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Aim of the study

The goa of this study is to develop novel nanocomposite membranes for gas
separation. This nanocomposite membranes are constructed by incorporation of novel
nanometer size organic fillersinto high free volume polymer (i.e., poly(trimethylsilyl-
propyne (PTMSP)) and low free volume polymer (i.e., ethylcellulose (EC)). These
new nanometer size organic fillers are silylated-saccharides. The guidelines of design
of dlylated-saccharides are based on the bulky structure of the alkyl-silyl group
(especially trimethylsilyl group) which can introduce excess free volume into the
filled matrix, and the high flexibility of the siloxane linkages which can cause
elevated mobility in the filled matrix. Two types of slylated-saccharides have
variable size, free volume, and mobility, which will cause considerable changes on
free volume and mobility in the filled polymer system. They are: (1). various
molecular weight trimethylsilyl-saccharides (i.e., trimethylsilyl-glucose (TMSG)
(Mw= 180), trimethylsilyl-dextran-1 (TMSD1) (Mw= 900-1200), and trimethylsilyl-
dextran-500 (TMSD500) (Mw= 350-550 kD)); (2). various slylated glucose (i.e.,
trimethylsilyl-glucose (TMSG), triethylsilyl-glucose (TESG), triisopropylsilyl-
glucose (TIPSG), and diphenylmethylsilyl-glucose (DPMSG)).

Gas transport properties in high free volume polymer PTMSP and low free volume
polymer EC containing these silylated-saccharides have been intensively examined
using the time-lag method. This study is an attempt to gain more fundamental
understanding of gas molecule transport properties (i.e., gas diffusivity and solubility)
in these nanocomposite systems in terms of fractiona free volume (FFV) and chain
mobility. The comprehensive studies of gas diffusivity and solubility in these
nanocomposites as well as temperature dependent transport properties have been
intensively discussed in terms of the pre-exponential factor and the activation energy
in the Arrhenius equation, which are closely related to gas molecule size and polymer

properties such as loca chain mobility and free volume.

In addition to understand the transport mechanism, this study is also intended to
develop a new application-oriented composite membrane (e.g., EC filled with
trimethylsilyl-saccharose (TMSSA)) with improved separation performance in
oxygen/nitrogen, compared to the commercially applied EC membrane.



Structuresof thethesis

Chapter 1

1. Introduction

Chapter 2

2. Experiment

Chapter 3

In this chapter, a novel composite membrane made of the high free volume polymer
poly(trimethylsilyl-propyne) (PTMSP) and the small organic filler trimethylsilyl-
glucose (TMSG) with the size of approximately one nanometer is reported. The
permeabilities, diffusivities, and solubilities of six gases (He, H,, CO,, O, N, and
CH,) are systemically decreased with increasing TMSG loading in PTM SP, which are
determined by the time-lag method. It is found that the gas transport in pure PTMSP
and PTMSP/TMSG composites follows different mechanisms. Additionaly, the
PTMSP/TMSG composite membranes offer a readily accessible mean to physically
modify the fractional free volume in PTMSP, and to achieve the desired gas
permeability and permselectivity compared to the pure polyacetylene polymers.
Chapter 4

This chapter reports a novel mixed matrix membrane containing the filler (TMSG) in
ethylcellulose (EC). The permeabilities, diffusivities, and solubilities of six gases (He,
H,, CO,, O, N, and CH,) are determined in these EC/TMSG composites with a
series of TMSG loading using the time-lag method. Systemically increase of TM SG
contents in EC result in a distinct increase of permeabilities for all tested gases. These
transport properties, together with glass transition temperature (Ty) measured by
differential scanning calorimetry (DSC) analysis, suggest that the dominant reason for
the permeability enhancement and permselectivity alteration is the increase in chain
mobility by introducing of the TMSG filler. Interestingly, the increased P(O,) is
accompanied with the unchanged P(O,)/P(N,) selectivity up to a certain TMSG
loading in EC.

Chapter 5

This chapter aims to systematically investigate the gas transport behavior in two
glassy polymers. One is the rigid, high fractional free volume (FFV) poly(1-
trimethylsilyl-1-propyne) (PTMSP) and the other is the relatively flexible,
considerably lower FFV ethylcellulose (EC). Both polymer systems are filled with a



series of various molecular weight (Mw) trimethylsilyl-saccharides (TMSS) (i.e,
trimethylsilyl-glucose (TM SG) (Mw= 180), trimethylsilyl-dextran-1 (TMSD1) (Mw=
900-1200) and trimethylsilyl-dextran-500 (TM SD500) (Mw= 350-550 kD)).

