;

4) to further simplify the free volume model and propose a straightforward method, which

can eliminate the requirements for advanced computational tools for data analysis and

parameter estimation;

5) to examine and discuss the applicability of the proposed method to new and existing

measurements of transient permeation, with the permeation systems investigated in this

work as examples.
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Part I: Theoretical

4.2 Model Development

4.2.1 Constant Diffusivity

The permeation flux, F', i.e. the rate at which the penetrant emerges from unit area of the

bottom face of the polymer, x = L, is given by:

F--n(2) a

where C'is the concentration of the penetrant; x is the space coordinate normal to the polymer
section; and L is the initial thickness of the polymer disc. L may be considered a nominal
thickness, since the increase in L due to the absorption of the penetrant in the polymer is not
considered in this work. However, it was found from literature that swelling may increase with
pressure under low to moderate pressures, and then barely change or even decrease under high
pressures, owing to the effect of hydrostatic pressure [36, 198]. For CO, sorption in polyethylene,

Sarrasin et al. [198] reported approximately 5% swelling at pressures up to 200 bar.
A typical unit of the concentration is mol cm ™2, and the unit of diffusivity is normally cm? s=1.

1

The corresponding unit of the flux is mol ecm™! s™!. In permeation studies, it is also common

to express the gas volume at STP. That is to say, the amount of the penetrant is expressed in

e.g. cm® (STP), instead of mol. Nevertheless, in either case, as long as consistent units are

2 1

used for F' and C', the unit of D is always cm” s .

Fick’s second law for non-steady state diffusion with constant diffusivity is written:

oC 0*C

For the experiments carried out in this study, the initial and boundary conditions for the above
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diffusion equation are:

t=0, O<zx<L, C=0, (4.3)
t>0, x=0, C=C(z=0), (4.4)
t>0, r=L, C=0, (4.5)

where C(z = 0) denotes the concentration of the penetrant at the top surface of the polymer
disc. At t = 0, the polymer disc was initially free of the penetrant. The top surface was
considered to be saturated with CO, at the system temperature and pressure. At the lower
face of the polymer x = L, the diffusing CO, was swept away with the N, carrier gas. Given
the low pressure of the sweeping stream, and that the measured concentration of CO, in the
sweeping stream was typically no more than 500 ppm, it was reasonable to assume that C' ~ 0

at the bottom surface.

4.2.2 Free Volume Model

Fujita’s free volume model [107] was modified by Kreituss and Frisch [203] for semicrystalline

polymers, by introducing the amorphous volume fraction of the polymer, ¢,, into the expression:

B
DT = RTAd exp [—dey)} . (46)

Here, Dr is the thermodynamic diffusion coefficient of the penetrant [204]. The pre-exponential
constant, Ag, correlates the mobility of a diffusing molecule in the polymer, with the proba-
bility of the molecule finding a large enough hole nearby to displace into. The parameter, By,
characterises the minimum size of the hole necessary for such a displacement. The fractional
free volume of the system, vs(T,p,v), is a function of T, p and v, where p is the pressure
applied to the polymer, and v is the volume fraction of the penetrant in the polymer mixture.
Eq. (4.6) can also be derived from the Vrentas-Duda model, under simplifying assumptions,

which are considered reasonable for typical diluent-polymer systems [109]. The fractional free
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volume, v¢(T, p,v), can be expressed as:
vi(T,p,v) = v(T,p,0) + v, (4.7)

where "U;Z(T ,D,0) is the fractional free volume of the pure polymer at p and 7', and -y is the co-
efficient of concentration dependence. The volume fraction, v, can be related to the volumetric

concentration of the penentrant in the mixture at the standard conditions, Cg7p:

v
Csrp = v (4.8)

where V' is the ratio of the specific volume of the penetrant at the experimental conditions,

Vrp, to that at the standard conditions, Va73k 1atm:

V/ _ VT:p

‘/273K,1atm

(4.9)

At specific T' and p, Vr, is a constant, leading to a constant value for V’'. Thus, Cgrp is

proportional to v. Fick’s second law of diffusion is written:

oc 0 ocC
00 (1, 20) 0

Here, D), is the mutual diffusion coefficient of the two-component system. D), is related to

the thermodynamic diffusivity, Dy, by [107, 115]:

= Dy (4.11)

Combining Eq. (4.8) to Eq. (4.11), the following equation is obtained:

v 0 v
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Similar to the constant diffusivity case, the initial and boundary conditions are:

t=0, O<zx<lL, v=0, (4.13)
t>0, r=0, v=v(r=0), (4.14)
t>0, x=L v=0, (4.15)

where v(z = 0) refers to the volume fraction of the penentrant at the top surface of the polymer.
An equation for the flux, F', expressed in terms of Dy and v, can be derived [205, 206]. In a
binary mixture, the penetrant is denoted by component 1 with a subscript “1”, and the polymer
is denoted by component 2 with a subscript “2”. The mass flux of the penetrant, F]" can be

written:

F" =w, (F" + F3") — pDpyVw;. (4.16)

Here, F/™ is the mass flux of component i; p is the density of the system; w; is the mass fraction
of the penetrant. When the mobility of the polymer is negligible, i.e. FJ* < F7", and when
the area of the polymer sheet is sufficiently large, i.e. radial diffusion can be neglected, Eqn.

(4.16) can be rearranged into the following form:

o —pDM dw1

Fr (4.17)

o l—wy dx

Also, p can be expressed by Eqn. (4.18), with an assumption of zero excess volume of mixing:
1
— = Wl‘/l + w2‘/2‘ (418)
p

Here, V; is the specific volume occupied by component ¢ in the system. The volume fraction of

the penetrant, v, can be expressed by:

wiVh

= - - 4.19
wiVi + wa Vs ( )

14
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Multiplying both sides of Eqn. (4.17) by Vi, the equation can be reformulated as:

m —DM dv
VF = (4.20)

It can be noted that V; FI" is equivalent to the flux, F', which represents the local flux relative
to stationary coordinates. Combining Eqn. (4.8), Eqn. (4.11) and Eqn. (4.20), F' can be

expressed in terms of Dy and v by:

DT aV
F=——F|(— . 4.21
Vv’ (8x)x:L ( )

4.2.3 Nondimensionalised Model

It is difficult to explicitly solve the diffusion equations, Eq. (4.12) and Eq. (4.21), without
resorting to advanced numerical tools, since D has a complex relationship to the penetrant
volume fraction v, as suggested by Eq. (4.6) and Eq. (4.7). Nevertheless, efforts can be
made to nondimensionalise D7 and thus transform the intricate diffusion equations into more
straightforward ones. By introducing Dy (T, p,0), which is the thermodynamic diffusivity for
infinite dilution of the penetrant, i.e. v — 0, at the experimental temperature T' and pressure

p, Dr can be nondimensionalised:

By
Dp(T,p,0) = RTAgexp | ———m— | - 4.22
T( ) ¢avf<Tap7 0) ( )
The dimensionless diffusivity, D', is then:
DT Bd’}/lj
D= ——"——— =exp . (4.23)
DT(Tap70) {Qba [U;‘(Tvpao)_{_,yy} U}(Tapvo)}
In this case, dimensionless time and length are defined as:
DT <T7 b, O)t
x
X =—. 4.25
! (4.25)
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Defining dimensionless parameters, U and W:

vi(T, p, 0
U= M,and (4.26)
f}/
By
W=——°" 4.27
¢av3 (T, p,0) (427)
Eq. (4.23) can be written in a simple form:
Wv
D' = . 4.2
exp ( 0 V) (4.28)
Or equivalently,
Uln D'
"TW_mD" (4.29)

Given the relationship between v and D', Fick’s second law of diffusion, as shown by Eq. (4.12),

can be formulated in terms of D', so that v is eliminated from the expression:

oD"
or

! N2 a 1 (9D’
DW= D) o WD X ) (4.30)

In this case, the initial and boundary conditions can be written as:

7=0, 0<X<1, D =1, (4.31)
T >0, X=0, D=D'(X=0), (4.32)
T >0, X=1 D=1 (4.33)

Therefore, the diffusion equation is now expressed in terms of a single variable D’. The perme-

ation flux, I, can be similarly expressed in a dimensionless form, F”:

FL
Fle— . 4.34
DT(T7p70> ( i )

Combining Eq. (4.21) and Eq. (4.34), transforming v to D’ and nondimensionalising x:

U (oD
F'=— . 4.
V'w (8X )le (4:35)
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Normalising F” with its steady-state value:

(—AD' /X ) x—1

BT = o) = D J0X ) x o1

(4.36)

It should be noted that the various forms of the normalised flux, i.e. F/F(t = 00), F'/F'(T =
oo) and F,,/F,(t = o0), all ranging from 0 to 1, are exactly equivalent. In addition, by
combining Eq. (4.34) and Eq. (4.35), a relationship between U and F' can be derived, which

will be used for the steady-state analysis in Section 4.7:

FLV'W
U= 4.37
D1 (T, 0)(—0D'J0X)x 1 (4.37)

4.3 Full Model vs. Simplified Model

Conditions may be identified, under which the diffusion model can be further simplified. When
the value of W is much larger than that of In D', W can be eliminated from Eq. (4.30). In that
case, a simplified form of Eq. (4.30) is obtained:

oD’ 02D’

5= Do (4.38)

At steady state, when the time derivative is zero, D’ decreases linearly from D’'(X = 0) to 1

across the polymer disc. Thus, at steady state and at X =1, (=9D'/0X) = D'(X =0) — 1.

So far, the three models and the number of the parameters required for solving them can be

summarised:

1) Original model, Eq. (4.12) and Eq. (4.21), 7 parameters are required - Ay, By, ¢q,
vi(T,p,0), v, v(x = 0) and V".

2) Full nondimensionalised model, Eq. (4.30) and Eq. (4.35), 5 parameters are required -
Dyp(T,p,0), D'(X =0), W, U and V.
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3) Simplified nondimensionalised model, Eq. (4.38) and Eq. (4.35), 3 parameters including
a lumped one are required - Dy (T, p,0), D'(X = 0) and U/ (V'WV).

By nondimensionalising and simplifying the free volume model, the number of the key pa-
rameters or groups has been significantly reduced, so that it is not necessary to determine
the value of each free-volume parameter. Instead, estimates of the groups of these parame-
ters, i.e. Dr(T,p,0),D'(X =0) and U/ (V'W) suffice to characterise the transient permeation

measurements.

4.3.1 Dimensionless Diffusivity D’

Regarding the nondimensionalised free volume models, the differences between the results ob-
tained from the full model, and those obtained from the simplified one, will now be discussed.
In the first place, with the specified initial and boundary conditions, the full model can be
solved numerically by applying the finite difference method in computational software, such as
gPROMS. Thus, the distribution of D’ relative to the position, X, in the polymer disc and its

evolution relative to time, 7, was obtained, as shown in Figure 4.3.

1.5

0.5
1=0.

.0
0.01

0.0 0.2 0.4 0.6 0.8 1.0
X

Figure 4.3: Dimensionless diffusivity D’ as a function of the dimensionless time 7, and the
dimensionless distance X, with D’(X = 0) = 1.5, which was used for illustration. For each value
of 7, the upper curve is the one obtained using the full nondimensionalised model, Eq. (4.30),
with W = 5; and the lower curve is the one obtained using the simplified nondimenisionalised
model, Eq. (4.38).
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The value of W can be estimated from its definition of W = B,/ [gbav;i(T,p, 0)], where the
free-volume parameters B, and v}(T,p, 0) can be experimentally determined or empirically
correlated [107, 109, 110, 115, 187]. For example, using the values of the parameters obtained
in Kulkarni and Stern’s work for the diffusion of CO, in polyethylene at 35 °C [115], the values
of W are 10.3 at 52 bar, 10.7 at 125 bar and 11.1 at 200 bar. Although the exact values of
the free-volume parameters may differ under specific conditions, the magnitude of the lumped
parameter, W, appeared to be around 10, whilst the values of In D" were generally smaller than
1. As the value of W increases, the difference between W and In D’ increases, thus it can be
seen from Eq. (4.30) and Eq. (4.38), the full model may be increasingly well approximated
by the simplified model. In order to investigate the effect of W in a physically relevant range,
as presented in Figure 4.3, two cases are considered: the full nondimensionalised model of Eq.
(4.30), solved with W = 5, and the simplfied nondimensionalised model of Eq. (4.38), which
does not depend on W. The results obtained from the full model with W = 5 may represent
a typical worst case for deviation of the full model from the simplified model. It can be seen
in Figure 4.3 that for each 7, the curves obtained from the two models are reasonably close.

When In D’ is negligibly small compared with W, the model reduces to the simplified case.

4.3.2 Dimensionless Flux F’

After the profiles of the dimensionless diffusivity, D’, as a function of X and 7, are solved
numerically, the dimensionless flux, F’, and the normalised dimensionless flux, F'/F'(T = o),
can be obtained using Eq. (4.35) and Eq. (4.36), respectively. Since the constant U/ (V'W) is
cancelled from the expression of the normalised flux, the only determinant factor for F'/F'(1 =
00) is (0D'/0X)x—1. Figure 4.4 shows the normalised fluxes with four different values of
D'(X = 0) for the nondimensionalised model with W = 5 and the simplified model. The
constant diffusivity case, modelled using Eq. (4.1) and Eq. (4.2), is also included in Figure
4.4, referred to as D'(X = 0) = 1. Specifically, when the diffusivity is independent of the
penetrant concentration, the diffusivity would accordingly be constant regardless of the time

and the position in the sheet. In this case, Dy is always equal to Dy (T, p,0), and thus D’ is 1.
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D'(X=0) = 1
0.8
D'(X=0) =15
_ D'(X=0) = 2
E 0.6 D'(X=0) = 3
=
L g4l
0.2
00 T T T T
0.0 0.2 0.4 0.6 0.8 1.0

T

Figure 4.4: Plot of the normalised dimensionless flux, as a function of the dimensionless time 7.
For each value of D'(X = 0), the upper curve is the one obtained using the full nondimension-
alised model, Eq. (4.30) and Eq. (4.36), with W = 5; and the lower curve is the one obtained
using the simplified nondimensionalised model, Eq. (4.38) and Eq. (4.36).

It can be seen in Figure 4.4 that the shapes of the normalised flux curves are very insensitive
to the magnitude of W. There are two implications for this: (1) the magnitude of W cannot be
estimated with confidence by fitting the full model to the transient permeation measurements;
and (2) the simplified model, represented by Eq. (4.35), Eq. (4.36), Eq. (4.38), together
with the relevant initial and boundary conditions, can be used without introducing significant
error. On the other hand, the magnitude of D’(X = 0) has a clearly distinguishable effect on
the shape of the normalised breakthrough curve. Consequently, unlike W, the magnitude of

D'(X = 0) can be estimated with confidence from the shape of a normalised curve.

4.4 Early Approximation Method

Numerical tools, such as Matlab, Maple, Mathematica, gPROMS;, etc., could be used to fit
the experimental data to the free volume model, to achieve a minimum difference between the
experimental and modelled permeation curves, by optimising the values of the parameters in
the model. An example is provided in Appendix B to illustrate how this was done in gPROMS.
However, such computational tools may not always be accessible to all researchers and require

a certain level of knowledge in numerical methods and skills in the associated software. To
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overcome these barriers, it would be beneficial to develop a simple method, which requires no
advanced tools, to fit an experimental flux curve to one of the generic flux curves in Figure
4.4, and to determine the transport properties and the lumped free-volume parameters in the

model accordingly.

In this work, a graphical approach based on a method of early approximation, which is described
in the following context, was proposed to simultaneously estimate the values of Dr(T,p,0)
and D'(X = 0) from the experimental data. This approach originates from Rogers et al.’s
formulation of the flux [207], which is the analytical solution to the Fick’s diffusion equations

for a constant diffusivity, as shown by Eq. (4.1) and Eq. (4.2):

= /D\"? (2m + 1)2L?
m=0

For small values of ¢, by taking only the leading term of the series of exponentials:

D L?

1/2
In (tl/QF) =In [2C(z =0) (;) ] ~ 1D (4.40)

Eq. (4.40), known as the early approximation, approximates the early breakthrough for small
times. From the slope and intercept of the line, experimental data can yield D and C'(z = 0).
To nondimensionalise the equation, dimensionless quantities, which are of similar forms to Eq.

(4.24), Eq. (4.25) and Eq. (4.34), can be defined with the constant diffusivity:

Dt
X:%, (4.42)
FL

Accordingly, Eq. (4.39) and Eq. (4.40) can be reformulated in terms of F'/F'(T = o0) and 7:

4T

FJF(r = o0) = ng (%) " [—M] | (4.44)
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In [Tl/zFI/F/(T =00)]| = %ln (%) - % (4.45)

In this case, the absolute value of the slope of the line, |k|, is 0.25, and the y—intercept, c,
is (1/2)In(4/m). Intuitively, it was considered to be worth investigating whether this rela-
tionship could be applied to the case of concentration-dependent diffusivity. Unfortunately,
as expected, there was a significant deviation between the early breakthrough curve predicted
by Eq. (4.45) and the ones obtained from the solutions to the full and the simplified models
with the thermodynamic diffusivity. For the latter, the slope of the line deviated from -0.25,
and the y—intercept did not equal (1/2)1n (4/7). Nevertheless, it was found that by modifying
Eq. (4.45) with two constants, A and p, whose values only depend on W and D'(X = 0), the
approximation could be forced to match the solution to the thermodynamic diffusivity model:

In [7'2F'/F'(1 = )] = 1ln (i) £ (4.46)

2 T T

Taking the full nondimensionalised model with W =5 and D'(X = 0) = 1.5 as an example, it
was found that the plot of In [r'/2F"/F'(T = c0)] against 1/7, during early times of 7 ranging
from 0.05 to 0.3, was a straight line, as shown in Figure 4.5, with a slope of |k| = 0.2415, which
was equal to p, and an intercept of ¢ = 0.1623, which was equal to (1/2)In (A\/7). Thus, it was
deduced that p = 0.2415 and \ = 4.3463.

W=5, D'(X=0) = 1.5

|kl = 0.2415
¢ =0.1623
2c - Inlk| = 1.745

In[2SFIF(r=o0)]

1/t

Figure 4.5: Plot of In [7'/2F’/F'(T = 00)| against 1/7 for the early breakthrough obtained from
the full nondimensionalised model, Eq. (4.30) and Eq. (4.36), with W =5 and D'(X = 0) =
1.5.
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A number of early approximation plots are included in Appendix C, showing slopes and inter-
cepts of the lines obtained with flux data from 7 = 0.05 to 7 = 0.3, by using both the simplified

model and the full model with W = 5, for a series of D'(X = 0) values ranging from 1 to 5.

Regarding a permeation experiment, a straight line of In [t'/?F,,/F,,(t = c0)] against 1/t can
also be plotted, once the data for F}, and ¢ are obtained from the measurement. Given the
definition of 7 = Dz(T,p,0)t/L* Eq. (4.46) can be equivalently written in terms of ¢ and

Fy/Fo(t = 00):

(4.47)

1 [)\ L? uL?

In [t'/2F, [ Fin(t = 00)] = S In | = - '
n[t2Fn/Fu(t = 00)] = S In wDT(T,p,OJ Dy (T, p, 0)t

In this case, |k| is uL?/Dr(T,p,0), and c is (1/2)In{\L?/[xD7(T,p,0)]}. By computing
2c¢ — In|k|,which is equal to In[A/(7wu)], Dr(T, p,0) can be cancelled from the expression. This
value characterises the shape of the normalised flux curve, which is strongly dependent on
D'(X = 0) but weakly dependent on W. Therefore, 2¢ — In |k|, whose value can be found from

the experimental data, can be used to estimate the value of D'(X = 0).

Nevertheless, there remains a question. Since the exact values of A and p are dependent on W,
in order to apply the early approximation to deduce the values of D'(X = 0) and Dr(T,p,0),
the value of W needs to be specified a priori. However, the values of the parameters in the
definition of W are rarely known for the specific polymer under test. As a result, the influence

of the magnitude of W on the early approximation plot must be evaluated.

Corresponding to different values of D'(X = 0), a series of values of A and u can be found from
the numerical solutions to the simplified model and the full model. These values are summarised
in Table 4.1, for D'(X = 0) ranging from 1 to 5. In the table, the constant diffusivity case,
referring to D'(X = 0) = 1, is included for reference. The values in the columns headed
“Simplified” refer to the values obtained from the simplified model. To demonstrate the effect
of W on the results, in the columns headed “W = 5", the values are those obtained from the
full model with W = 5. Thus, the agreement can be seen between the simplified model and

the full model, in a plausible worst case of W = 5. Moreover, correlations are found between
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D'(X =0) and 2¢ — In |k|, and between |k| and D'(X = 0), as shown in Figure 4.6 and Figure

4.7, respectively.

Table 4.1: Values of the parameters used for early approximation, for the simplified model, and
the full model with W = 5, and the relative difference between the two.

D'(X =0) 2c — In |k| o
1 1.628 0.25
Simplified W =5 Difference | Simplified W =5 Difference
1.05 1.642 1.642 + 0.012% 0.2493 0.2493 0
1.1 1.655 1.656 + 0.012% 0.2485 0.2485 0
1.2 1.679 1.681 + 0.072% 0.2470 0.2469 — 0.040%
1.3 1.702 1.704 + 0.107% 0.2454 0.2452 — 0.081%
1.4 1.722 1.725 + 0.188% 0.2438 0.2434 — 0.164%
1.5 1.741 1.745 + 0.270% 0.2422 0.2415 — 0.289%
1.6 1.758 1.764 + 0.316% 0.2405 0.2396 — 0.374%
1.7 1.774 1.780 + 0.363% 0.2388 0.2376 — 0.503%
1.8 1.788 1.795 + 0.401% 0.2371 0.2355 — 0.675%
1.9 1.801 1.809 + 0.417% 0.2353 0.2334 — 0.807%
2 1.813 1.821 + 0.459% 0.2336 0.2312 — 1.027%
2.5 1.867 1.880 + 0.687% 0.2252 0.2206 — 2.043%
3 1.922 1.940 + 0.944% 0.2179 0.2105 — 3.396%
3.5 1.974 1.994 + 1.023% 0.2112 0.2009 — 4.877%
4 2.015 2.038 + 1.108% 0.2045 0.1913 — 6.455%
4.5 2.056 2.082 + 1.266% 0.1984 0.1823 — 8.115%
) 2.091 2.122 + 1.463% 0.1925 0.1738 — 9.714%
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e Simplified
o W=5

o0

D'(X=0)

1.6 1.7 1.8 1.9 2.0 2.1 22
2c - In|K|

Figure 4.6: Plot of D'(X = 0) vs. 2c¢ — In|k|. For the simplified model: D'(X = 0) =
11.5(2¢ — In|k|)? — 34.0(2¢ — In|k|) + 26.0. For the full model with W = 5: D'(X = 0) =
9.8(2¢ — In|k|)? — 28.5(2¢ — In |k|) + 21.5.

0.25 1&g

| 9 e Simplified
0.24

%o, o W=5
®s

2

0.23 1 Q
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Figure 4.7: Plot of p vs. D'(X = 0). For the simplified model: p = 8.0 x 107*[D'(X =
0))?—1.9x1072D'(X = 0)+2.7x 10, For the full model with W =5: p =2.2x107*[D'(X =
0))2 — 2.1 x 1072D'(X = 0) + 2.7 x 10",

As can be seen from the two graphs, the differences in the parameters obtained for the sim-
plified and the full models become larger as D'(X = 0) increases. When applying the early
approximation method with the deduced correlations to estimate D'(X = 0) and Dy (T, p,0)
for a permeation run, the uncertainty of estimation needs to be considered, especially when
large values of D’'(X = 0), i.e. high volume fraction of penetrant and strong concentration

dependence of diffusivity, are involved.
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4.5 Procedure for Graphical Analysis

Figure 4.8 is a flow chart detailing a procedure for estimating the values of Dy (T, p,0) and
D'(X = 0) during a permeation experiment. The first step is to determine whether the con-
stant diffusivity model or the free volume model is more appropriate for characterising the
experimental flux curve. Then, the steps for the time-lag method or the early approximation

method can be followed, respectively.

1. Measure F,, vs. t until a steady state is reached.

v
2. PlotIn[t"/2E,/F,(t = »)] vs. 1/t.

i

3. Determine slope |k| and y-intercept ¢, and calculate 2¢ — In|k].
Y
No 2c¢ — Inlk]| s
>
1.644 7
\4 v
Constant diffusivity— time-lag method Variable diffusivity — flux approximation
v v
i. Estimate D i. Estimate D'(X = 0)
D = 1*/(60) D'(X = 0) = 49.6 (2¢ — In|k])? — 163.9(2¢c — In|k]) + 136.3
ii. Estimate C(X = 0) ii. Estimate u
Slope of the line DC(X = 0)/L u = 0.0008[D'(X = 0)]>—0.01D'(X = 0) + 0.26

iii. Estimate Dy (T, p, 0)
Dr(T,p,0) = uL?/Ik|

Figure 4.8: A diagram showing the procedure for estimating the values of transport properties,
which can characterise a permeation process.
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The procedure shown in Figure 4.8 is exemplified by the experimental results, as illustrated in
the next section. Although W is not known a priori, the sensitivity of the estimated parameters

will be discussed.

Part 1I: Experimental

4.6 Transient Flux Measurements

Nine experimental runs, which are numbered for clarification, were conducted at various pres-
sures and temperatures with the two polymers. For reference, the conditions for the runs are

tabulated in Table 4.2.

Table 4.2: 9 experimental runs of transient permeation, with the experimental conditions spec-

ified.

Runs Polymer Temperature, °C Pressure, bar
Run-P-1 PTFE 28 5%)
Run-P-2 PTFE 40 50
Run-P-3 PTFE 50 50
Run-H-4 HDPE 28 55
Run-H-5 HDPE 35 5
Run-H-6 HDPE 35 5%)
Run-H-7 HDPE 35 125
Run-H-8 HDPE 35 200
Run-H-9 HDPE 50 5

In Table 4.2, “P” in the names for the runs stands for “PTFE”, and “H” refers to “HDPE”.
Except for Run-H-7, which was conducted only at 125 bar, the others were successive runs with

multiple pressure steps. Detailed analysis of the multi-step permeation results will be presented
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in Chapter 5. Here, the pressures shown in Table 4.2 refer to the pressures applied during the
first steps for the runs. Analysis on the transient permeation during the first step is the focus

of this chapter.

The choice of conditions shown in Table 4.2 evolved as the concentration-dependent behaviour
became apparent, and were not decided as a coherent set a priori. The practical experience
gained during the implementation of the experiments has been summarised in Appendix D,
which can be reviewed for future improvements on the planning and the scheduling of exper-
iments. Overall, the experimental data gathered from these runs suffice for useful analysis of

the transient permeation.

Following the procedure outlined in Figure 4.8, transient CO, fluxes were measured and anal-
ysed. The early approximation plots and the fits of the experimental flux curves to the modelled
curves for these runs are shown in Figure 4.9 on the following pages. It should be pointed out
that the early approximation plots were made using a portion of the data with the normalised
flux ranging from 0.01 to 0.98. As can be seen from the various flux curves shown in Figure
4.4, this range for the normalised flux corresponds to an approximate range of 0.05 to 0.3 for 7,
over which the early approximation method was developed. The intercept and slope of the line
could be obtained from the linear regression of the early approximation plot. The estimation
uncertainties were obtained with a confidence level of 95% for the linear regression. The mod-
elled flux curves were obtained using both the simplied model and the full model with W = 5.
Correspondingly, for each run, the estimated values of D'(X = 0) and Dy(T,p,0), with the

estimation uncertainties, were displayed in Table 4.3 following the figures.

In addition, optimisations of D'(X = 0) and Dr(T,p,0) were also performed using gPROMS,
by which the values of the two parameters were adjusted to minimise the objective function,
which was the mean squared difference between the modelled flux and the experimental flux.
Since the results were relatively insensitive to W, the simplified model, i.e. Eq. (4.36) together
with Eq. (4.38), was used for the optimisation with gPROMS. The obtained modelled flux
curves were also shown in Figure 4.9. The optimised values of D'(X = 0) and Dy (7, p,0) and

their uncertainties, estimated with 95% confidence intervals, were also included in Table 4.3.
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Figure 4.9: Early approximation plots and fitting of modelling results to experimental data for

the runs.
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Figure 4.9: Early approximation plots and fitting of modelling results to experimental data for
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Figure 4.9: Early approximation plots and fitting of modelling results to experimental data for
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Figure 4.9: Early approximation plots and fitting of modelling results to experimental data for

the runs (cont.).



4.6. Transient Flux Measurements 91

Table 4.3: Values of the parameters estimated for the permeation runs, by applying the early
approximation method with the simplified model, and the full model with W = 5; and the
optimised values obtained using gPROMS.

Runs Early Approximation Parameters Simplified W =5 gPROMS
c 6.160£0.005 D'(X =0) 2.4440.11  2.344+0.10 2.6140.01
Run-P-1 || 34655482 Dy (T, p,0),
7.214£0.04 7.06+0.06 7.2340.01
2c—In|k| 1.867+0.012 | x10~% cm? s~
c 6.073+0.006 D'(X =0) 2.66+£0.15 2.53+£0.14 2.70%0.01
Run-P-2 || 28438494 Dy (T, p,0),
8.66+0.09 8.444+0.11 &8.884+0.01
2c—In|k| 1.891£0.016 | x10~ cm? s~
c 5.965+0.010 D'(X =0) 2.35+£0.27 2.26+0.24 2.46+0.01
Run-P-3 || 23956£88 Dy (T, p,0),
1.05£0.02 1.03£0.02 1.00£0.01
2c—Inlk| 1.846+0.023 | x107" cm? 57!
c 5.288+0.005 D'(X =0) 1.76+0.08  1.72+0.08 1.7840.02
Run-H-4 || 7144+16 Dy (T, p,0),
2.81£0.01 2.79+£0.01 2.814+0.01
2c—In|k| 1.77940.012 | x1077 cm? s7*
c 4.888+0.008 D'(X =0) 1.57+0.15 1.5440.14 1.584+0.02
Run-H-5 || 3061425 Dy (T, p,0),
6.66+0.01 6.63+0.03 6.67+0.01
2c—1In|k|  1.74940.023 | x1077 cm? s7*
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Continuation of Table 4.3
Runs Early Approximation Parameters Simplified W =5 gPROMS
c 5.2961-0.005 D'(X =0) 1.68+£0.09 1.64+0.08 1.66+0.02
Run-H-6 || 6798422 Dy (T, p,0),
2.9740.01 2.964+0.01 3.0040.01
2c—In|k| 1.7674+0.013 | x1077 cm? s7*
c 5.339£0.005 D'(X =0) 2.38+£0.14 2.2840.13  2.3840.02
Run-H-7 || 6750133 Dy (T, p,0),
2.854+0.01 2.8040.02 2.8740.01
2c—In|k| 1.8604+0.016 | x1077 cm? s7*
c 5.35440.011 D'(X =0) 1.97+0.20 1.914+0.18 1.99+0.01
Run-H-8 || 7327430 Dy (T, p,0),
2.7040.03 2.674+0.03 2.7140.01
2c—In|k|  1.80940.025 | x1077 cm? s7*
c 4.85240.002 D'(X =0) 1.16+0.03  1.15+0.03 1.13+0.03
Run-H-9 || 3079+6 Dy (T, p,0),
6.81+0.01 6.81+0.01 6.73+0.03
2c—Inlk| 1.671£0.006 | x1077 cm? s7*

Figure 4.9 and Table 4.3 present the results of early approximation and parameter estimations

for the runs.

tabulated data, are discussed here.

Early Approximation and Fits

Several pieces of important information, extracted from the graphs and the

In general, regarding the fits to the permeation flux and the parameter estimations, the results

obtained with the early approximation method, were close to those obtained from gPROMS
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optimisation. It can be seen in Figure 4.9 that for the runs with excellent agreements between
the experimental flux curve and the modelled fits;, such as Run-P-1 (Figure 4.9a), Run-H-4
(Figure 4.9d), and Run-H-8 (Figure 4.9h), the early approximation curves exhibited excellent
linearity. On the other hand, in some other cases, such as Run-P-2 (Figure 4.9b), Run-H-5
(Figure 4.9¢), Run-H-6 (Figure 4.9f), and Run-H-7 (Figure 4.9g), there was good agreement
between the experimental and the modelled flux curves during the early times when 7 was
smaller than 0.3, but there was poor agreement during the later times. This was also featured
by the early approximation curves, which deviated from the lines during the late times when ¢
was large (i.e. 1/t was small on the graph). There was no clear clue why excellent fits during
the late times were achieved for some runs, but not for the others. For future work, it is worth
repeating these experiments under the same conditions, and check whether good fits would be

obtained for all runs, by applying the derived models and the proposed methods.

Comparison of the Three Approaches

In terms of the fits shown in Figure 4.9, the three cases of gPROMS optimisation, early approx-
imation with the simplified model, and early approximation with the full model (W = 5), were
almost indistinguishable. Estimates of D'(X = 0) and Dy (7, p,0) for the nine runs with each
approach are compared in Table 4.3. As can be seen, overall, consistent results were obtained
within the uncertainty bounds. Particularly, the parameter estimations in Run-H-4, Run-H-5,
and Run-H-6 using the three approaches were very close. This could support the application
of the proposed graphical method to the analysis of the transient permeation, without the

requirement for advanced computational tools.

It was noticed that for the early approximation with the two models, the uncertainty of estima-
tion seemed to increase with the estimated D'(X = 0). Comparing the results obtained with
the simplified model and the full model (W = 5), it was noticed that the differences between
the estimations also increased with the estimated D’(X = 0). These may be explained by the
correlations between D'(X = 0) and 2c—1n |k| shown in Figure 4.6, where it can be seen that the
slopes of the curves increased with D’(X = 0). This indicated greater variations of D'(X = 0)

with the changes in 2¢ — In |k| for larger values of D'(X = 0), leading to larger uncertainties
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for the estimation. In addition, as can be seen in Figure 4.6, as D'(X = 0) became larger, the
difference between the correlated values with the simplified and the full model became greater,

resulting in greater differences between the estimation results.
Estimated Parameters

The estimated values of Dy (T, p,0) for the runs conducted with HDPE were of approximately
one order of magnitude higher than those with PTFE, suggesting a faster permeation in HDPE
than that in PTFE. This can also be seen from the experimental breakthrough curves for the
two polymers, as shown in Figure 4.1, which showed a shorter duration for the measurement
with HDPE than that with PTFE. With the same polymer type, despite the different pieces of
polymer discs used in the runs, the estimated D (T, p, 0) seemed to decrease with the increasing
pressure at the same temperature, as can be seen from Run-H-5 to Run-H-8, whilst it increased
with the increasing temperature at the same pressure, as can be seen from Run-H-4 and Run-
H-6, or Run-H-5 and Run-H-9. On the basis of these estimated parameters, the values of a few
more parameters, such as the transport coefficients, and the lumped group, U/V'W, can be

estimated with the flux data obtained at the steady state, as described in the following section.

4.7 Analysis of Steady-State Flux

4.7.1 Derivation for U/ (WV")

During an experiment, after sufficiently long time, a steady-state flux, F,,(t = 0o0), was ob-
tained. Replacing F' by F,,(t = oo) in Eq. (4.37), and substituting this expression into Eq.
(4.8) and Eq. (4.29), an expression for the penetrant concentration at the top surface of the

polymer, C(X = 0), expressed in ¢cm?(STP) em™?(mixture), can be written:

DT(Tap> 0) 7

C(X =0)= (4.48)
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where
Win[D'(X = 0)]

Qw = {W —In[D'(X =0)]}(—0D'/OX)x=1r=00

(4.49)

It is clear from Eq. (4.49) that Qy is dependent on W. On the other hand, when W > In D’
(i.e. the assumption of the simplified model), Eq. (4.29) can be reduced to v(X = 0) =

U/Wn[D'(X = 0)]. In this case, the relationship between C'(X = 0) and F,,(t = co) becomes:

C(X =0) = ngi”;(tpzoc)’o), (4.50)
where
. mD(X=0)]  W[D(X=0)
= oD X, DX =0) -1 (451)

Given the value of D'(X = 0), which can be determined using the correlation between D'(X =
0) and 2¢ — In |k| (Figure 4.6) by applying the early approximation method, the values of €
and Qy can thus be obtained from the numerical solution to the simplified model, and the full
model with the assumed W = 5, respectively. Figure 4.10 shows the relationship between €2, or
Qw, and 2c —In |k|. Tt can be seen that given same values of 2¢ — In |k|, the differences between
the values of €2, from the simplified model and those of Qy, from the full model with W = 5,

are very small, particularly for small values of 2¢ — In |k|.
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Figure 4.10: Plot of Q, () vs. 2c —In |k|. For the simplified model: Q, = 1.38(2¢c — In |k|)* —
6.44(2¢ — In|k|) 4+ 7.83. For the full model with W = 5: Qu = 1.24(2¢ — In|k|)* — 5.94(2¢ —
In |k]) + 7.41.
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As can be seen from Eq. (4.48) and Eq. (4.49), or Eq. (4.50) and Eq. (4.51), V' was eliminated
from the equations, and C'(X = 0) was directly related to F,,(t = oo). This means that the
top-surface concentration, C'(X = 0), can be calculated from the measured steady-state flux,
F,.(t = 00), without knowing the value of V', which is normally estimated using an appropriate
equation of state for the mixture. By rearranging Eq. (4.37), at the steady state, the lumped
parameter U/ (WV") is:

u LF,,(t =)
wv’ B DT<T7p7 0)(_8D//8X)X=1:T=OO ‘

(4.52)

As discussed in Section 4.3, for the simplified model, under the assumption that W > In D',
it can be shown that (—0D'/0X)x—1,—0c = D'(X = 0) — 1. Thus, the lumped parameter
U/ (WV’) can be conveniently estimated from Eq. (4.52) in the case of the simplified model.
For the full model, the determination of (—0D’/0X) x—1 r—oo is not straightforward. As a result,
correlations between (—0D'/0X ) x—1 7o and D'(X = 0) are obtained, as shown in Figure 4.11,

for both the simplified model, and the full model with W = 5.
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Figure 4.11: Plot of (—=0D'/0X)x—1,—0c vs. D'(X = 0). For the simplified model:
(—0D'/0X)x=17=00 = D'(X = 0) — 1. For the full model with W =5: (=0D'/0X)x—1 1200 =
0.14[D'(X = 0)]% + 0.77[D'(X = 0)] — 0.92.

With the derived correlations for (—0D'/0X)x—1 -~ for the two models, U/ (WV’) can be
estimated from Eq. (4.52). In fact, as shown by Eq. (4.53), this lumped parameter is a

quantity related to the free-volume parameters, given the definitions of U [Eq. (4.26)] and W
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[Eq. (4.27)]. Estimations of the free-volume parameters from the lumped parameter will be

discussed in Chapter 5, where the results from successive measurements are presented.

% 2
U _ gba [Uf(T7pa O)} (4 53)
wv' V'~By '

On the basis of the equations derived here, the values of the transport coefficients, and the
lumped parameter U/ (W'V’), can be estimated for each run, with the experimentally deter-
mined F,(t = c0), and the values of D'(X = 0) and Dy (T, p,0), which were estimated with
the early approximation method or gPROMS optimisation, as described in Section 4.6. Cor-
respondingly, the results obtained with each approach are summarised and compared in Table
4.4. In addition, parameter estimations by the time-lag method assuming constant diffusivity

are also included.

4.7.2 Estimation of Parameter Values

Table 4.4: Summary and comparison of the estimated transport coefficients and the lumped
parameter for the runs, with the approaches of the time-lag method, graphical method with
the simplified model and the full model with W =5, and gPROMS optimisation.

Run-P-1 Run-P-2 Run-P-3

(28°C,55bar) (40°C,50bar) (50°C,50bar)

F.(t = ), x107% cm®*(STP) cm 2 s7* 8.33 + 0.16 9.23 £ 0.18 9.52 + 0.18
P, barrer 21.6 £ 0.2 26.4 + 0.3 272 + 0.3
Constant diffusivity, time-lag method
D, x107" cm? s7! 1.02 £+ 0.02 1.30 £+ 0.03 1.32 £ 0.03
C(X =0), cm3(STP) cm~3(mixture) 83.4 + 2.5 74.3 + 2.4 74.5 + 2.2
Variable diffusivity, simplified model
D7(T,p,0), x107% cm? s~ ! 7.21 + 0.04 8.66 4+ 0.09 10.50 = 0.15

D'(X =0) 244 £0.11 2.66 = 0.15 2.35 £ 0.27
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Continuation of Table 4.4

Dy [T, p, v(X = 0)], x10~7 cm? 57! 176 +£ 0.07 2204014 246+ 0.25
C(X =0), ecm3(STP) cm™3(mixture) 75.1 + 0.8 66.2 + 3.1 60.3 £ 2.7
U/ (Wv') 84.2 £ 5.6 67.4+£55  70.5+ 15.4

Variable diffusivity, full model (W =5)

Dy(T,p,0), x1078 cm? 571
DX =0)
D7 [T, p,v(X =0)], x1077 cm? s7!
C(X =0), cm*(STP) cm™*(mixture)

u/(wv?)

Dr(T,p,0), x107% cm? s7!

7.06 £ 0.06 8.44 £ 0.11
2.34 £0.10 253 £0.14
1.65 £ 0.06 2.13 £ 0.10
77.0 £ 0.8 679 £ 1.2
74.6 £ 5.5 29.1 £ 5.2

10.31 £0.21

2.26 £0.24

232 £ 021

61.6 £ 2.5

63.0 = 15.2

Variable diffusivity, gPROMS optimisation

7.23 + 0.01 8.88 £ 0.01 10.00 £ 0.10

D'(X =0) 2.61 + 0.01 2.70 + 0.01 2.46 £+ 0.01

D7 [T, p,v(X =0)], x1077 cm? 57! 1.89 £ 0.01 2.40 £ 0.01 2.46 £+ 0.03
C(X =0), ecm3(STP) cm~3(mixture) 72.1 £ 04 63.7 £ 0.4 61.6 £ 0.2
Uu/(wv" 75.1 £0.2 64.2 £ 0.2 68.4 £+ 0.5
Run-H-4 Run-H-5 Run-H-6

(28°C,55bar) (35°C,5bar) (35°C,55bar)
F.(t = 00), x107° cm?(STP) cm 2 s~} 3.56 + 0.08 0.55 £ 0.01 4.47 £ 0.10
P, barrer 8.1+0.1 16.9 £ 0.2 10.1 £ 0.1

D, x1077 cm? s7!