The decreases in gas permeability, diffusivity and solubility of six gases (He, Hz, COa,
O, N, and CH.) are directly related to the decrease of FFV in PTM SP caused by the
incorporation of the various Mw fillers a equivalent loading amounts. In addition, the
extent of reduction of gas permeability, diffusivity, and solubility in these composites
is closely related to the Mw of TM SSfillers at an equivalent loading of various TMSS
in the PTMSP matrix. In contrast, a systematic increase of gas permesbility and
diffusivity was obtained for the EC/TMSS system with increasing loading of TMSS
fillers. The gas diffusivity increase for the EC/TMSS system correlated well with the
Mw of the TM SSfillers. However, no consistent change of solubility was observed in
EC/ITMSS.

Chapter 6

In this chapter, the six gases (He, Hy, CO,, O,, N2, and CH,4) permeability, diffusivity,
and solubility in ethylcellulose (EC) filled with a series of various silyl-agents glucose
(i.e., trimethylsilyl-glucose (TMSG), triethylsilyl-glucose (TESG), triisopropylsilyl-
glucose (TIPSG), and diphenylmethylsilyl-glucose (DPM SG)) were determined at 30
°C with the time-lag method. In addition, the transport properties in EC filled with a
representative plasticizer dioctylphthalate (DIPH) and one glucoside based derivate
pentacetate-glucose (PAG) are included for comparison. The increased alkyl chain
length attached on the silane leads to more flexibility (i.e., increased diffusivity), but
less excess FFV (i.e., decreased diffusivity). The overall gas transport properties are
the consequences of the combination of both factors. In the oxygen/nitrogen
separation, the EC/TMSG exhibits the improved separation performance relative to
the unfilled EC. This readily physical introduction of trimethylsilyl (TMS) group via
organic filler creates a similar effect to the chemical modification of polymer with
TMS group.

Chapter 7

This chapter systemically investigates the effect of the addition of low molecular filler
trimethylsilyl-saccharose (TMSSA) on the temperature dependent gas transport
properties in ethylcellulose (EC) composites membranes. The activation energies of
permeation and diffusion (Ep and Ep), and heat of solution (AHs) are obtained



following the Arrhenius - van't Hoff rule by fitting permeability (P), diffusivity (D),
and solubility (S) data, which are measured at 20, 30, 40, and 50 °C with a pressure
increase time-lag method. The present work also studies the compensation
relationship between the activation energies (Ep and Ep) as well as heat of solution
(AHs) and natural logarithm of the pre-exponents factors (InPo, InDo, as well as InSy)
in EC/TMSSA composite membranes, comparing to these in a number of rubbery and
glassy homopolymers. It shows that the composite membranes exhibited different
behaviors in regard to the compensation relationship due to specid local environment
around the permeating molecule. It is concluded that the study of the compensation

effect provided auseful insight into the polymer structure.
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Chapter 1

1. Introduction
11  Brief history of gas separation membrane

Since T. Graham has systemically studied the gas penetration through natura rubber
in 1850, 2 the idea to separate gases using polymer membranes was known. 3
However, industrial application based on gas separation membrane was around one
hundred years later. * Thanks to the invention of Leob and Sourirajan, ° the integrally
anisotropic membrane structure laid down a technical breakthrough for formation of a
thin, dense, defect-free, and selective layer supported by a more open, porous, and
asymmetric layer.® Afterwards, this asymmetric structure leads to a flourishing
development of reverse osmosis membrane on large industrid scale. ’ At the
beginning of 1980, Permea (now a division of Air Products) launched a first
commercialy used membrane for Ho/N, separation based on polysulfone hollow fibre
membrane (named “ Prism”).

In the past 25 years, sales of membrane based gas separation unit have grown to a
$150 million/year business. ® The gas separation membrane unit business is estimated
to grow at arate of 8% per annual. ® Table 1 shows commercial applications and some
of major suppliers of membrane gas separation units. ® The gas separation membrane
becomes more and more important in terms of environmental issue compared to
traditional processes (e.g., cryogenic, pressure swing absorption etc.). The advantages
of membranes are low capita investment, ease of operation, and low energy
consumption at low gas volumes, good weight and space efficiency. ® Currently, the
new application fields with membrane is to purify hydrocarbons in petrochemical
processing applications * and also to capture global warming gas CO,. The milestone
seps of gas separation membrane are displayed in Figure 1.1, which is summarized
by Richard Baker. 4

11



Figure 1.1 Milestones in the development of membrane gas separations. *
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Table 1.1 Commercia applications and major suppliers of membrane gas separation

units ®
Gas separation Application Supplier
O./N, Nitrogen generation Permea (Air Products)
Oxygen enrichment Generon (IGS), IMS (Praxair)
Meda (Air Liquide)
Parker Gas Separation, Ube
H/hydrocarbons Refinery hydrogen recovery Air Products, Air Liquide Praxair, Ube
H./CO, Syngas rati o adjustment As above
Ha/ No Ammonia Purge gas As above
CO,/CH, Acid gas treatment enhanced oil Cynara (NATCO), Kvaerner
recovery landfill gas upgrading Air Products
Ube, UOP (Separex)
H,S/hydrocarbon Sour gas treating As above
H,O/hydrocarbon Natural gas dehydration Kvaerner, Air Products
H,Olair Air dehydration Air Products, Parker Balxston Ultratroc,
Praxair
Hydrocarbons/air Pollution control Borsig, MTR, GMT
hydrocarbon recovery NKK
Hydrocarbons from Organic solvent recovery Borsig, MTR, GMT
process streams MONoOMer recovery SIHI