C(X =0), em*(STP) ¢cm™3(mixture)

Dr(T,p,0), x1077 cm? s7*

Constant diffusivity, time-lag method

3.67 = 0.09 6.84 £+ 0.20

8.5 £ 0.3 0.8 £0.1

3.44 £+ 0.07

11.8 £ 04

Variable diffusivity, simplified model

2.81 £ 0.01 6.66 £ 0.01

2.97 £ 0.01
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Continuation of Table 4.4

D'(X =0) 1.76 + 0.08 1.57 £ 0.15  1.68 + 0.09
Dy [T, p,v(X =0)], x10~7 cm? s 4.95 +£0.22 1043 £0.97  4.99 + 0.24
C(X =0), cm?(STP) cm~*(mixture) 8.7+ 0.1 0.6 + 0.1 10.5 & 0.1
U/ (wWv') 15.3 + 3.0 1.3+ 04 20.4 £ 2.5

Variable diffusivity, full model (W =5)

Dr(T,p,0), x10~7 cm? s~} 281 +0.01  6.63+£0.03 296+ 0.01
D'(X =0) 1.72 + 0.08 154 +£0.14  1.64 + 0.08

Dy [T, p,v(X =0)], x10~7 cm? s~ 479 +£0.19  10.20 £ 0.87  4.85 £ 0.21
C(X = 0), cm3(STP) cm~3(mixture) 8.8 + 0.1 0.6 + 0.1 10.6 + 0.1
U/ (Wv') 144+ 1.6 13404 19.2 + 2.5

Variable diffusivity, gPROMS optimisation

Dr(T,p,0), x1077 cm? s * 2.81 + 0.01 6.67 £+ 0.01 3.00 + 0.01
D'(X =0) 1.78 £+ 0.02 1.58 £ 0.02 1.66 £ 0.02

Dy [T,p,v(X =0)], x1077 cm? s7* 5.00 + 0.07 10.54 + 0.15 4.98 £+ 0.08
C(X =0), cm?(STP) cm™3(mixture) 8.6 £0.1 0.6 £ 0.1 10.5 + 0.1
U/ (WV') 15.0 + 0.3 1.3+ 0.1 20.7 + 0.5

Run-H-7 Run-H-8 Run-H-9

(35°C,125bar) (35°C,200bar) (50°C,5bar)

F.(t = ), x107° cm?®(STP) cm 2 s7! 6.52 + 0.14 6.55 + 0.14 2.22 + 0.05
P, barrer 6.5 + 0.1 4.0+ 0.1 68.1 £ 0.7
Constant diffusivity, time-lag method
D, x1077 cm? 7! 3.58 £ 0.08 3.31 £ 0.07 7.29 £ 0.20
C(X =0), cm3(STP) cm™3(mixture) 16.7 £ 0.6 18.1 £ 0.6 28 £0.1

Variable diffusivity, simplified model




100 Chapter 4. Transient Permeation Following a Single Pressure Step

Continuation of Table 4.4

Dr(T,p,0), x1077 cm? s~ 985+ 0.01 2704003  6.81 «+ 0.01
D'(X =0) 2.38 £ 0.14 1.97 £ 0.20 1.16 £ 0.03
Dr[T,p,v(X = 0)], 107 cm? 57! 679+ 0.37 5324047  7.88 % 0.18
C(X =0), cm3(STP) cm~3(mixture) 132 +£0.2 15.6 £ 0.5 28 £0.1
U/ (W) 15.2 + 1.4 23.0 + 4.8 19.1 £ 3.5

Variable diffusivity, full model (W =5)

Dr(T,p,0), x1077 cm? s} 2.80 £ 0.02 2.67 £ 0.03 6.81 £ 0.01

D'(X =0) 2.28 £ 0.13 1.91 + 0.18 1.15 £ 0.03

Dy [T, p,v(X = 0)], x10~7 cm? 57! 639+ 0.31  511+041  7.86 % 0.17
C(X =0), em*(STP) ¢cm™3(mixture) 135 £ 0.2 158 £ 0.5 28 £0.1
U/ (Wv') 13.6 + 1.4 21.1 + 4.8 19.7 + 4.0

Variable diffusivity, gPROMS optimisation

Dr(T, p,0), x10°7 cm? 57! 287+ 001 2714001  6.73 + 0.03

D'(X =0) 2.38 £ 0.02 1.99 £ 0.01 1.13 £ 0.03

Dr [T, p,v(X = 0)], x10~7 cm? s~ 6.83 £ 0.08 5394005  7.60 = 0.24
C(X =0), cm3(STP) cm™3(mixture) 13.1 £ 0.1 154 £ 0.1 294+0.1
U/ (Wv') 15.1 £ 0.1 22.5 + 0.1 23.3 + 6.8

In the table, F,,(t = oo) was calculated from Eq. (3.2); P was calculated from Eq. (2.1), in
a unit of barrer, which is equal to 107*cm?(STP)cm 3 (mixture)s 'cmHg'. For the constant
diffusivity cases, D was obtained from the “time lag” with Eq. (2.6), and C'(X = 0) was
calculated from the slope of the approaching line with Eq. (2.5). For the variable diffusivity
cases, the product of Dr(T,p,0) and D'(X = 0) results in Dy [T, p, v(X = 0)], representing the
thermodynamic diffusivity at the top surface of the polymer disc at 7" and p; C(X = 0) was
calculated with Eq. (4.48) or Eq. (4.50); and U/ (WV") was obtained from Eq. (4.52).
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4.7.3 Discussion on the Estimated Parameters

Results of Constant Diffusivity vs. Variable Diffusivity

The constant diffusivity, D, obtained using the time-lag method, may be regarded as a mean
diffusivity across the polymer disc throughout the measurement. As can be seen in Table 4.4,
the values of D obtained for the runs were of the same order of magnitude as those of the
thermodynamic diffusivity, whose values were bounded by D (T, p,0) and Dr [T, p,v(X = 0)].
As for the penetrant concentration at the top surface of the polymer disc, C'(X = 0), consistent
values seemed to be obtained, comparing the results of the constant diffusivity and the variable
diffusivity cases. However, the time-lag method primarily features the permeation process at
the steady state, regardless of the factors that may affect the diffusion behaviour. On the
other hand, the free volume formulations incorporating the thermodynamic diffusivity, which
characterises the pressure and temperature dependence of diffusion, could provide satisfactory

modelling for not only the steady-state but also the transient permeation.

Comparisons of the Approaches for Variable Diffusivity

Considering the application of the graphical method with early approximation, the results
obtained using the simplified model and those obtained using the full model with W = 5 will
now be compared. For the nine runs, it was found that the differences between the estimates
were less than 2% for Dr(T,p,0), 5% for D'(X = 0), 7% for Dr [T, p,v(X = 0)], and 3% for
C(X = 0), which were within the uncertainty bounds for each quantity. For U/ (WV"), there
were around 10% differences between the estimates from the simplified and the full models. This
relatively larger difference was likely due to the deviation of the value of (—0D'/0X)x =1 r=cc,
which is a term in Eq. (4.52), for the simplified model, from that for the full model (W = 5),
when there is a relatively large estimate of D’(X = 0), as shown in Figure 4.11. Nevertheless,
overall, the estimates of these parameters for the nine runs with the the simplified model
were reasonably close to those obtained from the full model with W = 5, confirming that the
modelling results were insentive to the magnitude of W, as previously stated in Section 4.3.2

and Section 4.6.



102 Chapter 4. Transient Permeation Following a Single Pressure Step

With the simplified model, the parameter estimations using the graphical method can also be
compared with those obtained by gPROMS optimisation. For the nine runs, the differences
between the estimates were approximately 1% for Dz (T,p,0), 2% for D'(X = 0), 4% for
Dy [T,p,v(X =0)], 2% for C(X = 0), and 3% for U/ (WV') (except for Run-H-9, in which
case the difference for U/ (WV') was about 20%). This comparatively large deviation may result
from the considerably low estimates for D’(X = 0) in Run-H-9 in both approaches. Since the
term of D'(X = 0) appears in the denominator in Eq. (4.52), minor variations of this small
quantity would significantly affect the estimates for U/ (WV’). In fact, for the same reason,
there was a relatively high uncertainty (around 20%) related to the estimation of U/ (WV’) for
Run-H-9. Overall, the estimates of these parameters with the graphical method and gPROMS
optimisation were reasonably close and were effectively within the uncertainty bounds for each
quantity. Hence, the graphical method, without the requirement for modelling software, can
be used for convenient modelling of the transient diffusion and for accurate estimations of the

key transport properties.

Trends in Estimated Parameters with Varying Conditions

Considering the pressure effect on the parameters, as can be seen from the results of Run-P-5 to
Run-P-8 in table 4.4, permeability at the steady state, P, decreased with increasing pressure,
whilst the concentration of the penetrant in the system at the top surface of the polymer,
C(X = 0), estimated with all approaches, increased with pressure. However, C'(X = 0) did not
increase linearly with pressure, demonstrating that Henry’s law does not apply at the elevated
pressures. In fact, with respect to these runs, the increase in C'(X = 0) became less significant
from 55 bar to higher pressures. The deviation from Henry’s law at higher pressures will be

further addressed in Chapter 5.

The system pressure affects the thermodynamic diffusivity in two opposing ways. On one hand,
increasing the pressure would increase the penetrant concentration in the mixture, contributing
to an increase of the free volume in the polymer and thus an increase of the thermodynamic
diffusivity. This could be suggested by the increasing D’'(X = 0) with the increasing pressure

from Run-P-5 to Run-P-8, as shown in Table 4.4. On the other hand, increasing the pressure
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leads to a decrease of the free volume, owing to the mechanical compaction of the polymer.
Consequently, the thermodynamic diffusivity might be reduced, as can be seen from the de-
creasing Dr(T,p,0) with the increasing pressure. On the basis of the results obtained in this
chapter, it is speculated that as pressure increases, the increase of the penetrant concentration
may dominate over the compaction effect in the lower pressure range (possibly below a certain
pressure between 55 bar and 125 bar), resulting in an overall increase of the diffusivity with the
increasing pressure. When the pressure is elevated to a higher range, the mechanic compaction
effect may dominate over any increase in the penetrant concentration, leading to a decrease of

the free volume and the overall diffusivity with the increasing pressure.

Regarding the temperature effect on the parameters when the pressure is constant, results
for Run-P-1 to Run-P-3, or Run-H-4 and Run-H-6, or Run-H-5 and Run-H-9, can be com-
pared respectively. In general, the values of F,,(t = o), P, Dr(T,p,0), D'(X = 0), and
Dy [T, p,v(X = 0)], increased with the increasing temperature. However, C(X = 0) seemed
to decrease with the increasing temperature. This could be explained by the decreasing solu-
bility of CO, in polymers with the increasing temperature, as reported in many other studies

[208-211].

4.8 Concluding Remarks

In this chapter, methods and results were reported for the transient permeation properties of
CO,-PTFE and CO,-HDPE systems under various temperatures and pressures. The key con-
clusions are: (1) Diffusion equations incorporating a free volume model were used to interprete
the transient diffusion of the penetrant through the polymers. It was shown that the model
with a variable diffusivity could better describe the diffusional behaviour of the system, than
the one with the commonly used time-lag method, which assumes that diffusivity is constant.
(2) The diffusion equations, expressed in terms of a thermodynamic diffusivity, were nondimen-
sionalised and simplified to enable a more straightforward analysis. By doing so, the number

of parameters contained in the model was significantly reduced from 7 to 3. It was shown that
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the simplified model offered accuarate and reliable estimation results for the parameters, as
well as reasonably good fits to the experimental flux data. (3) A graphical method based on
early approximation for estimating the optimal values of the key transport properties has been
proposed. The straightforward procedure proposed in this chapter can be applied to new and
existing measurements of transient permeation, without the requirement of advanced numerical
software for parameter optimisation. (4) The influence of pressure and temperature on the es-
timated parameters were discussed. It was found that the pressure has two opposing effects on
the thermodynamic diffusivity. As the pressure increased, the increasing penetrant concentra-
tion appears to dominate the diffusion process and accelerate the diffusion in the lower pressure
range, but this effect was outweighed by the compaction effect, which inhibited the diffusion in
the higher pressure range. It was possible to estimate the concentration of CO45 on the upper
surface of the HDPE sheet, without knowledge of the specific volume of the penetrant. It was
also found that Henry’s law was not obeyed as the pressure increased. On the basis of the
work presented in this chapter, further investigation of the diffusion characteristics and the
free-volume parameters, subject to varied pressures in a successive permeation measurement,

will be presented in the following chapter.



Chapter 5

Transient Permeation Following

Successive Pressure Steps

5.1 Introduction

This chapter focuses on transient permeation experiments consisting of multiple successive pres-
sure steps, in a wide pressure range from tens to hundreds of bars. There are two parts in this
chapter: Part I introduces the theoretical model, based on the simplified, nondimensionalised
free volume model and the graphical method developed in the previous chapter, for the anal-
ysis of the successive measurements; and Part II discusses the application of the developed
model with the proposed method, to the analysis of the experimental results, the estimation
of the transport properties at each pressure step, and the determination of the values of the

free-volume parameters in the model.

5.1.1 Background

It was found that during a successive permeation experiment, after a steady state was reached,
abruptly increasing the penetrant pressure would cause a near-instananeous drop of the flux,

as can be seen in Figure 5.1 (previously exhibited in Figure 4.2). It was postulated that this

105
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immediate change in the flux, subject to the pressure change, was caused by a decrease in the
free volume, leading to a decrease of the thermodynamic diffusivity at the bottom surface of the
polymer disc. Specifically, when there was an increase of the hydrostatic pressure acting upon
the polymer disc, the pressure term would have an immediate effect on reducing the free volume,
before the penetrant volume fraction in the system started to increase with the increasing
pressure. Following this immediate drop, the permeation flux would gradually increase, as a
result of the increasing penetrant volume fraction in the system, until a new steady state was
established. By varying the hydrostatic pressure during a transient permeation experiment with
successive steps and analysing the fall in permeation flux at each step, free-volume parameters
can be estimated. Furthermore, the effects of pressure on the diffusivity and the solubility of

the penetrant-polymer system can also be investigated.
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Figure 5.1: Plots of flux and pressure against time in a successive permeation experiment for
PTFE and HDPE.

5.1.2 Aims

In this chapter, the diffusion equations incorporating the nondimensionalised free volume model,
are further developed for the modelling of permeation experiments with multiple pressure steps.

The aims of the work in this chapter are to:

1) make meaurements of the permeation flux of CO, in PTFE and HDPE with multiple

pressure steps;
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2) interprete the experimental data using the nondimensionalised free volume model, which

is developed for continuous permeation with successive steps;

3) propose a straightforward method for estimating the free-volume parameters, and the

transport properties at each pressure step;
4) investigate the effects of the pressure on thermodynamic diffusivity and solubility;

5) compare the obtained results with literature data, and to examine the applicability of the
proposed model and method to similar penetrant-polymer systems under a wide range of

conditions.

Part I: Theoretical

5.2 Stepwise Model Development

5.2.1 Diffusion Equations

In Chapter 4, v;(T, p,0), which represents the fractional free volume of the pure polymer at
p and T, was introduced in Eq. (4.7). In this chapter, the effect of pressure on v3(7)p,0) is

accounted for in the relationship:

vi(T, p,0) = vs(T,0,0) — Byp, (5.1)

where v;(T',0,0) is the fractional free volume of the pure polymer (v = 0) at 7" and p = 0, and

Bp is the coefficient of pressure dependence.

For the i step, Dy (T, p;, 0), which is the thermodynamic diffusivity at infinite dilution of the

penetrant, i.e. v — 0, at T" and p;, can be defined to nondimensionalise the model:

B
Dr(T', pi,0) = RT Agexp {_gzﬁa[vf(T 0 %) ~ Bypi] } : (5.2)
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The dimensionless diffusivity at the i step, D!, is:

, DT Bd’)/V }
! DT,i(Ta Di, O) b {¢a [Uf(Ta 07 O) - Bppz] [Uf(Ta 07 0) - 5ppl + Fyy] ( )

The definitions of U; and W; are consistent with those previously defined for single pressure

step in chapter 4:

o Uf(Tu 07 0) - /Bppz

U, = 5.4
» (5.4)
By
W; = . 5.5
60 07 (T.0.0) — Gyp (55)
Thus, Eq. (5.3) can be written in an equivalent form:
W;v
D = ! . 5.6
o () 59
Dimensionless time and length are re-defined:
Dri(T,pi, 0)t;
T = T, (57)
x
X =—. 5.8
> 5.9

Given the above relationships, Fick’s second law of diffusion can be formulated in terms of D},
7; and X:
oD;
aTi

oy ne O 1 oD;

The initial and boundary conditions are given:

=0, 0<X<1, D=1, (5.10)
7 >0, X =0, D, =Di(X=0), (5.11)

7 >0, X=1 D =1 (5.12)
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When the value of W; is much larger than that of In D}, Eq. (5.9) can be simplified to:

oD; 0?D;
[ D/ 1 .
or, — oX?

(5.13)

At steady state and X =1, (—=0D./0X)x-1 = Di(X = 0) — 1. This can be seen by setting the
time derivative in Eq. (5.13) to zero, thus it is clear that D} decreases linearly from D}(X = 0)

to 1 across the disc.

5.2.2 Permeation Flux

The flux, Fj, can also be expressed in terms of D and X:

Ui DTi(TapiaO) oD; Ul DTi(TapiaO) /
F;, = : - = : D(X =0)-1]. 5.14
VW, L ox ). Tvw, 1 P =0-1 (5.14)

It is assumed that V| as defined by Eq. (4.9), is a constant, regardless of p;. This assumption is
equivalent to Vr,,, i.e. the specific volume of the penetrant dissolved in the polymer mixture at
T and p;, being assumed constant regardless of p;. In reality, Vp,, may decrease as the pressure
increases. However, given the relatively low concentration and the low compressibility of the
dissolved penetrant in the mixture [212, 213], changes of Vi, and hence V'’ may be considered

negligible as the pressure changes. This assumption is considered in more detail in Chapter 6.

The steady-state flux for the i® step is denoted by F(t; = 00), and t; = oo represents the
time, which is sufficiently long for a steady state of permeation to be reached for the i" step.
Upon the change in hydrostatic pressure from p; to p;1; at the moment of ¢;,; = 0, the flux
changes correspondingly from F(t; = 0o) to F(t;41 = 0). From Eqn. (4.21), taking the ratio of
F(tiy1 = 0) to F(t; = 00), which is equivalent to the ratio of F,,(t;11 = 0) to F,,(t; = 00), the

ratio denoted by F; ; can be expressed as:

Fo(tiv1 =0) _ F(tiy1 =0) _ Dri1(T, pis1,0) (=001 /0)p=rt,.1=0
F,.(t; = 00) F(t; = o) Dy (T, p;, 0) (—0v;/0x)per timoo

Fl,, = (5.15)

where V', assumed to be constant, has been cancelled from the expression. Compared with the
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decrease of free volume in the mixture, the decrease of the occupied volumes of the penetrant
and the polymer molecules may be considered insignificant [214]. Therefore, it is reasonable
to assume that the distribution of v(X), the volume fration of the penetrant in the mixture,
remains unchanged, at the instant the pressure is increased. That is to say, the difference
between (—0v;11/0%)g=rt,,,—0 and (—0v;/0%) =1 1,—oc Was considered insignificant for the drop

of the flux. As a result, the expression for Fj_; can be simplified to:

o= DT,iH(Ta Pit1, 0)

— 5.16
o Dri(T, p;,0) (5.16)

Eq. (5.16) indicates that when the pressure is increased, the decrease in flux mainly results from
a decrease of the thermodynamic diffusivity at infinite dilution, 7.e. its value at the bottom
surface of the polymer disc. Furthermore, Eq. (5.16) suggests that Dy (T, p;, 0) corresponding
to each pressure p;, can be estimated from the drop of the measured flux observed at the

beginning of each step, once Dz (T, p1,0) is known.

5.3 Constants a, b and ¢

Three constants, a, b and ¢, can be defined:

i = RTA,, (5.17)

- By
I 5.18
¢aﬁp7 ( )
é= ”f(TB’po’ 0) (5.19)

Thus, from Eq. (5.2), Dr;(7, p;,0) can be expressed as:

DT,i(T7pi70) = dexp <_~ b ) : (520)

As suggested by Eq. (5.20), the relationship between Dr,(T,p;,0) and p; can be described

by a, b and & which are lumped constants of free-volume parameters. The values of @, b and
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¢ can be optimised using the method of least squares, by minimising the sum of the squared
differences between the experimentally obtained values of Dr;(T,p;,0) and those calculated
from Eq. (5.20). The optimisation could be conducted using numerical software, e.g. Matlab
and gPROMS. Alternatively, Excel Solver can also be used to optimise @, b and ¢, using a
nonlinear least squares method, which involves minimising the sum of the squared differences,

Q, by taking its partial differentials with respect to @, b and ¢

~ 2
Q=Y (mD;? —mDE) =" [mpe;jf — (ma _ b )] : (5.21)

with

0Q 0Q 0Q
2 =0 =052 =0, (5.22)

where In DeT’ff and In DCTai represent the experimental and the calculated values of Dy, (T, p;, 0),
respectively. The partial differentials, calculated from Eq. (5.22), lead to linear equations, from

which the varables, @ and b, can be expressed by &

] SmDp 453 ()
a = exp , (5.23)
n

and o
In DT H

ZIHD;(E >3 (5,11,1) —nZ< Equ;‘.)

(&) -EET

where n refers to the total number of steps in a measurement. The minimisation can then be

b=

(5.24)

computed with only one adjustable parameter, ¢, which can be optimised with Excel Solver to

minimise the squared difference, Q).

5.4 Estimation of D/(X =0)

The values of Dj(X = 0) can be estimated sequentially from D} (X = 0), which can be estimated
using the graphical method previously described for a single pressure step in Chapter 4, with a

relationship derived from Eq. (5.14) and Eq. (5.16). Taking the ratio of the steady-state flux
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at the i step, Fj(7; = 00), to that at the (i + 1)™ step, F; (741 = 00), is:

F7;<Ti = OO) . 1 (8D;/8X)X:1,t¢:oo
Fz’+1<7'i+1 = OO) Fi,—i-l (aD;—FI/aX)X:LtiJrl:OO.

(5.25)

As discussed in Section 5.2.1, at the steady state, D! decreases linearly from D;(X = 0) to 1
across the disc, so that (—0D}/0X) = Di(X = 0) — 1. Substituting this relationship into Eq.

(5.25) and rearranging the equation:

Us/(WiV') Fit1 (Tiga = 00)[Di(X = 0) — 1]

D . (X =0)=
(X =0) U1 /Wit VYEi (73 = 00)EL,,

+1. (5.26)

From the definitions of U; and W;, i.e. Eq. (5.4) and Eq. (5.5), the following relationship is

obtained:

U/(WiV') T vp(T,0,0) = Bpi | (5.27)
U1/ (WiaV')  Lvs(T,0,0) = Bppis1 | '

By combining Eq. (4.8) and Eq. (5.6), C;(X = 0), which is the volumetric concentration of

the penetrant, corresponding to STP, at the top surface of the disc for the i™® step, can be
derived from Dr;(T,p;,0) and D;(X = 0). This will be presented in Chapter 6, together with

the modelling using Sanchez-Lacombe equation of state.

Part 1I: Experimental

5.5 Measurements of Steady-State Flux for Step ¢

Most of the single-step measurements presented in Chapter 4, except for Run-H-7, were in
fact the first steps of successive pressure step experiments. The results of these eight runs are
presented in Table 5.1, where F,,, as defined by Eq. (5.15), is the ratio of Fp,(t;41 = 0) to

F(ti = 00). Also, Dri1(T, piy1,0) was obtained by multiplying Dp (T, p;,0) by Fy, ;.
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Table 5.1: Experimental results for the continuous runs: F,,(t; = 0) and F,,(¢; = o) obtained
using Eq. (3.2), F/,, obtained using Eq. (5.15), and Dr;(T,p;,0) obtained using Eq. (5.16).

Step Di, F.(t; =0), x107° F,.(t; = 00), x107° F/ ., Dr (T, p;i, 0),
i bar  c¢m® (STP) em 2 s™! cm?® (STP) cm™2 57! x1077 cm? 571
Run-P-1, PTFE, 28 °C
1 55 0 8.32 £ 0.16 1 0.72 £ 0.01
2 63 8.27 £ 0.16 10.79 £ 0.21 0.99 + 0.01 0.72 £ 0.01
3 100 10.47 £ 0.20 16.53 £ 0.32 0.97 £ 0.01 0.70 £ 0.01
4 150 15.86 = 0.31 20.04 £ 0.38 0.96 = 0.01 0.67 £ 0.01
Run-P-2, PTFE, 40 °C
1 50 0 9.23 £ 0.18 1 0.87 £ 0.01
2 100 8.46 + 0.16 29.10 £ 0.56 0.92 + 0.01 0.79 £ 0.01
3 150 27.11 £ 0.52 20.26 £ 0.39 0.93 £ 0.01 0.74 £ 0.01
4 200 18.75 £ 0.36 33.46 £ 0.65 0.93 = 0.01 0.68 £ 0.01
5 250 31.08 £ 0.60 28.38 £ 0.55 0.93 £ 0.01 0.64 £ 0.01
6 300 26.25 £ 0.51 37.47 + 0.72 0.92 £+ 0.01 0.59 £ 0.01
7 350 34.57 £ 0.67 33.90 = 0.66 0.92 £ 0.01 0.54 £ 0.01
8 400 31.19 £ 0.60 40.38 £ 0.78 0.92 = 0.01 0.50 £ 0.01
9 450 37.09 £ 0.72 37.07 £ 0.72 0.92 = 0.01 0.46 £ 0.01
10 500 33.95 £ 0.66 41.79 £ 0.81 0.92 £ 0.01 0.42 £ 0.01
Run-P-3, PTFE, 50 °C
1 20 0 9.52 £ 0.18 1 1.05 £ 0.02
2 100 8.93 £ 0.17 25.53 £ 0.48 0.94 £ 0.01 0.99 £ 0.01
3 150 23.98 £ 0.45 24.66 + 0.46 0.94 £ 0.01 0.93 £ 0.01
4 200 23.04 £ 0.43 34.98 £ 0.66 0.93 £ 0.01 0.86 £ 0.01
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Continuation of Table 5.1

Step Dis F(t; =0), x107°  F,,(t; = 00), x107° F/ ., Dy i(T, p;i, 0),
i bar  cm?® (STP) ecm™2 st cm?® (STP) cm ™2 s} x107" cm? 571
) 250 32.89 £ 0.62 35.36 £ 0.66 0.94 + 0.01 0.81 £ 0.01
6 300 32.94 £+ 0.62 42.87 £ 0.81 0.93 £ 0.01 0.76 = 0.01
7 350 40.03 £ 0.75 40.50 £ 0.76 0.93 £ 0.01 0.71 £ 0.01

Run-H-J, HDPE, 28 °C
1 59 0 3.56 £+ 0.07 1 2.81 £ 0.01
2 72 3.49 £+ 0.07 4.21 4+ 0.08 0.98 + 0.01 2.75 4+ 0.01
3 88 4.12 £+ 0.08 4.64 + 0.09 0.98 + 0.01 2.70 £ 0.01
4 100 4.53 £ 0.08 4.60 £ 0.09 0.98 + 0.01 2.64 £ 0.01
) 125 4.43 £ 0.09 4.70 £ 0.09 0.96 + 0.01 2.54 £ 0.01
6 150 4.55 £ 0.09 4.78 £ 0.09 0.97 + 0.01 2.46 £ 0.01
7 175 4.58 £+ 0.09 4.88 + 0.09 0.96 £+ 0.01 2.35 £ 0.01
8 200 4.73 £+ 0.09 4.96 + 0.09 0.97 £ 0.01 2.28 + 0.01
9 250 4.62 £ 0.09 4.88 £ 0.09 0.93 + 0.01 2.12 £ 0.01
10 300 4.47 £ 0.09 4.98 £+ 0.09 0.92 £ 0.01 1.95 + 0.01
11 350 4.69 £ 0.09 4.90 £ 0.09 0.94 + 0.01 1.83 £ 0.01
12 400 4.52 £+ 0.08 5.00 £+ 0.09 0.92 + 0.01 1.69 £+ 0.01
13 450 4.57 4+ 0.09 5.01 £ 0.09 0.91 £ 0.01 1.55 + 0.01
14 500 4.64 £ 0.09 4.80 £ 0.09 0.93 + 0.01 1.43 £ 0.01
15 550 4.42 4+ 0.08 4.79 + 0.09 0.92 + 0.01 1.32 £+ 0.01
16 600 4.35 £ 0.08 4.56 = 0.09 0.91 £ 0.01 1.20 + 0.01

Run-H-5, HDPE, 35 °C
1 ) 0 0.55 £ 0.01 1 6.66 £ 0.01
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Continuation of Table 5.1

Step Di, F.(t; =0), x107°  F,(t; = c0), x107° F/ ., Dy i(T, p;i, 0),
i bar  cm?® (STP) ecm™2 st cm?® (STP) cm ™2 s} x107" cm? 571
2 10 0.55 + 0.01 1.27 + 0.02 0.99 + 0.01 6.59 + 0.01
3 20 1.25 4+ 0.02 1.99 + 0.04 0.99 + 0.01 6.50 + 0.01
4 30 1.97 4+ 0.04 2.78 £ 0.05 0.99 + 0.01 6.43 + 0.01
) 40 2.74 £+ 0.05 3.43 + 0.06 0.98 + 0.01 6.33 £ 0.01
6 59 3.35 £ 0.06 4.62 £ 0.09 0.98 £+ 0.01 6.19 £+ 0.01
7 75 4.49 £ 0.08 5.90 + 0.11 0.97 £+ 0.01 6.01 + 0.01
8 100 5.67 £ 0.11 6.24 + 0.12 0.96 + 0.01 5.78 £ 0.01
9 125 5.99 + 0.11 6.51 £+ 0.12 0.96 + 0.01 5.54 £+ 0.01
10 150 6.24 £+ 0.12 6.64 4+ 0.12 0.96 £+ 0.01 5.32 + 0.01
11 175 6.38 + 0.12 6.67 + 0.13 0.96 + 0.01 5.10 £+ 0.01
12 200 6.36 + 0.12 6.62 + 0.12 0.95 + 0.01 4.87 + 0.01
13 250 6.10 £ 0.12 6.594 + 0.12 0.92 £+ 0.01 4.49 £+ 0.01
14 300 6.01 £+ 0.11 6.44 4+ 0.12 0.92 £+ 0.01 4.12 + 0.01
15 350 5.94 £+ 0.11 6.29 £+ 0.12 0.92 £+ 0.01 3.79 + 0.01

Run-H-6, HDPE, 35 °C
1 59 0 4.47 £+ 0.08 1 2.97 £ 0.01
2 100 4.11 £ 0.08 6.21 £ 0.12 0.92 £+ 0.01 2.74 £ 0.01
3 150 5.69 £+ 0.11 6.47 + 0.12 0.92 £+ 0.01 2.51 £ 0.01
4 200 5.87 £ 0.11 6.78 + 0.13 0.91 +£ 0.01 2.27 + 0.01
5} 250 6.11 + 0.11 6.88 + 0.13 0.90 + 0.01 2.05 £+ 0.01
6 300 6.24 + 0.12 6.74 +£ 0.13 0.91 £+ 0.01 1.86 £+ 0.01
7 400 5.48 £+ 0.10 6.32 + 0.12 0.81 £ 0.01 1.51 + 0.01
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Continuation of Table 5.1

Step Di, Fm<tz = 0)7 X1075 Fm(tz = OO)? X1075 Fi/+17 DT,i(Ta Di, 0)7

i bar  c¢m?® (STP) cm 2 s™! cm?® (STP) cm™2 57! x107" cm? 571

Run-H-8, HDPE, 35 °C

1 200 0 6.55 £+ 0.12 1 2.70 £ 0.02
2 250 5.92 £ 0.11 6.90 + 0.13 0.90 + 0.01 2.44 £ 0.02
3 300 6.20 = 0.12 6.80 £ 0.13 0.90 £ 0.01 2.20 £ 0.02
4 350 6.11 = 0.11 6.78 £ 0.13 0.90 = 0.01 1.97 £ 0.02
HDPE, 50 °C
1 5 0 2.22 £ 0.04 1 6.81 £ 0.01
2 10 2.20 £ 0.04 4.84 =+ 0.09 0.99 = 0.01 6.75 £+ 0.01
3 20 4.75 £ 0.09 8.95 £ 0.17 0.98 £ 0.01 6.61 = 0.01
4 30 8.79 £ 0.17 13.40 £ 0.25 0.98 = 0.01 6.49 £ 0.01
5 40 13.17 £ 0.25 17.39 £ 0.33 0.98 £+ 0.01 6.38 = 0.01
6 20 17.07 £ 0.32 20.24 £ 0.38 0.98 + 0.01 6.26 £ 0.01
7 75 19.30 &= 0.36 28.97 £ 0.54 0.95 £ 0.01 5.97 £ 0.01
8 100 27.77 £ 0.52 33.06 = 0.62 0.96 &= 0.01 5.73 £ 0.01
9 125 31.58 £ 0.59 37.28 £ 0.70 0.96 = 0.01 5.47 £ 0.01
10 150 35.92 £ 0.67 40.87 £ 0.77 0.95 £ 0.01 5.21 £ 0.01
11 175 38.85 £ 0.73 41.81 £ 0.79 0.95 £ 0.01 4.95 £ 0.01
12 200 39.86 £ 0.75 43.03 £ 0.81 0.95 £ 0.01 4.72 £ 0.01
13 250 38.85 £ 0.73 42.45 £ 0.80 0.90 = 0.01 4.26 £ 0.01
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5.6 Determination of d, b and ¢

These experimentally determined values of Dp (T, p;,0) shown in Table 5.1, were plotted
against the corresponding pressure p; in Figure 5.2, as represented by the symbols in the
figures. In comparison, the dash lines in the figures show the modelled results of Dr;(T,p;,0)
as a function of p;, which were obtained using Eq. (5.20), with the optimised values of ¢, from

which the values of @ and b were derived using Eq. (5.23) and Eq. (5.24), respectively.
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Figure 5.2: Comparison of the modelled Dr;(T, p;,0) by optimisation (dashed) and the exper-
imentally obtained Dr;(7T,p;,0) (symbols) for the eight runs.
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As can be seen from Figure 5.2, despite the exponential formulation of Dr;(7T,p;,0) shown
by Eq. (5.20), the curves for the eight runs appeared to be rather linear. Comparing the
experimentally obtained Dy ;(T, p;,0) with those modelled with the optimised values of @, b
and ¢, excellent agreement between model and experiment was achieved using the optimisation
method described in Section 5.3. For the three runs conducted with PTFE, the curves seemed

to have similar gradients, which may account for the consistent estimations of ¢ for these runs.

For the five runs conducted with HDPE, as can be seen in Figure 5.2b, the curves seemed
to be differentiated into two groups, one being Run-H-5 and Run-H-9, and the other being
Run-H-4, Run-H-6 and Run-H-8. The primary difference between the two groups resulted from
the different values of Dy (T, p1,0) at p;. In fact, p; for Run-H-5 and Run-H-9 was 5 bar,
whilst that for Run-H-4 and Run-H-6 was 55 bar, and that for Run-H-8 was 200 bar. This
might indicate that in a successive measurement, the different initial pressures, especially in
the low pressure range, could lead to different diffusional characteristics. It would be helpful
in the future to carry out more experiments with various initial pressures, to investigate the
repeatability of these experiments, and to identify the effects of the initial pressures on the

diffusional behaviour.

5.7 Estimations of Free-Volume Parameters

With the estimated values of @, b and &, free-volume parameters, Ay, Bp and By were estimated

using Eq. (5.17), Eq. (5.18) and Eq. (5.19). These estimates of a, b, ¢, and the free-volume

parameters for each run were presented in Table 5.2.

5.7.1 Estimating A,

From the definition of a, i.e. Eq. (5.17), the proportionality factor in the free volume model,
Ag, was estimated. As mentioned in Section 4.2.2, this parameter correlates the mobility of the

penetrant with the probability of the molecule finding a hole large enough in its neighbour for
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a displacement. It has been considered to be dependent on mainly the size and the shape of

the penetrant [107], but independent of temperature and penetrant concentration.

Table 5.2: The values of @, b and ¢, estimated by the optimisation method described in Section
5.3; and the free-volume parameters obtained as described in Section 5.7.

Run-P-1 Run-P-2 Run-P-3 Run-H-4
28 °C 40 °C 50 °C 28 °C
a, x10™* em? st 2.87 £ 0.03 3.24 £ 0.07 1.11 £ 0.02 2.64 £ 0.02
b, x10* bar 8.43 £+ 0.01 4.64 + 0.04 3.89 £+ 0.01 3.39 £ 0.01
¢, x10® bar 10.23 £ 0.01  5.68 £ 0.02 5.64 + 0.01 5.00 £ 0.01
Ay, x107" ecm? mol s7t J71 1.15 £ 0.01 1.24 + 0.02 0.41 £+ 0.01 1.06 + 0.01
By 0.31 £ 0.03 0.35 £ 0.03 0.32 £ 0.03 0.47 £ 0.05
By, X107 bar™! 0.51 4+ 0.04 1.04 + 0.09 1.14 £ 0.10 1.91 £ 0.24
Run-H-5 Run-H-6 Run-H-8 Run-H-9
35 °C 35 °C 35 °C 50 °C
a, x10™* em? st 4.83 + 0.08 4.42 + 0.05 4.27 + 0.05 2.94 £ 0.02
b, x10* bar 2.86 £ 0.01 2.96 £+ 0.01 2.69 £+ 0.01 2.09 £ 0.01
¢, x10% bar 4.35 + 0.01 4.11 + 0.01 3.85 £ 0.01 3.44 £ 0.01
Ag, x107" cm? mol s71 J71  1.88 £ 0.04 1.73 = 0.01 1.67 £ 0.03 1.09 = 0.01
By 0.48 £+ 0.06 0.52 £ 0.06 0.51 £ 0.06 0.48 £ 0.06
By, X107 bar™! 2.29 £ 0.28 2.43 +£0.29 2.59 + 0.31 3.12 £ 0.36

As shown in Table 5.2, the calculated values of A, for the diffusion of CO, in both PTFE and
HDPE in this work were ~1x10~7 cm? mol s™' J~!. The values of A,; for CO,-PTFE and CO,-
HDPE systems could not be found in literature, but the obtained values were of the same order
of magnitude as similar systems, for which values of A; have been reported [115, 215-220]. For
instance, in Kulkarni and Stern’s study of the COy-polyethylene system at 35 °C and pressures

up to 40 bar, they obtained a value of 3.1x1077 cm? mol s~! J~! for A, [115]. Sato et al. [215]
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measured the solubility and diffusion coefficient of CO, in poly(butylene succinate) (PBS) and
poly(butylene succinate-co-adipate (PBSA) at temperatures from 50 to 180 °C and pressures
up to 200 bar. They used Ay as a fitting parameter to represent the experimental diffusion
coefficient, and they determined its value as 2.41x10~7 cm? mol s~ J~! for CO,-PBS and 3.55
%1077 cm? mol 71 J7! for CO5-PBSA. In Chen et al. [216]’s work of solubility and diffusivity
of CO, in polypropylene(PP)/Micro-calcium carbonate (MicroCaCO3) composites at 200 and
220 °C and CO, pressures up to 220 bar, A; was also used as a fitting paramter for diffusion
coefficients. Values of A, were determined as follows: 4.90x107® cm? mol s~ J~! for PP & PP
composites without compatibiliser, and 3.98x1078 e¢m? mol s™! J=! for PP & PP composites

with compatibiliser.

Ushiki et al. [217] studied the solubilities and diffusion coefficients of CO, in poly(methyl
methacrylate) (PMMA) at temperatures of 100 - 200 °C and pressures of up to 200 bar, and
they obtained a value of 1.25x107% em? mol s=! J=! for A;. Meanwhile, they found that the A,
values were similar for CO, and N,, the latter of which was 2.20x107% cm? mol s™' J=!. They
attributed the similarity to the similar molecular size for CO, and N,. In another study of
the solubilities and diffusion coefficients of CO, in poly(ethylene-co-acrylic acid) (PEAA) over
temperatures of 100 - 200 °C and pressures of up to 200 bar, Ushiki et al. [218] obtained a value
of 1.85x10~" cm? mol s~ J=! for Ay, using both A, and By as fitting parameters. Moreover,
to improve the correlation accuracy, they used Ay as a polymer-dependent fitting parameter,
whilst using By as a universal parameter, which remained a constant for every polymer. As a
result, they derived a relationship between the value of A; and the mass fraction of arcylic acid
(AA) in PEAA polymers, obtaining values of Ay in the range of 1.67x107" - 2.49x10~" cm?

mol s~ J7!, with mass fractions of AA ranging from 0 to 20%, respectively.

In addition to CO,, there are a number of diffusion studies for various penetrants in polymers.
For example, Guo and de Kee [219] investigated the diffusion of 11 different organic liquids, e.g.
chloroform, toluene and acetone, in polyethylene within a temperature range of 10 - 60 °C, and
they obtained the values of A4, ranging from 7.58x107% cm? mol s7! J=! to 2.07x 10~ cm? mol
s71 J71. They claimed that a common value of 1.14x10~" cm? mol s~ J=! could be assumed

for these different organic liquids, since the obtained values of Ay for these liquids do not differ
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considerably from each other. On the other hand, Guo and de Kee [219] obtained a higher Ay
value for benzene, compared with the other investigated organic liquids. This seems to agree
with the result obtained in Yeom and Huang [220]’s work, where the diffusion of benzene in
polyethylene at 25 - 45 °C was studied, and a value of 4.9x10~7 cm? s~! for A; was obtained.
The higher values of A; for benzene than those for CO, and the other organic liquids might
result from a larger molecular size of benzene than the molecular sizes of the others. Indeed,
this hypothesis could be supported by a semiempirical correlation of A, proposed by Kulkarni
and Stern [115], who found that A; was proportional to the penetrant size, and showed that

the value of A, for benzene was higher than that for CO,, using the correlation they obtained.

5.7.2 Estimating 3,

The extraction of /3, from ¢ by applying Eq. (5.19), and the following B, from b by applying Eq.
(5.18), was precluded by a lack of measurements of the free volume of the polymer under test.
Specifically, the value of v¢(T,0,0), which is the fractional free volume of the pure polymer at 7’
and p = 0 bar, needs to be determined. In this section, it will be demonstrated how knowledge
of the polymer free volume polymer free volume, combined with the transient permeation

experiments, could be used to derive all the parameters in the free volume model.

For a wide variety of polymers or polymer solutions, the value of v;(7’,0,0) can be calculated

using WLF expression [221]:

v¢(T,0,0) = 0.025 + 4.82 x 10~4T - T,), (5.28)

where T} is the glass transition temperature of the pure polymer. This expression is valid for
temperatures in the range T, < T" < T, + 100 [221]. According to the datasheets attached to
the PTFE [193] and HDPE [194] polymers from the provider, T, for PTFE is -20 °C and that
for HDPE is -95 °C. Thus, the temperatures investigated in this study from 28 °C to 50 °C
are within the applicable range of WLF expression for the PTFE samples, but above that for
the HDPE samples. The values of v;(7',0,0) calculated with Eq. (5.28) for PTFE and HDPE
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under various temperatures were summarised in Table 5.3.

Table 5.3: The values of v;(7T,0,0) calculated based on formulations and data from various
sources.

v;(T,0,0) - PTFE

Data Source 28 °C 40 °C 50 °C

Eq. (5.28) [221] 0.048 0.054 0.059

Eq. (5.29) [115, 222] 0.057 0.064 0.070
This work™* 0.053 £ 0.005 0.059 £ 0.005 0.065 £ 0.006

v4(T,0,0) - HDPE

Data Source 28 °C 35 °C 50 °C

Eq. (5.28) [221] 0.084 0.088 0.095

Eq. (5.29) [115, 222, 223]** 0.107 0.111 0.120

Eq. (5.29) [115, 224]*** 0.095 0.100 0.108
This work* 0.095 £ 0.012 0.100 £ 0.012 0.108 + 0.013

* Average value of v¢(T,0,0) shown with mean absolute deviation.
** Data of o, and o, for PE.

¥ Data of a, and a4 for LPE.

Moreover, Kulkarni and Stern [115] modified Eq. (5.28) for a wider temperature range:

0.025+ [ (= 0.9750,) AT
1+ fTTg o, dT

v(T,0,0) = , (5.29)
where o, and o, are the volume expansion coefficients of the polymer at rubbery state (1" > T,)
and glassy state (1" < T,), respectively. However, the data of «, and a, for polyethylene
(PE) are more readily available than those for HDPE, which could not be found in literature.
Thus, the data of o, and ay for PE were used to calculate v;(7),0,0) for HDPE, by using Eq.