Meantime, in academic research, numerous polymers based membrane materials have
been evaluated, and some of them exhibited encouraging performance. However, in
real life, just less than 10 polymers are used. Because the properties of the selectivity
and permeability membrane aren’t the only requirements for a successful application,
in addition, the stability and difficulty to make thin films are other major hurdles. *°

1.2 Gastransport through the polymer membrane - theory and background

12



1.2.1 Thesolution-diffusion mechanism
1.2.1.1 The permeation term
Permeation of a gas molecule through a dense polymer film is usualy described by a
solution-diffusion mechanism. ®** High permesbility polymers increase the
productivity, and thereby decrease the required membrane area to treat a given
amount of gas, and reduce the capita cost of membrane units, make membrane
technology more competitive to other processes. * The permesbility is the product of
diffusivity and solubility, which is expressed by Equation 1.1,

P=DxS (eg.11)
where P (cm® (STP) cm/(cm?s cmHg)) is the permeation coefficient. D (cm?/s) is the
diffusion coefficient, which is a kinetic term. S (cm® (STP)/(cm® cmHg)) is the
sorption coefficient, which is a thermodynamic term.
Nonporous, dense polymer membranes generate penetrant-scale transient gaps by the
thermally agitated motion of chain segments in the polymer networks, which allow
gas molecules to penetrate from one side of the membrane to the other side by the
concentration gradient difference. ** ** 3 The gas molecule through the membrane
consists of three continuous steps, (1) gas molecule absorbs on one side of the
membrane; (2) gas molecule diffuses through the membrane (3) gas molecule
desorbs from the other side of the membrane. The transport process has been

schematically described in Figure 1.2.

Fig. 1.2 Schematic picture of gas molecule transporting through membrane

Gas molecule

v 4
Sorption Diffusion Waiting for next jump

The temperature dependence of permeability can be described by the Arrhenius
expression within a defined temperature range, where the polymer has no significant

thermal transitions. Arrhenius expression is depicted by Equation 1.2,

P=pexp® =0 1.2
> pg RT S (eq. 1.2)

13



where Ep (kJmol) is the activation energy of permeation, the pre-exponential factor
Po has the same unit as the permeability, R is the gas constant (8.314 J/(mol K)) and T
is the absolute temperature (K).

In 1954, Brubaker and Kammermeyer ** observed that Ep and InP, also exhibited a
good linear relationship when studied gases permeate in severa plastic membranes
made of a couple of rubbery and glassy polymers. Later, van Krevelen *> suggested
the following empirical correlation (Equation 1.3) through fitting available
experimental data,

InP, =a, +b,E, (eq. 1.3)

where a, and b, are fitting parameters. According to van Krevelen, b, isauniversal
constant. Regarding toa,,, two different values were proposed for rubbery and glassy

polymers, respectively, and the larger one is for rubbers. Both a, and b, are

independent of permeating species. Besides these works, Equation 1.3 has also been
re-evaluated by Yampolskii et a. *° for gas permeating in different glassy polymers.
In chapter 3, 4, and 7, the relationship between Ep and InPo will be further discussed.
1.2.1.2 Thediffuson term
Theoretically, the diffusion coefficient reflects the effective gas molecule size and
polymer’s fractional free volume (FFV) as well as polymer chain mobility. %1317
18 Cohen and Turnbull * firstly formulated the mathematical relationship between the
gas diffusion coefficient and the penetrate size combined with the polymer FFV. The
€g. 1.4 expressesthis correlation,

D = Aexp(- Viv*) (eq. 1.4)

f
where A is a pre-exponential factor sightly dependent on temperature, gis an overlap
parameter, v* is the size of permeate, V; is the fractional free volume. The eg. 1.4
obviously suggests that the decreased FFV will result in the diffusivity decrease.
Teplyakov and Meares % formulated a correlation between molecular effective
diameter and its diffusion coefficients for more than 50 polymeric materials. Equation
1.5 expresses the mathematical relationship,

InD =k, +k,d%  (eg. 1.5)

14



where k; and k; are fitting parameters which are polymer type dependent, de is the
effective molecular diameter. From this equation, it can be read out that the diffusion
selectivity for any chosen gas-pair in apolymer is determined by the parameter k..