(5.29). According to Simha and Boyer [222]’s estimates of «, and «,, which were originated
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from Quinn and Mandelkern [223)’s raw data, the values of v(7,0,0) were calculated for
HDPE under various temperatures, as summarised in Table 5.3. In addition, Simha and Boyer
[222] also estimated o, and oy for PTFE, based on which the values of vf(T,0,0) were also
calculated with Eq. (5.29). Furthermore, Stehling and Mandelkern [224] obtained «, and
for linear polyethylene (LPE). Applying these data to the calculation of v;(7,0,0) for HDPE,

the obtained values were also included in Table 5.3.

In this work, the average values of v;(7’,0,0), obtained with formulations and data from various
sources for PTFE and HDPE under each temperature, were adopted, and the mean absolute
deviations were considered as uncertainties, as shown in Table 5.3. With the obtained estimates
of v¢(T,0,0) and ¢, the values of the compressibility, ,, were calculated, which are shown in
Table 5.2. Intuitively, two pieces of information could be extracted from the results for j,.
Firstly, the values of §, for all runs were of the same order of magnitude, i.e. around 2x107°
bar™'. The uncertainty in the estimation resulted mainly from that of v;(7,0,0), and increased
with the magnitude of 3,. Secondly, the values of 3, were found to increase with the increasing
temperature. Although it is difficult to find compressibility data for PTFE and HDPE in
literature, relevant compressibility data are readily available for polyethylene [115, 225-227]
and crystalline PTFE and HDPE [228, 229]. The results reported in these works showed great

consistency with those obtained here.

For instance, Ito [228] reported a value of 1.89x 1075 bar~! for the isothermal compressibility
of crystalline PTFE, and 1.56x107° bar~! for crystalline HDPE. Lorenzen et al. [229] reported
a decreasing bulk compressibility of crystalline PTFE as pressure increases, with different val-
ues obtained for different crystalline structures of PTFE in various phases, e.g. 1.57x1075
bar~! in form II, 5.1x107% bar™! in form IIT (orthorhombic), and 3.8x107% bar~! in form III
(monoclinic). In addition, in Tsujita et al.’s work of the P-V-T relations measured for linear
polyethylene, the compressibility of polyetheylene increased from about 3x107° bar~! at 20
°C, to around 4x107° bar~! at 50 °C [225]. Isacescu et al. [226] published data on the com-
pressibility of polyethylenes of differing molecular weights at temperatures between 23 °C and
300 °C, and pressures between 1 atm and 1800 atm. They investigated both the pressure and

the temperature dependences of the isothermal compressibility coefficient, and noticed that it



124 Chapter 5. Transient Permeation Following Successive Pressure Steps

decreased with increasing pressure but increased at higher temperatures. For example, at 23
°C, they reported a decrease of compressibility from 4.8x107> atm ™! at 100 atm, to 3.2x107°

L at 1800 atm; at 100 atm, they reported an increase of compressibility from 4.8x107°

atm™
atm~! at 23 °C, to 25.6x107° atm™! at 300 °C. They explained this temperature dependence
of compressibility by pointing out that at higher temperature, there would be larger free space,
apart from the molecular volume itself, for compression. Hatakeyama et al. [227] also observed
a decreasing trend of the compressibility of polyethylene with the increasing pressures up to
around 4900 bar. Nevertheless, the obtained values were slightly lower than those obtained
by Isdcescu et al. [226]. The discrepancy might result from the highly crystalline samples
Hatakeyama et al. [227] used, of which the compressibility could be much lower than that of
highly amorphous ones. Despite the fact that the pressure dependence of /3, was not obtained in
this work, since a constant compressibility was assumed when analysing the successive pressure
step experiments, regardless of the varied pressure, the orders of magnitude of the obtained

compressibility, as well as the temperature effects, were in agreement with the findings in these

referenced works.

5.7.3 Estimating By

Given the values of b, ¢, and Bp, from Eq.(5.18), the values of By can be estimated. The
amorphous volume fraction of the polymer, ¢,, measured by DSC (see Table 3.2 in Section
3.2.2), was assumed to be constant in the ranges of temperatures, pressures and penetrant
concentrations under which the experiments were conducted. This same assumption was applied
in Sato et al.’s study, and verified by their crystallinity observations of before and after the
solubility experiments with X-ray diffraction [215]. As can be seen from Table 5.2, there were
minor variations in the values of By determined from each run. For PTFE, the values of B,

were in a range of 0.31 - 0.35; for HDPE, they were in a range of 0.47 - 0.52.

Fujita [107] considered By as the parameter, which characterises the minimum hole size required
for a penetrant molecule to displace into. Thus, By may be considered to be related to the

penetrant size and shape. Similar to Ay, the obtained values of B; were comparable to the ones
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existing in literature. For instance, Kulkarni and Stern [115] estimated By to be 0.38, 0.39 and
0.39, for diffusion of CO, in polyethylene (PE) at 5 °C, 20 °C and 35 °C, respectively. In Sato
et al. [215]’s work of CO, diffusion in polymers, the values of B, obtained were 0.42 in PBS,
and 0.51 in PBSA. Apart from CO,, diffusion studies of a number of other penetrants in various
polymers reported similar values of By. For the 13 organic liquids that Guo and de Kee [219]
investigated for the diffusion in polyethylene at 30 °C, estimations of By in a range of 0.37 - 0.60
were obtained. In addition, Yeom and Huang [220] determined values of By to be 0.38, 0.40,
0.50 and 0.54 for the diffusion of benzene, toluene, n-hexane and n-heptane in polyethylene,
respectively, in a temperature range of 25 - 45 °C. Thus the values of By determined in this

work were highly consistent with those reported in other pertinent studies.

5.8 Estimation of W;, U;/(W;V’) and Di(X =0)

The analysis presented in the previous sections, on the basis of e.g. Eq. (5.14) for Fj,
was conducted under the assumption that the values of W; were much greater than those
of In[D}(X = 0)], so that the simplified model could be applied. After obtaining the estimates
of By, v¢(T,0,0) and B, as described in Section 5.7, values of W; could be determined using
Eq. (5.5); these were shown in Table 5.4.

Table 5.4: Estimated values of W;, U;/(W;V"), and D,(X = 0), obtained from Eq. (5.5), Eq.
(5.27), and Eq. (5.26), respectively, for the eight runs.

Run-P-1, PTFE, 28 °C Run-P-2, PTFE, 40 °C

i pi W, U/ (W, V') DX =0) p, W, U;/(W;V')  Di(X =0)
bar bar

1 55 8.2940.36 84.17+5.64 2.4440.11 50 8.23+0.35 67.394+5.49 2.66+0.15

2 63 8.29+0.36 84.04+5.64 2.88+0.14 100 8.31+£0.36 66.204+5.39 6.81£0.53

3 100 8.32£0.36 83.43+5.59 3.304£0.18 150 8.38+0.36 65.02+5.30 2.38+0.12

4 150 8.37+0.36 82.61£5.54 2.91+0.15 200 8.46+0.36 63.85+£5.20 4.5340.32

5 250  8.54+0.37 62.69+5.11 2.9540.18
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Continuation of Table 5.4
6 300 8.62+0.37 61.544+5.01 4.2940.30
7 350 8.70+0.37 60.40+4.92 3.44+0.22
8 400 8.78+£0.38 59.27+4.83  4.5040.32
9 450  8.86+0.38 58.15+4.74 3.93£0.27
10 500  8.95£0.38 57.05+4.65 4.93£0.36
Run-P-3, PTFE, 50 °C Run-H-4, HDPE, 28 °C
i i W; Ui /(W;V') DX =0) p, Wi U;/(W;V')  Di(X =0)
bar bar
1 50 7.07+0.30 70.52+15.42 2.354+0.27 55 13.10%+1.35 15.3442.96 1.7640.08
2 100 7.4440.32 63.76+13.94 5.27+0.85 72 13.1841.36 15.2442.94 1.9240.10
3 150 7.48+0.32 63.01+£13.78 2.504+0.30 88  13.23£1.36 15.144+2.92 1.88+0.09
4 200 7.7340.33 58.96+12.89 3.49+0.49 100 13.23£1.36 15.07£2.91 1.81+0.09
5 250 T7.77+£0.33 58.40+12.77 2.78+0.35 125 13.2441.36 14.91+2.88 1.87+0.09
6 300 8.01+£0.34 54.954+12.01 3.414+0.48 150 13.25+1.36 14.76+2.85 1.89+0.10
7 350 8.03+0.34 54.62+11.94 2.91£+0.38 175 13.264+1.36 14.61+2.82 1.9440.10
8 200  13.27£1.36 14.46+2.79 1.96+0.10
9 250  13.264+1.36 14.164+2.73 2.01£0.11
10 300 13.2741.36 13.86+2.68 2.14+0.12
11 350  13.264+1.36 13.574+2.62 2.1740.13
12 400 13.2841.37 13.28%+2.56 2.3240.14
13 450  13.284+1.37 12.9942.51 2.4240.15
14 500 13.2541.36 12.714+2.45 2.46+0.16
15 550  13.254+1.36 12.4342.40 2.6540.18
16 600 13.2241.36 12.154+2.35 2.7440.19
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Continuation of Table 5.4
Run-H-5, HDPE, 35 °C Run-H-6, HDPE, 35 °C
v i W, Ui/ (W, V') DX =0) p, W, U;/(W;V')  Di(X =0)
bar bar

1 5 12.38+£0.67 1.34£0.41 1.57£0.15 55  14.26+0.77 20.40£2.53 1.68+0.09
2 10 1248%£0.67 1.34£0.41 2.324£0.35 100 14.57£0.79 19.954+2.48 2.05£0.13
3 20 12.584+0.68 1.33+0.41 1.914+0.24 150 14.62+0.79 19.46+2.42 1.86+0.11
4 30 12.69+0.69 1.33+0.40 1.82+0.22 200 14.6740.79 18.97£2.35 1.954+0.12
5 40 12.78+£0.69 1.324+0.40 1.744+0.19 250 14.69£0.79 18.4842.29 2.02+0.13
6 55 12.964+0.70 1.314+0.40 1.83+0.22 300 14.67£0.79 18.01+2.24 2.09+0.14
7 75 13.15£0.71 1.30£0.40 1.81£0.21 400 14.59+0.79 17.07+2.12 2.32+0.17
8§ 100 13.204£0.71 1.2940.39 1.70£0.18

9 125 13.2440.72 1.274+0.39 1.7240.19

10 150 13.26+0.72 1.26+0.38  1.73+0.19

11 175 13.26+0.72 1.244+0.38  1.75+0.20

12 200 13.26+0.72 1.23+0.37  1.7840.20

13 250 13.24+0.72 1.20£0.36  1.85+0.22

14 300 13.23+0.72 1.17+0.36 1.9240.24

15 350 13.21+0.71 1.144+0.35 2.00+0.26

Run-H-8, HDPE, 35 °C Run-H-9, HDPE, 50 °C
T D W Ui /W, V') DX =0) p, W, U;/(W;V')  Di(X =0)
bar bar

1 200 14.23+0.77 23.00£4.83 1.97+0.20 5 11.64£0.63 19.054+3.53 1.16£0.03
2 250 14.3040.77 22.37+£4.70 2.16+0.23 10  12.00£0.65 18.9943.52 1.35£0.06
3 300 14.2840.77 21.75+£4.57 2.2140.24 20 12.63£0.68 18.88+3.50 1.30£0.05
4 350 14.27+0.77 21.15+£4.44 2.36+£0.27 30  13.384+0.72 18.77£3.48 1.2540.04
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Continuation of Table 5.4
1 Di, Wi U/(W;V')  Di(X =0)
bar
5 40 14.144+0.76 18.66+3.46 1.22+0.04
6 50  14.734+0.80 18.55+3.44 1.2040.03
7 75 16.9240.91 18.2843.39 1.26+0.04
8 100 18.1840.98 18.01+3.34 1.2240.04
9 125  19.6941.06 17.744+3.29 1.2240.04
10 150  21.20+1.15 17.47+£3.24 1.234+0.04
11 175 21.63+1.17 17.21+£3.19 1.2340.04
12 200  22.2141.20 16.954+3.14 1.2440.04
13 250  21.934+1.19 16.4343.05 1.26+0.04

It can be seen in Table 5.4 that in general, the values of W, ranged approximately from 7 to
22, whilst the values of In [D}(X = 0)] were less than 1. These values of W; were greater than
W =5, which was the worst case scenatio used to test the sensitivity of the simplified model

to the assumption of W; > In[D(X = 0)].

It might be observed from the table that the estimates of W; were approximately the same in
a single run for all runs but Run-H-9, in which case W; increased roughly from 12 to 22 with
increasing pressure. This was likely due to the comparatively larger value of the compressibility,

f3,, obtained for Run-H-9.

In addition to W;, the lumped parameter, U;/(W;V'), can also be estimated. As described in
Section 4.52, for the initial step, the value of U;/(W;V’) can be calculated from Eq. (4.52),
given the obtained values of Fy, Dr(T,p;,0) and Dj(X = 0). The subsequent values of
U;/(W;V') for the i*" step can be calculated using Eq. (5.27), with the obtained free-volume
parameters, i.e. v;(7,0,0) and (,. Finally, the values of D;(X = 0) can be estimated from Eq.

(5.26). The obtained values are summarised in Table 5.4.
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The uncertainties in the estimates of U;/(W;V') were relatively significant, arising from the
accumulation of uncertainties, when estimating U;/(W;V') from U;_,/(W;_1V"). In this case,
a small uncertainty in D}(X = 0) led to a considerably increased uncertainty in the estimated
U;/(W;V"). Compared with the other runs, Run-H-5, which was conducted at 35 °C, starting
from a low pressure of 5 bar, seemed to have lower estimates of U;/(W;V’). This was due to
a comparatively low starting value during the first step for U;/(W;V’), which was estimated

with Eq. (4.52), from the obtained values for F,,(t; = 00), Dr1(T,p1,0), and D} (X = 0).

By comparing Run-H-5 with the other runs that were also conducted under 35 °C but with
higher initial pressures, i.e. Run-H-4, Run-H-6, and Run-H-8, it can be seen from Table 4.4 that
the value of F},(t; = o0), which appears in the numerator of Eq. (4.52), for Run-H-5 was on
average an order of magnitude less than that for the other runs; and the value of Dy (T, py,0),
which appears in the denominator of Eq. (4.52), for Run-H-5 was on average twice as that for
the other runs; whilst the values of D} (X = 0) were comparable among these runs. As a result,

the estimates of U;/(W;V") for Run-H-5 were about 0.06 - 0.08 of those for Run-H-4,6,8.

By comparing Run-H-5 with Run-H-9, which was conducted under a higher temperature of 50
°C starting from the same pressure of 5 bar as that for Run-H-5, it can be seen from Table 4.4
that the value of F,,,(t; = oo) for Run-H-5 was about a quarter of that for Run-H-9, possibly
owing to the lower temperature applied to Run-H-5; the value of D}(X = 0), which is in the
denominator of Eq. (4.52), for Run-H-5 was about 1.3 times as that for Run-H-9, whilst the
values of Dr (T, p1,0) were similar in the two cases. Consequently, the estimates of U;/(W;V’)

for Run-H-5 were approximately 0.07 of those for Run-H-9.

Although the value of F,,(t; = oo) for Run-H-5 was smaller than that for the other runs,
when comparing the values of F,(t; = oo) under the same pressure and temperature, e.g.
Fo(tizg = o0) for Run-H-5 and F,,(t; = 0o) for Run-H-6 at 55 bar, F,,(t;—s = oo) for Run-H-5
and F,(t;—2 = o0) for Run-H-6 at 100 bar, and F,,(t;—19 = 00) for Run-H-5 and F,,(t3 = oo) for
Run-H-6 at 150 bar, as can be seen from Table 5.1, it was found that these steady-state fluxes
were close under the same pressure for the two runs, regardless of the initial pressure or pressure

steps. This raised a question on how the successive measurements with multiple pressure steps,
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may differ from the single-step measurements, regarding the estimation of transport properties

and free-volume parameters in the model.

In fact, it was speculated that less consistent results might be obtained from successive mea-
surements in a low pressure range, since the effects of concentration and pressure on diffusion
are more significant under higher pressures. For Run-H-5, the estimation results were built on
those obtained under low pressures, in which case there was likely to be higher estimation un-
certainty, by applying the diffusion model developed with free volume theory. Supplementary
experiments may be conducted in future projects. For example, Run-H-5 could be repeated
under the same conditions, with the same initial pressure and pressure steps, to verify the flux
obtained at each step. Furthermore, a series of single-step measurements may be conducted
under the corresponding pressures to those in the successive measurements, to compare the
estimations obtained by applying the methodologies for the single-step measurements and the
successive measurements. These experiments could help explain the reason for the lower esti-
mates of U; /(W;V') for Run-H-5, and also verify the validity of the experimental and modelling

method for successive measurements.

5.9 Comparison of Measured vs. Modelled Fluxes

The flux curves can be modelled using Eq. (5.10) to Eq. (5.14), with the parameters determined
from the experimental measurements, using the methods described above. Figure 5.3 presents
the modelled flux curves, compared with the experimental ones, for three three examples: Run-
P-1, Run-H-6 and Run-H-8. In Figure 5.3, the dimensionless time used in the model, 7;, was
converted to real time with Eq. (5.7), and was presented consecutively from the previous step.
It can be seen that there was an excellent agreement between the experimental flux curves and
the modelled ones. This showed that the parameters determined using the methods described
above did indeed give excellent fits to the experimental measurements, during both the transient

and the steady-state periods.



5.9. Comparison of Measured vs. Modelled Fluxes

131

CO, Flux, 10° cm3(STP) cm? s™ CO, Flux, 10° cm3(STP) cm? 5™

CO, Flux, 10° cm*(STP) cm? s™

160
Experimental flux ;
209 - - -Modelled flux §
i - 140
-------- Pressure !
15 - 120
o
@
@
F100
10 o
jon
QO
80 =
54
- 60
Step 1 Step 2 Step 3 Step 4
0 T T T T T 40
0 10 20 30 40 50
Time, hours
(a) Run-P-1
8 450
Experimental flux
7+ - - - -Modelled flux 400
-------- Pressure
6 / - 350
5 e L 300 g
] L [
ol 250 £
[}
1]
----------- -200 ©
34 o
...................... - 150
24
Step Step Step |- 100
19| Step1 iStep2 Step3 4 5 Step6 7
------------------------- - 50
0 T T T
0 10 20 30
Time, hours
(b) Run-H-6
- 350
-300 8
g
>
[2]
[%]
j<
250 o_
2 Experimental flux
- - --Modelled flux
-------- Pressure
Ll % SO - 200
Step 1 Step 2 Step 3 Step 4
0 T T
0 10 20
Time, hours
(c) Run-H-8

Figure 5.3: Comparison of the experimental flux curves and the modelled flux curves, with

three runs as examples.
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5.10 Concluding Remarks

In this chapter, the results of continuous permeation experiments, which involved multiple suc-
cessive pressure steps, were presented and analysed. The effects of pressure on the transport
properties were studied, with key conclusions as follows: (1) An instantaneous drop of the mea-
sured permeation flux was observed, when the system pressure was increased. This phenomenon
was most likely caused by a compaction of the polymer matrix at the higher pressure. Conse-
quently, diffusion was inhibited, as a result of the decrease in diffusivity caused by a decrease
in free volume subject to the pressure increase. (2) Building on the nondimensionalised diffu-
sion model developed for transient permeation in Chapter 4, a model was developed to analyse
permeation experiments with successive pressure steps. Excellent agreement between measured
and modelled flux curves were obtained, with the values of the key dimensionless parameters
determined for each pressure step, e.g. Dr;(7T,p;,0), D;(X = 0), and U;/(W;V"), by applying
the methods developed in this chapter. (3) By quantifying the flux drop and the decrease of
the thermodynamic diffusivity, when the pressure was increased, the values of the free-volume
parameters, i.e. Ay, (,, and B, were estimated. The obtained values for each run were in
agreement with values reported in the literature for similar systems. It should be pointed out
that correlations for v¢(7’,0,0) were used to determine the values of 5, and subsequently those
of By. Ideally, it would be desirable to experimentally measure v;(7,0,0) for the polymers.
Nevertheless, the work presented in this chapter primarily demonstrated how to estimate all
the paramters in the free volume model, once the free volume of the specific polymer under test
was known. Moreover, considerations on the validity of the estimation results obtained from
successive permeation experiments in a low pressure range by applying the proposed method
were discussed, and recommendations on future investigation to address the inconsistency issue
were provided. On the basis of the results obtained in this chapter, the work could be further

developed for solubility analysis, which will be focused in the next chapter.



Chapter 6

Solubility Analysis

6.1 Introduction

This chapter further develops the analysis by modelling the concentration of CO, at the top
surface of the polymer, C'(X = 0), assumed to be in equilibrium with the PTFE and HDPE
samples, as determined using the methods described in Chapters 4 and 5. As described in
the previous chapters, nine experimental runs, amongst which eight were continuous runs with
successive pressure steps, were carried out under various conditions. The pressure dependence
of the free volume were characterised, by applying a simplified, nondimensionalised free volume
model with Fick’s laws of diffusion. However, the individual parameter, v, which characterises
the dependence of the diffusivity on the penetrant volume fraction, could not be determined
independently, since it was contained in the lumped group, U;/(W;V/). In this chapter, an
equation of state was introduced to investigate V/, which was defined by Eq. (4.9), i.e. V) =

Vi pi/Vor3K 1atm, @8 & ratio of the penetrant specific volumes at the two specified conditions.

The relationship between equilibrium solubility and pressure will be described using Sanchez-
Lacombe (SL) equation of state (EOS) [103, 104, 157], by optimising the COy-polymer inter-
action parameters in the model. As mentioned in Chapter 2, the SL EOS, which treats the
polymer chains as a set of interacting beads in a lattice, has been extensively applied to model

phase equilibrium in polymer solutions and predict thermodynamic properties for penetrant-

133
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polymer systems [105, 154-156, 230-232|. The binary interaction parameters, which have been
found to be temperature-dependent in some studies [159, 163, 185, 231-233|, are typically

optimised to fit the experimental equilibrium solubility data with the SL EOS.

In this chapter, the theoretical framework presented in Chapter 5 was further developed to
enable the estimation of the experimental CO, solubility, which was considered to be equivalent
to C(X = 0), as well as the modelled CO, solubility obtained by applying the SL EOS.
Furthermore, these experimental and modelled results will be presented and compared. Finally,
an analysis on the key results is conducted, with recommendations to make direct measurements

of solubility, to validate the indirect measurements made in this work.

6.2 Theoretical

6.2.1 Equilibrium Solubility

Estimates of Dy;(T, p;,0) and D;(X = 0) were obtained in Chapter 5 by applying Eq. (5.16)
and Eq. (5.26), respectively. The volumetric concentration of the penetrant at the top surface
of the disc for the i*® step, C;(X = 0), which was assumed to be the equilibrium solubility of

COy in the mixture, can be obtained by combining Eq. (4.8) and Eq. (5.6):

LF,,(t; = 00)In[Di{(X = 0)]
G =0 = ST DX = 0) = 1] (6:)

6.2.2 Sanchez-Lacombe (SL) EOS

By minimising the Gibbs free energy of a chain fluid on a lattice, Sanchez and Lacombe [103]

derived the SL EOS:

ﬁ2+ﬁ+f{ln(1—,§)+ (1—%) ﬁ} =0, (6.2)
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where p, T and p are the reduced pressure, temperature and density, respectively. They are

defined by:
My p*

= - 6-3
RT*p*’ (6.3)

ﬁ:%aj—’:_pzﬁ*ar
P P

where p*, T™ and p* are the characteristic parameters of the pure penetrant and polymer; r
is the size parameter representing the number of lattice sites occupied by a polymer molecule;
and My is the molecular weight. The characteristic parameters are related to the Boltzmann’s

constant, kg, and the lattice variables, €*, v* and m by:

€ * *
pr=—T"=—p" = . (6.4)

For mixtures, the SL EOS is identical to the pure-component equation, i.e. Eq. (6.2). However,

mixing rules are applied to the parameters:

L 2 2y hidievy
ix — ’
- Ui

Vi = D Y Gidiv, (6.6)
i

L o

Mmix p m;

, (6.7)

¢; = —”f”ij , (6.8)
= (5%)

where ¢; and w; are the volume fraction and the mass fraction of component i, respectively.

The cross parameters, € and v, are:
€ij = /€€ (L = kig), (6.9)
* 1 * *
vij = 5 i ) (1 = myg)- (6.10)

In the above expressions, k;; and 7;; are binary interaction parameters. Through pure-component
and binary interaction parameters of the SL EOS, thermodynamic properties of multicompo-

nent mixtures can be predicted.
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6.3 Results and Discussion

6.3.1 Solubility Measurements

Figure 6.1a - 6.1d are plots of permeability, diffusivity, and solubility obtained from the suc-
cessive pressure step permeation experiments for CO,-PTFE and CO,-HDPE systems. The
permeability, P;, was calculated by Eq. (2.1) from the measured flux. The thermodynamic
diffusivity at the top surface of the polymer disc, Dr;(X = 0), was obtained by taking the
product of Dr;(T,p;,0) and D;(X = 0). The concentration of the penetrant at the top surface
of the disc, C;(X = 0), assumed to be the equilibrium solubility of the penetrant in the mixture,
was obtained by Eq. (6.1). To test the agreement with Henry’s law, i.e. C' = Sp, where the
solubility coefficient S is considered as the Henry’s law constant, linear fits of the data points

for C;(X = 0) are also shown in the figure.

Pressure Dependences of Transport Properties

Figure 6.1a and 6.1b show the permeability obtained from the experiments with PTFE and
HDPE, respectively. The uncertainty for P; was relatively low, the error bars were not visible
on the plots. There was a clear trend of decreasing permeability with increasing pressure for
CO4,-HDPE system, whereas the trend for COo-PTFE system was less obvious. A decreasing
permeability with increasing pressure, in a wide range of pressures at up to hundreds of bars for
COg-polymer systems, has also been reported in other works [202, 234]. Since the permeability
is a property determined by a combined effect of the diffusivity and the solubility, this trend
arises from the decreasing diffusivity, as pressure increases. It can be seen from Figure 6.1d
that D7,;(X = 0) decreases with increasing p;, as a result of the decreasing free volume for

diffusion, due to the compaction effect by the increasing pressure.



6.3. Results and Discussion 137
50 20 70
*
= Run-P-1,28°C L = Run-H-4, 28 °C
w0 o e Run-P-2,40°C v e Run-Hs535°C |
A Run-P-3,50°C 5] ¢ A Run-H-6,35°C
‘. v RunH-8,35°C [ 50
" ° ¢ Run-H-9, 50 °C
5 B | ¢ a0 0
c ° = . .
8 LI ° S 2,7, g
- = * 30 @
Q 24 e Q i * B
[ ]
LI )
° e © = g * 20
[ ] [ ] 5 | ] [
10 A, n_ ¢
A A A A , " ¥ 10
n M = ‘
" g g
0 T T T T T 0 T T T T T T O
0 100 200 300 400 500 0 100 200 300 400 500 600
p;, bar p;, bar
(a) PTFE, P; vs. p; (b) HDPE, P; vs. p;
8 18
o]
. = Run-P-1,28°C 164 = Run-H-4, 28 DC
7 I e Run-P-2 40°C ° e Run-H-5, 35 OC
I A Run-P-3,50°C 14 4 A Run-H-6,35°C
"o 6 ° "0 v Run-H-8,35°C
o~ _H- 0,
e . E ol = Run-H-9, 50 °C
o o ®
~ 5 N 0. ®
o o ]
- - 10 °,
S 44 S % e (]
il Loglds, L
X X e, +
. ~
Q'\ 3 é Q 6 - *e *
3 & 3 L : *
L] ] \ "EE Y
2 . e ° $ * & 4 "t a1,
- [
- 1 * & s,
1 T T T T T 2 T T T T T T
0 100 200 300 400 500 0 100 200 300 400 500 600
p;, bar p;, bar
(c) PTFE, Dr;i(X =0) vs. p; (d) HDPE, D7 ;(X = 0) vs. p;
[ )
400 ™ Run-P-1,28°C i 80 . = Run-H-4, 28 °C
0 e Run-P-2,40°C - > . e Run-H-5,35°C
= A Run-P-3,50°C ¢ > . A Run-H-8,35°C
£ —— Linear Fit 1 § E . v Run-H-8,35°C
3 300 Linear Fit 2 # 5 60 - 4 Run-H-9,50°C
g Linear Fit 3 i g ¢ — Linear Fit 4
-~ — —— Linear Fit5
o *
E oo ] = — Linear Fit6
L 2004 [ T Linear Fit 9
5 5
= = »
o o * A A
1 ] 1l 4 A
5 100 5 20 d " A ; T : : g ® ®m ® ]
O o L3 %‘ L : ° Y [ [ J
* o® L
O T T T T T O _V T T T T T T
0 100 200 300 400 500 0 100 200 300 400 500 600
p;, bar p;, bar

(e) PTFE, C;(X =0) vs. p;

(f) HDPE, C;(X = 0) vs. p;

Figure 6.1: Pressure dependences of P;, Dp,;(X = 0) and C;(X = 0) for the eight runs, with
uncertainties shown by the error bars on the plots. Linear fits for the data points of C;(X = 0)
are shown, with slopes presented in Table 6.1.
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Intriguingly, by taking a close look at the data points shown in Figure 6.1d, a leap was noticed
in the values of Dr;(X = 0) for ¢ = 2 from Dz;(X = 0), which was obtained from the transient
measurement during the first step. This leap at Dy 5(X = 0) was then followed by a decrease in
Dyr,;(X = 0) for the rest of the steps. This phenomenon was observed in all runs with HDPE,
regardless of pressure or temperature. By examining the derivation of Dr;(X = 0), it was
found that the determining term for its value is the ratio of F},(t; = oc0) to F,,(t; = 0). It can
be seen in Table 5.1 that for almost all runs with HDPE, this ratio of F,,(t; = 00) to F,,(t; = 0)
for i > 2 was in its maximum after the second step (i.e. i = 2), subsequently decreasing after

further steps.

It can also be seen from Figure 6.1b that P; had a positive dependence on temperature for
the runs with HDPE. It may be hypothesised that this was due to the increasing solubility
with increasing temperature. In particular, compared with the other runs, Run-H-9, which
was conducted at 50 °C, seemed to have much higher permeability, referring to the secondary
y-axis of Figure 6.1b. This high permeability was consistent with the high solubility obtained

for Run-H-9, as can be seen in Figure 6.1f.

Figure 6.1f illustrates the pressure dependence of C;(X = 0), obtained by applying Eq. (6.1),
for the HDPE runs. To test the agreement with Henry’s law, linear fits of the data points for
the runs were also shown in the figure. It can be seen that the data points did not strictly
follow Henry’s law. There seemed to be a “transition” point between 75 bar and 100 bar. For
Run-H-4, 5, 6, and 9, the linear fits were obtained with the data points below 100 bar, but
not with those above 100 bar, owing to the significant deviations from Henry’s law at higher
pressures. In particular, for Run-H-8, which was conducted at pressures higher than 200 bar,
the four data points shown in Figure 6.1b appeared not to follow the pattern for Henry’s law.
As a result, a linear fit was not obtained for Run-H-8. The “transition” point appeared to be
in the vicinity of the critical pressure of the penetrant CO,, i.e. 74 bar. Above the “transition”
point, CO, is in a supercritical state, behaving as a supercritical fluid, with a much higher
density than that in the gaseous phase. Solubility curves with similar characteristics were also
reported in Nalawade et al. [35]’s work, where CO, solubilities in polyester resins were measured

at temperatures ranging from 60 to 147 °C and pressures up to 300 bar. At the temperature of
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around 60 °C, which is higher than 35 °C applied in this work, they reported that the solubility
isotherm was not linear at high pressures. On the other hand, this nonliear behaviour was
absent at higher temperatures. They postulated that this deviation in the high pressure range
while at 60 °C, might result from the reduced free volume available in the polymer, when the
polymer was compressed. Nalawade et al. [35] observed the same trend at 60 °C but not at
higher temperatures, postulating that the deviation from Henry’s law might be the result of

reduced polymer free volume.

For the PTFE runs shown in Figures 6.1a, 6.1c and 6.1e, there seemed to be a few anormalies
that obscured the effects of pressure and temperature on permeability, diffusivity and solubility.
Specifically, regarding the permeability, P; seemed to decrease with p; for Run-P-1 and Run-
P-2, but remain almost constant with p; for Run-P-3. As for Dr;(X = 0), there was an
increasing trend of Dy ,;(X = 0) with increasing p; for the three runs at pressures below 100
bar. This may result from the increasing volumetric fraction of the penetrant in the mixture,
giving rise to more free volume for diffusion, as the pressure increases up to 100 bar. In that
case, this positive effect on Dy ;(X = 0) appeared to outweigh the compaction effect due to
higher pressure, reducing the free volume and hindering the diffusion process. Similarly to the
cases for HDPE, leaps in the values of Dy (X = 0) for i = 2 were also observed, as a result of
the large value of the ratio of F),(t; = c0) to F,,(t; = 0) for ¢ = 2. At higher pressures, there
was a general trend of decreasing Dr;(X = 0) for all the runs. Nevertheless, the temperature
dependence of Dr;(X = 0), which was expected to be positive, was not evident. In order
to validate the results obtained for the PTFE runs, it is worth repeating these experiments to
check whether similar results could be obtained, and carrying out a few more experiments under
various conditions for more convincing elucidation on the effects of pressure and temperature

on the transport properties of the COo,-PTFE system.

Considering the obtained solubilities for all runs, except for Run-P-2 and Run-P-3, the uncer-
tainties of C;(X = 0) seemed to be well below 5%, resulting in almost “invisible” error bars
in Figures 6.1e and 6.1f. On the other hand, for Run-P-2 and Run-P-3, there seemed to be
higher estimation uncertainties, which increased with increasing p; or C;(X = 0). Two reasons

may account for it. Firstly, when applying Eq. (6.1) to calculate C;(X = 0), the major source
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of the uncertainty was D}(X = 0), which was obtained based on D'(X = 0) in the first step,
estimated using the graphical method described in Chapter 4. As shown in Table 4.4, the
estimation uncertainties of D’'(X = 0) were comparatively larger for Run-P-2 and Run-P-3,
than those for the other runs. Secondly, with the accumulative uncertainty of D;(X = 0) as
step ¢ increased, the estimation uncertainty for C;(X = 0) increased with increasing pressure.
Nevertheless, taking all estimates of C;(X = 0) for the runs into account, the highest uncer-
tainty was effectively below 10%, which seemed to be acceptable for estimation accuracy, given
that these solubilities were indirectly obtained from permeation experiments. Analysis on the

solublity and its agreement with Henry’s law will be conducted in the following section.

Comparison of Solubility with Literature Data

Comparing the solubility, C;(X = 0), obtained for the CO,-PTFE and the CO,-HDPE systems,
it can be seen from Figures 6.1e and 6.1f that the former was about 10 times larger than the
latter under similar temperatures and pressures. Overall, these values were comparable to
those existing in literature for the sorption of CO, in various polymers including PTFE and
HDPE under various conditions [36, 163, 235]. For instance, Sato et al. [163] measured the
solubilities of CO, in molten HDPE at temperatures 160, 180, and 200 °C and pressures up to
170 bar. They reported a linear increase of solubilities with increasing pressure, e.g. at 160 °C,
from approximately 39 ¢cm?®(STP) cm—3(mixture) at 69 bar to 126 cm?®(STP) ¢cm™3(mixture)
at 175 bar; at 180 °C, from about 34 ¢cm?®(STP) cm™3(mixture) at 70 bar to 115 cm?®(STP)
cm 3 (mixture) at 180 bar; at 200 °C, from about 30 ¢cm?®(STP) cm™3(mixture) at 66 bar to
99 cm?®(STP) ¢cm™3(mixture) at 170 bar. From these data, Sato et al. [163] also reported that
the solubilities of CO, in HDPE decreased with increasing temperature. In comparison, the
measurements in this work did not show a monotonous trend of solubility with temperature.
As can be seen from Figure 6.1f, the values of C;(X = 0) for Run-H-4, which was conducted
at 28 °C, were higher than those for Run-H-5 conducted at 35 °C, but were lower than those
for Run-H-6 and Run-H-8, which were also conducted at 35 °C. In addition, the solubilities

obtained for Run-H-9 at 50 °C appeared to be much greater than those for the other runs.
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The obtained temperature effect on the results fails to meet the expectation that the CO,
solubility generally decreases with increasing temperature. This could discredit the reliability
of the experimental results obtained from the different runs. There might be three possible
reasons. Firstly, the exceptionally high solubility obtained in the particular run of Run-H-9
could be a random case. Despite the fact that the random errors have been accounted for
in the uncertainty calculation, and that the systematic errors should impact on all runs, it is
not entirely impossible that there could be operating mistakes, as far as this particular run
is concerned. The solution to this likely cause would be to repeat this run for multiple times
in the future, when enough time is given and adequate materials are provided. Secondly, the
negative temperature dependence of CO, solubility in HDPE in most studies [163, 215, 236—-238]
was reported for much higher temperatures than the ones applied in this work. In fact, in Lei
et al. [239]’s solubility study of CO,-PP system under a variety of temperatures and pressures,
they pointed out that at a constant pressure e.g. 50 bar, there was an upward trend of CO,
solubility in the rubbery state of PP as temperatures approached its melting temperature. It
would be beneficial to extend the work presented here to elevated temperatures of hundreds of
°C, with safety aspects taken into account, to gain a thorough understanding of the temperature
effect under a wider range of conditions. Thirdly, the reliability of this indirect approach of
obtaining solubility data from permeation measurements might be questionable. Although one
good way of verifying the results is through comparison with literature data, it would be more
straightforward to conduct seperate sorption experiments, from which the solubility of CO, in

the polymer can be directly measured.

Similar sorption findings as those in Sato et al. [163]’s work were obtained for the sorption of CO,
in PTFE by Bonavoglia et al. [36], who measured the equilibrium sorption of supercritical CO,
in PTFE at different temperatures from 40 to 80 °C and pressures up to 200 bar. The solubilities
they obtained were in an approximate range of 5 cm?®(STP) cm™3(mixture) to 30 cm?®(STP)
cm 3 (mixture), which were about an order of magnitude smaller than those obtained in this
work, as shown in Figure 6.1e. Additionally, in a permeation study of CO, through PTFE,
Pasternak et al. [235] evaluated the solublity coefficient, S, to be 0.92 bar~! at 25 °C, which

is about 35% below the values obtained for the PTFE runs in this work, as shown in Table
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6.1, which will be discussed later. Nevertheless, the facts that Pasternak et al. [235] evaluated
S from the relationship of S = P/D and that they conducted permeation experiments under
near-ambient conditions, may have, to some extent, contributed to the different estimations
of S in the two studies. To further investigate the sorption of CO, in polymer systems and
compare the results with those presented here, solubility data for other COy-polymer systems

can also be found in literature.

Mukaddam et al. [240] determined the sorption isotherms for CO, in Nafion, which is an impor-
tant class of perfluorinated polymers based on sulphonated ionomers, at 35 °C by barometric
techniques. They obtained a linear increase of the solubility from 0 to about 15 cm?®(STP)
cm3(polymer), as the pressure increased to 20 atm, with a constant solubility coefficient of
0.75 bar~!. Merkel et al. [28] determined the solubility of CO, in PDMS at 35 °C and at
pressures up to 20 atm. They obtained a constant solubility coefficient, S, of 1.29 atm™!, in
the investigated pressure range. For the sorption of CO4 in glassy polymers at 35 °C and at
pressures up to 30 atm, the solubilities ranged from 0 to about 55 cm?(STP) cm™3(polymer) in
poly(phenylene oxide) (PPO) within the investigated pressure range [241-243]; from 0 to about
45 ¢cm?(STP) ecm~3(polymer) in PMMA [243]; from 0 to about 30 ¢cm?®(STP) cm™3(polymer) in
PC [243]; and from 0 to about 10 cm?®(STP) ecm™3(polymer) in cyclic olefin copolymer (COC)
[243]. It may not make much sense to directly compare these solubility data with those obtained
for the COo-PTFE system in this work, given the much higher pressures applied for the latter.
However, as shown in Figure 6.1e, extrapolations of the solubility curves to pressures below
50 bar would lead to values comparable to those found in literature. If the sorption results
obtained in this work for high pressures could be repeated, and verified by a direct approach of
sorption measurements, the data would fill the gap in literature on CO, solubility in polymers

in the high-perssure range.

Agreement with Henry’s Law

The solubility coefficient, S, which depicts the relationship between the equilibrium solubility,

C;(X = 0), and pressure, p;, can be obtained from the gradient of the C;(X = 0) vs. p; curves.
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Table 6.1: The solubility coefficient, S, obtained from the linear fits of C;(X = 0) vs. p; in
Figure 6.1 for the runs.

Run-P-1 Run-P-2 Run-P-3
T 28 °C 40 °C 50 °C
Di 55 - 100 bar 50 - 100 bar 50 - 150 bar
S, bar~! 1.36 £ 0.03 1.31 £ 0.02 1.16 = 0.04
Run-H-4 Run-H-5 Run-H-6 Run-H-9
T 28 °C 35 °C 35 °C 50 °C
Di 55 - 88 bar 100 - 600 bar 5 - 75 bar 5 - 75 bar
S, bar~! 0.14 £ 0.01 0.10 &£ 0.01 0.17 £ 0.02 0.55 #= 0.01

As shown in Figure 6.1e and Figure 6.1f for the PTFE and HDPE runs, as the pressure increased
above a certain point, the curves seemed to gradually deviate from the lines. In order to test
the agreement between the data points and Henry’s law, the linear fits for all runs were forced
to have zero intercept, with the slopes shown in Table 6.1. Specifically, the data points for the
runs were separated into two segments. A line, which fits the data points and intersects at the
origin, was obtained below 100 bar for each run (below 150 bar for Run-P-3 particularly).These
linear fits appeared to agree with Henry’s law. The slopes of these lines, corresponding to the
values of S, were summarised in Table 6.1. In particular, the solubility data for Run-H-8, which
was conducted at pressures above 200 bar, seem not to obey the Henry’s law. Thus, the linear

fit for Run-H-8 was not shown in the figure, and S was not obtained for this run.

It has been reported in some studies [185, 238, 239, 244, 245] for molten polymers that at CO,
pressures below 100 bar, the solubility of CO, increased almost linearly with CO, pressure;
whilst at pressures above 100 bar, the sorption isotherm curves appeared to bend towards the
p; axis. Lei et al. [239] attributed this change in curvature of the sorption curve at pressures
higher than 100 bar to the swelling effect, which they considered to be significant at high
pressures. With the swelling correction taken into account, they obtained a corrected solubility

isotherm curve, which was above the one without correction and exhibited an upward bend at
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high pressures.

Regardless of the changing curvature of the sorption isotherm, Sato et al. [215] calculated
Henry’s constant, denoted by Kp, as the limit of the ratio of gas pressure to solubility, when
solubility approaches 0. It is noteworthy that Kp is equivalent to the reciprocal of the solubility
coefficient, S, defined in this work. Similar approach was taken to obtain S from the gradients
of the linear fits for the sorption curves of the HDPE runs at pressures below 100 bar, as can be
seen in Figure 6.1f. These segments of the curves were fitted into lines of zero intercepts. The
values of S, presented in Table 6.1, were estimated from the slopes of these linear fits, with a

confidence level of 95%.

The obtained values of S shown in Table 6.1 for the PTFE and HDPE runs can be compared
with those of 1/Kp for COg-polymer systems in literature [163, 215, 235, 246]. By analysing
these data from literature, two pieces of primary information can be extracted. Firstly, there
exists a relationship between 1/Kp and 1/T', demonstrating that 1/Kp increases with increasing
1/T. Second, the values of 1/Kp seem to be dependent on polymer type, which may have
distinct characteristics regarding glassy and melting temperatures, crystallinity, and chemical

bonds, ete. For instance, Sato et al. [215] obtained comparable Henry’s constants for the COy-

PBS and CO,-PBSA systems they studied. The values of 1/Kp they obtained for the two

! as the temperature decreased from 180 to 120

systems ranged from 0.24 bar~! to 0.64 bar~
°C. Moreover, Sato et al. [163] reported 1/Kp, whose values were between 0.22 and 0.33 bar™,
for CO4 in PP and HDPE at temperatures of 200, 180, and 160 °C and pressures up to 170 bar.
In addition, Liu and Prausnitz [246] studied the solubilities of CO, in LDPE in a temperature
range of 125 - 225 °C, and 1/Kp obtained from their measurements were in a range of 0.30 -
0.43 bar~!. Larger values of the constant were obtained in Pasternak et al. [235]’s work of the

permeation of CO, through PTFE, where the solublity coefficient, S, was evaluated to be 0.92

bar~! at 25 °C.

As can be seen from Table 6.1, the values of S obtained for the PTFE runs in this work showed
consistent temperature dependence compared to those found in the literature. That is to say,

the values of S decreased with increasing temperature. However, these values were larger than
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most data found in literauture, including the one obtained for COo-PTFE system [235], as
mentioned above. As for the HDPE runs, the decreasing trend of S with increasing T" was not
obvious, owing to the larger value obtained for Run-H-9, which was carried out at the highest
temperature among the runs. Nevertheless, the values of S for the HDPE runs seemed to have
similar magnitudes as those found in literature. This comparison could be meaningful, since in
these instances the values for S or 1/Kp were derived using the data points at comparatively

low pressures, where the sorption behaviours appeared to obey Henry’s law.

The experimental solubility data will now be correlated using the SL. EOS. The deviation
between the experimental and the modelled solubility was minimised by optimising the binary
interaction parameters in the SL EOS model. From the modelling results, not only the binary
parameters, k;; and 7;;, but also the specific volume of the penetrant at the experimental
conditions, V7, and the ratio, V', defined by Eq. (4.9), can be estimated. On the basis of
these quantities, the concentration coefficient, 7, in the free volume model, i.e. Eq. (4.6) and

Eq. (4.7), could also be estimated. Discussion on the topic is presented in the following section.

6.3.2 Modelling Solubility Using the SL EOS

To model the solubility using the SL EOS, the pure-component characteristic parameters are
required, which are tabulated in Table 6.2. These parameters were evaluated from the P-V-
T experimental data of each component. Given these parameters, the solubilities of CO4 in

PTFE and HDPE may be calculated using the SL EOS. In this case the ASPEN Polymer Plus

software was used; details of the ASPEN modelling procedure are referred to Appendix E.

Table 6.2: Pure-component parameters (p*, characteristic pressure; p*, characteristic density;
T*, characteristic temperature) for CO,, PTFE and HDPE in the SL EOS.

p*, bar p*, kg m™3 T, K Ref
CO, 7436 1629 277 ASPEN [142]
PTFE 3572 2215 630 Rodgers [144]

HDPE 4250 904 649 Sanchez and Lacombe [104]
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A value of 277 K for T* for CO,, evaluated from vapour-pressure and liquid-density data regres-
sion, is provided in the ASPEN mannual [142]. However, it should be pointed out that instead
of 277 K, a value of 258 K was used in this work for ASPEN simulation. The reason was that
with the value of 277 K specified in the programme for 7" of CO,, simulation errors occurred
and no sorption data were generated, when simulation pressure was above the “transition”
pressure, which was around the critical pressure of CO,, i.e. 74 bar, as mentioned in Section

6.3.1.

By varying the value of T™* for CO,, it was found that when the specified value was between 207
K and 266 K, no errors occurred and the simulation results agreed well with the experimental
results above the “transition” pressure; and when the specified value was out of the range of
207 - 266 K, the errors occurred in the high pressure range, regardless of the values of the other

characteristic parameters.

Intuitively, T was set to be an adjustable parameter, in addition to the two binary interaction
parameters, k;; and 7,5, so that their values were optimised, and the sum of squared differences
between the experimentally determined and the modelled solubilities was minimised. For the
sake of consistency in the modelling of solubility and estimations of binary interaction param-
eters for all runs, an average value of the optimised T™ for CO,, 258 K, was used to replace the
suggested value of 277 K for simulation. The fits of the modelled solubilities to the experimental

ones are shown in Figure 6.2, and the optimised values of k;; and 7;; are presented in Table 6.3.

In fact, different estimations of T* for CO, were reported in various studies [35, 233, 244, 247—
249], ranging from 269.5 to 341.2 K, using the P-V-T experimental data obtained in their
respective work. Ideally, it would be beneficial to determine the characteristic parameters from
experimental P-V-T data for the components investigated in this tudy, i.e. CO,, PTFE, and
HDPE, under the specific conditions applied to the experiments. Although such work was not
conducted, with the parameter values taken from literature, as shown in Table 6.2, together with
the one obtained by optimisation, excellent fits were obtained between the modelled solubilities

and the experimentally determined ones for the eight runs, which are shown in Figure 6.2.
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Figure 6.2: Comparison of the experimental solubility and the modelled solubility with SL. EOS

for PTFE and HDPE.
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Figure 6.2: Comparison of the experimental solubility and the modelled solubility with SL EOS
for PTFE and HDPE (cont.).

Table 6.3: Optimised binary interaction parameters, k;; and 7;;, obtained by minimising the
sum of the squared differences between the experimental solubilities and those modelled with

SL EOS.

Run-P-1 Run-P-2 Run-P-3
28 °C, 55 - 150 bar 40 °C, 50 - 500 bar 50 °C, 50 - 350 bar
ki 0.188 £ 0.001 0.171 £+ 0.001 0.161 £ 0.001
1ij 0.002 £ 0.001 0.010 £ 0.002 0.001 £ 0.001
Run-H-4 Run-H-5 Run-H-6
28 °C, 55 - 600 bar 35 °C, 5 - 350 bar 35 °C, 55 - 400 bar
ki 0.432 £+ 0.021 0.365 &+ 0.006 0.465 £+ 0.013
1ij 0.157 4+ 0.020 0.061 4+ 0.010 0.217 £+ 0.019
Run-H-8 Run-H-9
35 °C, 200 - 350 bar 50 °C, 5 - 250 bar
ki 1.250 + 0.033 0.185 4+ 0.001
Mij 0.560 4 0.038 0.003 4 0.001

Binary Interaction Parameters k;; and 7;;

As can be seen from Figure 6.2, the SL EOS could correlate the solubility data to within 5%

average relative deviation for all runs, by optimising the two binary interaction parameters,
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k;; and n;;, the values of which are shown in Table 6.3. Overall, the values of 7;; obtained for
the PTFE runs were two orders of magnitude less than those for the HDPE runs. However,
there seemed to be a lack of consistency in the values of this parameter among the runs. In
comparison, the obtained values of k;; exhibited a decreasing trend with increasing tempera-
ture. The temperature dependence of k;; has been reported in a number of studies for various
penetrant-polymer systems. For instance, for the sorption of CO, in PP at pressures up to 250
bar, k;; was found to decrease with temperature from 40 to 210 °C [239]. Similar trends for k;;
could also be found for CO,-PBS and CO,-PBSA systems [215], and for the sorption of butane

and isobutane in molten PP and PS [250].

In addition, concentration-dependent k;; was reported in Sato et al. [163]’s work, where they
correlated the solubilities of CO, and N, in molten PP ad HDPE with SL EOS, at tempera-
tures of 160, 180 and 200 °C and pressures up to 170 bar. For N,, they obtained satisfactory
agreements between the experimental and the modelled solubilities, with fixed k;; at a certain
temperature, regardless of the variations in pressure or concentration. However, for CO,, fixed
k;j led to large deviations between the experimental and the correlated data. The deviations

could be minimised by introducing a relationship for k;;, as a function of the penetrant con-

R
centration in the system. In this work, k;; was assumed constant at a specific temperature,
and was independent of pressure or concentration variations. This appeared to be a reasonable

assumption, as can be seen from the excellent agreement between the experimentally measured

and the modelled solubility data shown in Figure 6.2.

The optimised values of k;; and 7;; seemed to be positively related. Through an investigation
of the relationship between the two quantities, by assigning specific values to one of them and
optimising the other one, it was found that in each run, as the value specified for the fixed
parameter increased, the optimised value of the other one also increased. Nevertheless, the
resulting solubility fits, obtained by optimising one parameter while fixing the other, were not
as good as the fits shown in Figure 6.2. The positive relationship between k;; and n;; may also
be seen from the optimised values of the two parameters for Run-H-5,6,8, which were conducted
at 35 °C with HDPE. As can be seen from the results obtained for the three runs shown in

Table 6.3, larger optimised values of k;; were accompanied by larger values of 7;;.
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Estimating V/, U; and ~;

The volume fraction of CO4 in the polymer mixture at the top surface of the sample disc,
v;(X = 0), assumed to be in equilibrium with the polymer at a given pressure and temperature,
can be obtained from the SL EOS. On the basis of this quantitiy and several others derived
previously, i.e. C;(X = 0), W;, U;/(W; V), v¢(T,0,0), and S,, the values of V/, U;, and ~; could
be estimated for each step of the runs. Figure 6.3 is a flow diagram showing the relationships
of these quantities and demonstrating the estimating procedures. The results obtained are
summarised in Table 6.4.

Ci(X =0) vi(X = 0) W, U/WY)  vT,00) By
Eq. (6.1) Modelled Eq. (5.5) Eq. (5.27) Eq.(5.29) Eq. (5.19)

\ J \ J

l

Vi = vi(X = 0)/C,(X = 0)
Eq. (4.8)

\

Knowns:

Unknown:

l

U;
Calculated

|

Unknown:

l

Unknown: Vi= [Vf(T' 0,0) — ﬁppi]/ U;
Eq. (5.4)

Figure 6.3: Flow diagram showing the procedure for estimating V/, U; and ~;.

Table 6.4: Estimated values of V!, U;, and ~; for the runs, determined using the procedure
shown in Figure 6.3.

Step ¢ p;, bar vi(X =0) V!, x1073 Ui Vi

Run-P-1, PTFE, 28 °C
1 95 0.150 £ 0.002 2.003 £ 0.006 1.397 £ 0.136 0.037 £ 0.004
2 63 0.179 = 0.003 2.009 £ 0.004 1.400 £ 0.135 0.037 £ 0.004

3 100 0.283 £ 0.006 2.189 £ 0.011 1.520 £ 0.151 0.034 £+ 0.004
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Continuation of Table 6.4
Stepi  p;, bar vi(X =0) V!, x1073 U; i
4 150 0.367 £ 0.008 2.079 £ 0.019 1.437 + 0.148 0.036 £ 0.004
Run-P-2, PTFE, 40 °C
1 50 0.132 + 0.002 2.000 £ 0.005 1.110 + 0.116 0.053 £ 0.006
2 100 0.278 + 0.007 2.186 4+ 0.025 1.202 + 0.118 0.048 £ 0.005
3 150 0.391 £ 0.007 2.160 £ 0.002 1.177 + 0.128 0.049 +£ 0.006
4 200 0.473 + 0.011 2.155 4+ 0.015 1.164 £+ 0.119 0.049 +£ 0.006
5 250 0.555 £ 0.011 2.136 £ 0.005 1.143 £+ 0.122 0.049 + 0.006
6 300 0.633 £ 0.014 2.138 £ 0.015 1.133 +£ 0.116 0.049 + 0.006
7 350 0.711 £ 0.014 2.142 4+ 0.012 1.125 £ 0.117 0.049 +£ 0.006
8 400 0.787 = 0.017 2.154 + 0.021 1.121 £ 0.112 0.049 £+ 0.005
9 450 0.860 £ 0.016 2.171 4+ 0.020 1.119 £+ 0.112 0.049 4+ 0.005
10 500 0.938 £ 0.020 2.212 4+ 0.038 1.129 £+ 0.112 0.048 + 0.005
Run-P-3, PTFE, 50 °C
1 50 0.123 + 0.012 2.041 £+ 0.106 1.018 + 0.150 0.062 £ 0.008
2 100 0.250 4+ 0.047 2.361 + 0.209 1.119 £+ 0.229 0.056 £ 0.010
3 150 0.387 £ 0.072 2.265 £ 0.292 1.067 = 0.158 0.058 £ 0.008
4 200 0.486 + 0.091 2.275 £ 0.249 1.037 £+ 0.120 0.060 £ 0.006
5 250 0.584 + 0.096 2.225 + 0.228 1.010 + 0.077 0.061 £ 0.004
6 300 0.671 £ 0.103 2.217 £ 0.176 0.976 £ 0.049 0.062 £ 0.003
7 350 0.750 £ 0.100 2.227 £ 0.157 0.977 £ 0.024 0.061 4+ 0.002
Run-H-4, HDPE, 28 °C
1 55 0.008 £ 0.001 0.905 £ 0.073 0.182 £ 0.011 0.516 £ 0.035
2 72 0.009 £ 0.001 0.928 £ 0.078 0.186 £ 0.011 0.502 £ 0.032
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Continuation of Table 6.4
Stepi  p;, bar vi(X =0) V!, x1073 U, Vi
3 88 0.010 £ 0.001 0.893 £ 0.075 0.179 £ 0.011 0.522 £ 0.033
4 100 0.011 £ 0.001 0.892 £ 0.073 0.178 £ 0.011 0.524 £ 0.034
5 125 0.011 £ 0.001 0.895 £ 0.075 0.177 £ 0.011 0.524 £ 0.034
6 150 0.011 £ 0.001 0.889 £+ 0.074 0.174 £ 0.010 0.530 £ 0.034
7 175 0.012 £ 0.002 0.871 £ 0.073 0.169 £ 0.010 0.543 £ 0.035
8 200 0.012 £ 0.002 0.860 £ 0.072 0.165 £ 0.010 0.553 £ 0.035
9 250 0.013 £ 0.002 0.867 £ 0.073 0.163 £ 0.010 0.554 £ 0.035
10 300 0.013 £ 0.002 0.843 £ 0.072 0.155 £ 0.009 0.576 £ 0.036
11 350 0.014 + 0.002 0.846 £ 0.072 0.152 4+ 0.009 0.580 &£ 0.036
12 400 0.014 +£ 0.002 0.823 £ 0.071 0.145 £ 0.008 0.602 £ 0.037
13 450 0.015 £ 0.002 0.796 £ 0.069 0.137 £ 0.008 0.629 £ 0.038
14 500 0.015 £ 0.002 0.805 £ 0.069 0.135 £ 0.008 0.631 £ 0.039
15 550 0.016 £ 0.002 0.801 £ 0.070 0.132 £ 0.007 0.641 £ 0.038
16 600 0.016 £ 0.002 0.803 £ 0.070 0.129 £ 0.007 0.648 £ 0.039
Run-H-5, HDPE, 35 °C
1 5 0.001 £ 0.001 1.622 4+ 0.049 0.027 £ 0.006 3.679 £ 0.921
2 10 0.002 £ 0.001 1.693 &+ 0.107 0.028 £ 0.005 3.474 £ 0.777
3 20 0.002 + 0.001 1.827 4+ 0.090 0.031 + 0.006 3.180 + 0.748
4 30 0.002 £ 0.001 1.805 £+ 0.083 0.030 £ 0.006 3.174 £ 0.755
5 40 0.002 £ 0.001 1.788 £+ 0.076 0.030 £ 0.006 3.170 £ 0.763
6 55 0.002 £ 0.001 1.701 4+ 0.081 0.029 £ 0.006 3.260 £ 0.772
7 75 0.002 £ 0.001 1.577 + 0.074 0.027 £ 0.006 3.442 + 0.816
8 100 0.002 £ 0.001 1.587 £+ 0.066 0.027 £ 0.006 3.430 £ 0.828
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Continuation of Table 6.4
Stepi  p;, bar vi(X =0) V!, x1073 U; Vi
9 125 0.002 £ 0.001 1.560 £ 0.066 0.026 £ 0.006 3.509 £ 0.845
10 150 0.002 £ 0.001 1.528 £+ 0.064 0.025 £ 0.005 3.612 £ 0.870
11 175 0.002 + 0.001 1.514 4+ 0.064 0.025 £ 0.005 3.687 £ 0.888
12 200 0.002 + 0.001 1.503 4+ 0.064 0.024 £ 0.005 3.762 £ 0.904
13 250 0.001 £ 0.001 1.494 £+ 0.066 0.024 £ 0.005 3.886 £ 0.929
14 300 0.002 £ 0.001 1.474 £+ 0.068 0.023 £ 0.005 4.047 £ 0.962
15 350 0.002 £ 0.001 1.463 £+ 0.069 0.022 £ 0.005 4.196 £ 0.993
Run-H-6, HDPE, 35 °C
1 b)) 0.006 £ 0.001 0.598 £ 0.059 0.231 £ 0.040 0.427 £+ 0.140
2 100 0.009 £ 0.001 0.614 £ 0.055 0.234 £ 0.040 0.416 + 0.130
3 150 0.010 £ 0.001 0.568 £ 0.052 0.213 + 0.036 0.452 + 0.143
4 200 0.010 £ 0.001 0.540 £ 0.048 0.197 £ 0.033 0.480 £ 0.150
5 250 0.011 £ 0.001 0.517 £ 0.045 0.184 £+ 0.031 0.508 £ 0.158
6 300 0.012 £ 0.002 0.511 £ 0.044 0.176 = 0.030 0.523 = 0.161
7 400 0.013 £ 0.002 0.510 £ 0.042 0.165 = 0.028 0.542 + 0.163
Run-H-8, HDPE, 35 °C
1 200 0.026 £ 0.007 1.662 4+ 0.078 0.544 £ 0.085 0.185 £ 0.034
2 250 0.028 £ 0.008 1.617 4+ 0.082 0.517 £ 0.079 0.192 £ 0.035
3 300 0.030 £ 0.008 1.597 £+ 0.080 0.496 £ 0.076 0.197 £ 0.036
4 350 0.032 £ 0.009 1.589 £+ 0.084 0.480 £ 0.073 0.200 £ 0.036
Run-H-9, HDPE, 50 °C
1 5 0.005 £ 0.001 1.960 + 0.021 0.434 £ 0.076 0.246 + 0.051
2 10 0.011 = 0.001 1.928 £ 0.001 0.440 = 0.073 0.243 £ 0.048
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Continuation of Table 6.4
Stepi  p;, bar vi(X =0) V!, x1073 U; i
3 20 0.022 £ 0.001 2.005 +£ 0.004 0.478 £ 0.080 0.223 £ 0.045
4 30 0.033 £ 0.001 1.926 £+ 0.010 0.484 + 0.082 0.219 4+ 0.045
5 40 0.043 £ 0.001 1.912 + 0.013 0.504 £ 0.087 0.210 £ 0.043
6 50 0.054 £ 0.001 1.987 4+ 0.016 0.543 £ 0.094 0.194 + 0.040
7 75 0.079 £ 0.001 1.982 £+ 0.009 0.613 £ 0.104 0.171 4+ 0.035
8 100 0.100 £ 0.001 2.077 £ 0.015 0.680 £ 0.117 0.153 £ 0.031
9 125 0.116 + 0.002 2.052 4+ 0.015 0.717 + 0.123 0.144 4+ 0.030
10 150 0.128 + 0.002 1.968 £+ 0.014 0.729 + 0.125 0.140 + 0.029
11 175 0.137 £ 0.002 1.957 £ 0.015 0.728 £ 0.125 0.139 £ 0.029
12 200 0.145 + 0.002 1.926 £ 0.014 0.725 £ 0.124 0.139 + 0.029
13 250 0.158 £ 0.003 1.940 + 0.013 0.699 + 0.119 0.142 4+ 0.029

It should be pointed out that in Chapter 5, V/ was assumed to be a constant denoted by V',
regardless of p;. Consistent with this, the values of V) shown in Table 6.4 hardly changed with
pressure, with a standard deviation of less than 5% of the average value. As for U;, the obtained
values decreased as p; increased. This observation agrees with the definition for U;, i.e. Eq.
(5.4), from which it can be seen that U; should decrease with increasing p;. Furthermore, the
coefficient, ;, which appears in the free volume expression, i.e. Eq. (4.7), and is related to the
concentration dependence of diffusivity, could also be obtained. As can be seen, on average,
the values of v; obtained from the PTFE runs were of an order of magnitude less than those
obtained from the HDPE runs. In particular, exceptionally larger estimates of ; were obtained

for Run-H-5, with values about five times higher than those obtained for the other HDPE runs.

Similarly to the discussion presented in Section 5.8 on the estimates of U;/(W;V"’) obtained

for Run-H-5, it was found that the large estimates of v; for Run-H-5, as shown in Table 6.4,
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resulted from the comparatively much lower flux, F},(t; = 0), measured during the experiment.
In comparison, despite the different temperatures applied to Run-H-5 and Run-H-9, which were
conducted under the same initial pressure with similar pressure steps, the measured fluxes in the
former were at least three times smaller than those in the latter. Meanwhile, by comparing the
data of Run-H-5 with those of the other runs, which were conducted at the same temperature
but with much higher initial pressures, it was found that the smaller flux obtained from the
initial step of Run-H-5 led to smaller estimates of U;/(W;V/), based on which smaller values of
U; and larger values of v; were derived for the consecutive steps. As pointed out in Section 5.8,
further investigation in future work is required to understand the permeation behaviour with

multiple steps and validate the method for result analysis.

Although data on the concentration coefficient v is scarce in literature for COo-PTFE or CO,-
HDPE systems, the values of v obtained from the HDPE runs in this work seemed to be com-
parable with those obtained in Kulkarni and Stern [115]’s diffusion work for COy-PE systemns.
The values of v found in their work were 0.50, 0.39 and 0.27 at 5, 20 and 35 °C, respectively.
For comparison, the average values of ; were 0.57, 0.48 and 0.18 for Run-H-4 (28 °C), Run-H-6
(35 °C) and Run-H-9 (50 °C), respectively. Due to a lack of data for the COo-PTFE system in
literature, it is difficult to assess the values of ; obtained for the PTFE runs. Nevertheless, if

these results could be validated, such data would be valuable for filling the knowledge gap.

Swelling, Plasticisation and Crystallinity

So far, through the work presented in this chapter and in the previous ones, the estimates
for all essential parameters and properties, which characterise the permeation features of the
COqy-polymer systems, have been derived in a combined approach involving permeation mea-
surements, diffusion modelling with free volume formulations, and sorption modelling using
SL EOS. However, there remain some important aspects to consider, such as swelling, plas-
ticisation, and crystallinity. Assumptions were made to simplify the cases, while developing
the theories and models for analysis. Despite the great convenience and simplicity of analysis

permitted by making these assumptions, thoughtful consideration is required.
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For highly soluble penetrants such as CH, and CO,, sufficiently high concentrations of the
dissolved penetrants in the semicrystalline polymer could lead to swelling effects in the amor-
phous region, resulting in increased polymer chain mobility and diffusion coefficients [79]. The
sorption phenomena are complicated by the swelling effect, resulting in non-Fickian behaviour,
or so-called case II diffusion. The diffusion model applied in this study was based on Fick’s
laws for Fickian diffusion, and that the swelling effect was not considered. However, such a
treatment could be oversimplified. It was reported in Lei et al. [239]’s work for the sorption of
CO4o-PP system that corrections to solubility are required for measurements above 100 bar to
allow for swelling, since otherwise large deviations would occur between the measured solubility
and the available literature data. In a number of studies [163, 238, 239], swelling corrections are
often calculated with the SL EOS . Moreover, Chen et al. [238] pointed out that the polymer
swelling could also be directly measured through visual observation by a high-pressure view

cell.

Apart from the swelling effect, plasticisation can also increase the chain mobility and pro-
mote gas diffusion [236, 251]. Carbon dioxide at high temperature and pressure is not only
a strong swelling agent, but also an effective plasticiser [251, 252]. The dissolution of CO,
may dramatically lower the glass transition temperature, Ty, as a result of the intermolecular
interactions between CO, and the polymer [253]. In this study, the plasticisation effect was
not considered, and it was assumed that the T,’s for the PTFE and the HDPE samples were
constant throughout the experiments for all runs. However, under elevated temperatures and
pressures, plasticisation of the amorphous region of the polymer by CO, may occur and T},
may alter. This would affect the estimations of the free volume parmeters, v¢(7,0,0) and £,
as described in Section 5.7.2. In the scenarios where the plasticisation effect is not negligible,
despite the challenges in elaborate controls and baseline stability under elevated pressures [254],
high-pressure cells are available for DSCs with a typical pressure limitation of approximately

70 bar, to obtain the plasticised T}, for the polymer [253, 255].

In addition to the swelling and plasticisation effects, carbon dioxide at supercritial conditions
may also change the degree of crystallinity of the polymer [256-259], i.e. X, or 1-¢,, with the

crystallinity increasing with increasing CO, pressure [259]. The degree of crystallinility affects
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the permeation of CO, in polymers, in a way that above a certain pressure the sorption process is
mainly driven by the crystallinility, such that the higher the degree of crystallinity, the lower the
CO, sorption concentration in the polymer [260]. In this work, the crystallinity of the polymer
sample was assumed constant, regardless of the varying temperatures and pressures. Despite
the limited methods for measuring the polymer crystallinility in the presence of CO, at high
pressures, researchers have developed spectroscopy techniques to investigate the morphological
changes of polymers in an environment of CO, [258, 261, 262]. In addition, it was reported that
the group-contribution lattice-fluid equation of state (GCLF EOS) could be used to estimate

the change in crystallinility with CO, dissolution into the polymer [239].

In permeation studies of high pressure CO, in semicrystalline polymers, effects of polymer
swelling, plasticisation and changes in crystallinity are likely to exist; strong coupling of the
three phenomena can add extra layers of complexity and difficulty to the work. However,
elucidation of these topics, which may require further investigation, is important for developing
accurate measuring and modelling methods, as well as a better understanding of the permeation

process for COqo-polymer systems under high pressures.

6.4 Concluding Remarks

In this chapter, CO, solubility obtained from the continuous multi-step permeation experiment
was modelled with SL EOS, by optimising the binary interaction parameters of the model.
Furthermore, the concentration coefficient in the free volume model, v, which characterises the
dependence of the diffusivity on the penetrant volume fraction in the mixture, was determined

based on the modelling results. The main outcomes can be summarised.

Firstly, the diffusion equations derived from the previous chapters were further developed to
estimate the concentration of the dissolved penetrant on the top surface of the polymer disc.
It was found that Henry’s law seemed to be obeyed when the applied pressure was below a
“transition” pressure around 75 bar, above which deviations may occur, leading to smaller

solubilities than the predictions by Henry’s law. The obtained solubilities and the solubility
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coefficients were compared with the data available in literaure, where similar findings regarding

the solubility estimations as well as the shapes of the solubility curves could be found.

Secondly, the dependences of permeability, diffusivity and solubility on temperature, pressure
and concentration were characterised, and were compared with the findings from literatures.
With the majority of the results agreeing with the expectations, a few exceptions were ob-
served, the elucidation of which requires more repeating runs to be conducted under the same

experimental conditions.

Thirdly, the relationship of the equilibrium solubility and the pressure was successfully described
by SL EOS, by optimising the binary interactive parameters of the model. On the basis of the
modelling results, the volume fraction of CO, in the polymer mixture, and the concentration
coefficient in the free volume model, 7, were estimated under various conditions. At this
point, through the work demonstrated in Chapter 4, Chapter 5 and Chapter 6, the values
of all essential permeation properties and free-volume parameters have been identified, which
can help elucidate the transport mechanisms and characterise the transport features of the

investigated penetrant-polymer systems under the elevated pressures.

Last but not least, the effects of swelling, plasticisation and crystallinity, which were not taken
into consideration in this study but can be important for increasing the accuracy in measuring
and modelling, were briefly discussed in this chapter. These considerations, once being put
into efforts in the future work, would help complete the methods and models developed in this

study, and could further enrich the permeation studies in the area.



Chapter 7

Conclusions

The primary aim of the work presented in this thesis, as stated in Chapter 1 for introduction,
was to meet the industrial needs for the application of polymeric materials in CCS, and to fill
the research gaps in the permeation studies of penetrant-polymer systems under elevated pres-
sures, by conducting permeation experiments for understanding the diffusional mechanisms,
and by developing appropriate models and methods to accurately describe the diffusional be-
haviour and estimate the transport properties. In doing so, a number of goals were addressed.
Firstly, pertinent research on gas permeation, diffusion and sorption from literature needed to
be reviewed. Secondly, high pressure permeation experiments needed to be carefully designed
and conducted. Thirdly, a suitable diffusion model, together with a convenient method for mod-
elling, needed to be developed and validated. Fourthly, the parameters in the model needed
to be estimated by following a comprehensive approach, and the obtained values needed to be
compared with literature data. Fifthly, and last, an equation of state needed to be used for
solubility simulation to investigate the thermodynamic equilibrium sorption of the investigated
systems under conditions of interest. To achieve these goals, two common semicrystalline poly-
mers, PTFE and HDPE, were chosen for the permeation study with CO,. The research work
was carried out during the project, and the obtained outcomes were presented and discussed

throughout the thesis.

159
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7.1 Summary

The first objective was addressed in Chapter 2, wherein the two permeation models, i.e. the
solution-diffusion model and the pore-flow model, and the two commonly applied free volume
models, i.e. Fujita’s model and the Vrentas-Duda model, were reviewed. It was concluded
that the solution-diffusion model was applicable to the COy-polymer systems targeted in this
study. Compared with the time-lag method, which assumes constant diffusivity, approaches
with free volume theory seem to be more suitable for the cases in this work, as the concentration
dependence of the diffusivity could be successfully represented by the free volume formulation.
Among the various experimental techniques for permeation study, the isobaric permeation
method, by which the concentration of the permeating species could be accurately measured,

was adopted in this study.

The second objective was addressed in Chapter 3, which included the work of characterising
material properties, designing experimental setup for the permeation measurements at high
pressures, introducing the experimental methodology, and outlining the experimental procedure
for reproducing the measurements. One of the significant achievements of this project was the
construction of a reliable high-pressure experimental setup, which was built upon elaborate
designs on paper and finally put into operation after dedicated efforts. The high-pressure rig
has been used for permeation measurements under various conditions for this project, and has
the potential of being used for seperate sorption measurements in future projects. Furthermore,
the experimetal uncertainty was discussed, which was taken into account for all result analysis

throughout the entire thesis.

The third objective was addressed in Chapter 4, wherein the experimental results of transient
measurements of CO, permeation through the two polymers were analysed using a diffusion
model incorporating Fujita’s free volume formulation. This chapter dealt with the nondi-
mensionalisation and the simplification of the complicated diffusion model through a series of
mathematical operations, using several dimensionless parameters and lumped groups. By doing
so, not only was the model greatly simplified in a way that the number of the parameters in

the model was reduced from 7 to 3, but also a straightforward graphical method was able to
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be developed for convenient analysis of the data, without the need to use advanced numerical
tools. The values of the parameters determined from the nondimensionalised model and the
graphical method were compared to those determined by parameter estimation in gPROMS;

these were found to be in very good agreement.

The fourth objective was addressed in Chapter 5, wherein the nondimensionalised model was
further developed for the analysis of the permeation experiments consisting of multiple succes-
sive pressure steps. Moreover, a method was proposed to use the models developed in chapter
4 to estimate the transport properties at each pressure step, and to determine the free-volume
parameters in the model. It was observed that when the pressure was increased following a
steady state of permeation from the previous step, there was a near-instantaneous flux drop,
which was hypothesised to be caused by a decrease of the free volume in the mixture, resulting
from a compaction of the polymer matrix at the higher pressure. From the flux drop and the
corresponding decrease of the thermodynamic diffusivity, the pressure effect on diffusion could
be characterised by the free-volume parameters; the values determined were consistent with

those reported in the literature for similar systems.

The fifth objective was addressed in Chapter 6, wherein the permeation results obtained from
Chapter 5 were further analysed in terms of the solubility modelling with SL EOS. Excellent
fits were obtained between the experimental solubility and the modelled solubility, by the
optimisation of two binary interaction parameters. On the basis of the modelling results,
the concentration coefficient that characterised the dependence of diffusivity on the penetrant
volume fraction in the mixture was determined. Furthermore, it was found that Henry’s law
appeared to be followed when the applied pressure was below 75 bar, which was considered as a
“transition” pressure, above which deviations from the law may occur. In order to obtain more
accurate and reliable results, it was recommended to take the effects of swelling, plasticisation

and crystallinity into account in future studies.

To sum up the work presented in Chapters 4 to 6, measurements of transient permeation of CO,
in PTFE and HDPE under various temperatures and pressures have been comprehensively anal-

ysed and modelled, using a non-dimensionalised and simplified diffusion model incorporating
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Fujita’s free volume formulation. A graphical method was proposed to estimate the transport
properties under various conditions in an accurate and convenient manner. In addition, the
free-volume parameters in the diffusion model were estimated from transient measurements of
flux during multiple successive pressure steps, and from the modelling results obtained with SL
EOS. The modelling demonstrated that the assumptions used to derive the simplified model
were valid. Thus, the experimental methodology, the nondimensionalised model, the graphical
method, and the EOS modelling demonstrated in this work can be conveniently applied to

various penetrant-polymer systems under a wide range of conditions.

7.2 Outlook

As the limited time allocated to this PhD project comes to an end, it has become increasingly
clear that there would always be questions to each solution. The project was initiated almost
from scratch: it required rig construction, experimental design, safety control, material char-
acterisation, permeation measurements, derivation and simplification of mathematical models,
parameter optimisation, etc. Although much work in this project required constant trials and
errors, the results obtained and the methods proposed in this thesis could form a solid basis
for future investigations in pertinent fields. More importantly, with deeper understanding and
more knowledge gained on the topic as the project proceeded, a few inspiring insights arose,
as outlined below, which may set out future research directions and could lead to intriguing

explorations.
Permeation of Gas Mixtures

In CCS applications, it is common to deal with CO, streams containing additional compounds,
such as HsS, SO, and NO,, which are impurities that could considerably affect the permeabil-
ity of the stream and the performance of the polymeric materials, especially in high pressure
CO,. This thesis features only the permeation of pure CO, in polymers. It would be beneficial
to examine whether the developed techniques, models and methods could be extended to the

permeation of multicomponent mixtures in polymers under similar operating conditions. Con-
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sidering the likely effects of the impurities on corrosion of metallic pipeline and degradation of
polymers, modifications to the current experimental design and model development could be
expected. New measures such as selectivity and purity might be introduced for analysing the
permeation behaviour and assessing the polymer performance. From a practical point of view,
by developing standard measuring techniques and appropriate permeation models for CO, per-
meation with impurities, valuable information could be gained on the service life of polymeric

seals and liners, facilitating the design and the evaluation of the infrustructure for CCS.

Various Types of Polymers

Two semicrystalline polymers, PTFE and HDPE, which are relatively well investigated, were
studied in this thesis. As discussed in Chapter 6, the sorption of CO, may cause swelling, plas-
ticisation and changes in the crystallinity of the polymers. In fact, different types of polymers
may react differently to the permeation of CO,. Their performance could be affected by a num-
ber of factors, e.g. composition of the composite polymers, content of the amorphous region
for semicrystalline polymers, the state being glassy or rubbery for the amorphous polymers or
regions, etc. Practically, understanding of the permeation characteristics against various types
of polymers could help select suitable polymeric seals and liners for CCS applications. In addi-
tion, it is of vital research interest to extend both experimental and modelling work conducted
in this thesis to a wider range of polymers, so as to elucidate the permeation mechanisms for a
variety of polymers. For example, anomalies in diffusion characteristics could occur for glassy

polymers, which may lead to interesting research findings.

Independent Sorption Measurements

As mentioned in Chapter 3, in addition to the experimental setup for permeation, the facility
was provided to use the rig for manometric measurements of gas sorption in a closed cell, with
relatively few changes to the components. It is considered necessary to carry out separate
sorption measurements to first verify the solubility data derived indirectly from the permeation
measurements in this work, second validate the applicability of the SL EOS or other equations
of state to the modelling of the solubility behaviour, and finally investigate the swelling of

the polymer matrix induced by the sorbed molecules. The independent sorption measurements
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would be important supplements to the current permeation measurements, and could contribute

to a comprehensive understanding of the processes.

These are some possible directions for further research. With the undergoing explorations on
the topic, there is an expectation of many significant developments in future research as well

as practical applications.
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Appendix A

Sorption Experiment

A.1 Process Description

The solubility of high pressure CO, in a polymer is the amount of the CO, dissolved in the
polymer. It is obtained from a measurement of the pressure drops by applying a material
balance. A schematic of the experimetal setup (in landscape) is attached on the following pages.
The process can be divided into four sections: feeding, first-stage pressurisation, second-stage
pressurisation, and sorption. In the pressure range of 1 - 500 barg, P-1 is used for pressurisation;

in the range of 500 - 650 barg, P-1 and P-2 are used for the high pressure.

Three cells of the same volume and dimensions are placed in the oven. The cells are dose cell
(DC), reference cell (RC), and test cell (TC) containing the polymer sample. The pressure
transimitter PT-1 (with an upper limit of 1600 barg), measures the equilibrium pressure inside
DC, with the valve (V-2) closed or open. For Ar experiment, RC is not needed and V-3 is
closed. Therefore, pressure transducer (PT-2) and differential pressure transducer (DPT) are

not used in this case.
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A.1. Process Description
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A.2 Procedure

The operating procedure for the sorption experiment is provided.

1) Leak test.
(a) Check the pressure of each cylinder, and the condition of each apparatus with each
connection port.

(b) Test leaks in the system.
2) Preparation.

(a) Weigh a certain amount of the polymer sample and record its weight.
(b) Place the sample in the glass vial in the test cell (TC).

(c) Properly tighten the three cells and all fittings.
3) Evacuation.

(a) Close the valves attached to the CO, cylinder (C-1) and the Ar cylinder (C-2). Open
the three-way valve (V-1) towards the C-1 end during the first evacuation run, and

towards the C-2 end during the second evacuation run. Close MMV-1 and V-2.

(b) Connect the vacuum pump to MMV-1. Switch on the vacuum pump and slowly

open MMV-1. Evacuate this section for 15 minutes during each evacuation run.

(c) After the 30-minute evacuation, close MMV-1, switch off the vacuum pump, and

disconnect it from MMV-1. Close MMV-2 and open V-3, V-4 and V-5.

(d) Connect the vacuum pump to MMV-2. Switch on the vacuum pump and slowly

open MMV-2. Evacuate this section for 30 minutes.

(e) After the 30-minute evacuation, close MMV-2, switch off the vacuum pump, and

disconnect it from MMV-2.

4) Argon experiment.
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(a) Open V-1 towards the Ar cylinder (C-2) side. Close MMV-1, MMV-2, V2, V-3, V-4
and V-5.

(b) Record the “zero” pressure, Fy, in the dose cell (DC) by PT-1.

(¢) Open the valve of C-2. Switch on the oven, and heat up the system to the required

temperature.
(d) Switch on P-1 and P-2. Pressurise the system to the targeted pressure (e.g. 30 bar).
(e) Open V-2 and fill Ar in DC to a pressure of about 30 bar. Close V-2.
(f) Wait for a few minutes until the pressure stabilises and record the pressure pp;.

(g) Open V-3 and let Ar expand to TC. Wait for a few minutes until the pressure

stabilises, and record the pressure p;. Close V-3.

(h) Increase pressure to about 60 bar, 90 bar, 120 bar, ..., 550 bar, 600 bar, 650 bar.
Repeat the previous two steps, and record the corresponding pp; and p; for each

pressure.
5) Depressurisation.

(a) Close the cylinder valves. Close V-2, and open V-3 and V-4.

(b) Slowly open MMV-1 and MMV-2, and vent the gas until atmospheric pressure is
reached.

6) Carbon dioxide experiment.

(a) Follow the same procedure as above, but replace Ar by CO, and add the following
step after recording p;.

(b) Close V-3 and open V-4 to equalise the pressures in RC and DC. Record the pressure
change of TC using DPT.

7) Depressurisation.

(a) Close the cylinder valves. Close V-2, and open V-3 and V-4.

(b) Slowly open MMV-1 and MMV-2, and vent the gas until atmospheric pressure is

reached.
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Flux Approximation Plots
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Appendix D

Experimental Runs Explained

Ideally, it was scheduled to carry out multiple runs with different pressures at each temperature

for each type of the polymers. In fact, Run-H-5 to Run-H-8 for HDPE at 35 °C were those

conducted during the first phase of the project. The progress was affected by the following

factors, which are reviewed as experience for future researchers:

)

Preliminary experiments: after the rig was built and all devices were tested, a large
amount of time was spent on identifying the potential problems to prevent failures during
a high-pressure experiment, or determining the optimal practices to increase the operating
efficiency. For instance, appropriate ways were explored on how to load and support
the polymer sample in the permeation cell; the normal duration of a measurement was
confirmed, so as not to spend too much time on relatively little useful data, or too
little time causing a loss of important data; an optimal way was determined on how to
operate the two pumps to consistently and reliably generate the high pressure as required,
etc. In addition to the runs used for detailed analysis listed in Table 4.2, a number of
preliminary runs were carried out. These were often incomplete and were used primarily
for testing purposes. It will not be necessary for future researchers to undertake such a

long programme of testing, troubleshooting, and familiarisation.

Operating mistakes or misoperations: given the high pressure involved and the long dura-

tion of a typical run, care and attention were required while performing the experiment.
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Although the safety devices implemented can securely protect the entire system in a worst
case scenario when misoperations due to a lack of care occur, precious data, time and
materials could be wasted. In this work, apart from the effective runs and the preliminary
runs, there were also several failed runs, the data of which were not used. For example,
a Sitec fitting was once tightened improperly. During the first few days, a leak was not
observed when the successive experiment was operated in a low pressure range. How-
ever, after the pressure was increased to a certain higher value, the leak was identified.
Consequently, the experiment was stopped, the fitting was tightened, and the run was
conducted all over again. Thus, to avoid accidents or experimental failures, it is recom-
mended to carefully check the conditions of all parts of the rig prior to a run, and to
frequently examine the readings during a measurement to identify any abnormality, and

to respond promptly to prevent any further loss.

Disruption: it was planned to generate a set of permeation measurements for PTFE
and HDPE, including repeats and comparisons between single and multiple step exper-
iments. There was also a plan to conduct independent sorption measurements, which
were dropped from this permeation project, as a result of the unexpected lockdown due
to COVID-19. The lab closure allowed the development of the analytical approach and
the justification behind the assumptions. This time proved to be valuable for construct-
ing the work presented in this thesis. As work on result analysis progressed during 2020,
including the work on the SL EOS, it became evident that there were inconsistencies in
the measurements, in particular between Run-H-5 and the other runs conducted under
the same temperature with HDPE. By this time, it was past time to begin writing up,
and not suitable for conducting any further experiments. These experiments are therefore

scheduled to be carried out in future projects.
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ASPEN Modelling of Solubility
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Appendix G

Access to the Data

Data underlying this thesis can be accessed at https://data.hpc.imperial.ac.uk/resolve/

7doi=9420&access=, and used under the Creative Commons Attribution licence.
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