Within a narrow temperature range, the temperature dependence of diffusivity can be

aso subjected to the Arrhenius expressions (Equation 1.6),

e E, 0
- 27 .1.6
8 RT 5 (eq )

D =D, exp
where Ep, is the activation energy of diffusion; and Dy is the pre-exponential factor.
As early asin 1942, Barrer 21 noted asimple linear relation between Ep and InDg for
diffusion of different gases in different rubbers, which was interpreted by the zone
theory for diffusion. %> ? Afterwards, such a behavior is observed and extensively
discussed in a numbers of studies. 2 ?* At present, a well-accepted equation (eg. 1.7)
to relate Ep and Dy is:

InD, =a, +b,E, (eq. 1.7)
where a, and b, are fitting parameters. This correlation could be quite good when

applied to the diffusion of penetrants in a number of rubbery polymers. However,
Equation 1.7 is rather limitative when relating the data reported for glassy polymers.
Good correations could only be observed for certain gas molecules diffusing in a
group of glassy polymer. What is more, it is interesting to find that the InDg vs. Ep
relationship could “feel” the properties of glassy polymers, like flexibility and
volumetric property. *° The further discussion will be continued in chapter 7.

1.2.1.3 The sorption term

The sorption of non-polar gas depends on the penetrant condensability, interactions
between the polymer and penetrant, and the polymer fractional free volume.
Theoretically, rubbery polymers are in thermodynamic equilibrium, the gas solubility
can be explained with Henry's law, which is derivate from gas solubility in a liquid
solution. @ ™ %3 |n contrast, glassy polymers are in the thermodynamic non-
equilibrium state, sorption of gas molecules in glassy polymers can be described by
the dual-mode sorption model, which has been put forward by Koros and Paul. ° In
this moddl, gas molecules dissolve themselves in the equilibrium state of the glassy
polymer (Henry’'s mode) and absorb in the non-equilibrium excess fractional free
volume (i.e., microvoids) of the glassy polymer (Langmuir’'s mode). The dua-mode

sorption can be expressed mathematically as equation 1.8,

15



C', bp
C=ky,p+—1~ 1
o P 1+bp (eg. 1.8)

where C is the total concentration of the penetrant in the polymer, ko is the Henry's
law constant, C'y is the hole saturation constant or Langmuir sorption capacity, b is
the Langmuir affinity parameter, and p is the pressure.

The correlation between gas solubility and gas condensability has been attempted.
Representatively, Teplyakov et al. ° has also put forward a linear correlation between
the gas solubility coefficients and the Lennard-Jones temperature (€k), which is
expressed as Equation 1.9

InS=k, +k,(e/k) (eg.1.9)

where ks and k4 are fitting parameters which are polymer type dependent.

The temperature dependence of solubility can be also described by the Arrhenius
expressions (Equation 1.10),

& DHs 6
& RT 5

where AHs is the activation energy of sorption; and S is the pre-exponential factor.

S=§exp (eg. 1.10)

However, few studies are known concerning that the relationship between In & and
AHs, corresponds to gas solubility/sorption in polymer films. Pasternak et al. %° were
the first to note a correlation between In & and AHs when they studyed gases/vapors
solubility (or sorption) in a copolymer of hexafluoropropylene and tetrafluoroethylene.
This correlation is suggested as eg. 1.11,

In§ =as+b,DH,  (eqg. 1.11)
where a; and by are fitting parameters. Recently, Lin and Freeman %" also used

equation 1.11 to fit their data obtained for gas/vapor solubility in cross-linked
amorphous poly(ethylene glycol) diacrylate. Bondar et al. % used equation 1.11 to
derive their equation which describes the dependence of the logarithm of solute
solubility on the square of solute critical temperature in polymeric membranes.
Besides, Yampolskii et a. *® found that enthalpy and entropy of combination (AHn,
and AS;) exhibited good linear relationship for gas/vapor sorption in several rubbery
and glassy polymers as Equation 1.12. In chapter 7, this relationship will be discussed
in more details.

DS, =a,+b,DH_ (eg. 1.12)

16



1.2.1.4 The permselectivity and per meability/selectivity trade-off relationship
Higher permselectivity polymer results in higher purity product gas. Since the
permeation coefficient is the product of the diffusion coefficient and solubility
coefficient, the permselectivity for two gases can be expressed (Equation 1.13) as the
production of diffusion selectivity and solution selectivity,

pp = B—: i—: (1.13)

where a,,, isthe permselectivity.

Polymers with both high permesability and sel ectivity are desirable. However, a strong
inverse relationship between permeability and selectivity of polymer membrane
materials exits. 2 Polymers that are more permeable are generally less selective, and

vice versa. This is also caled Robeson's trade-off curve, 2°

which surveyed
comprehensive literatures and plotted lines that combined permesability and selectivity
of known polymer membrane materials for the selective gas pairs (e.g., O»/N, and
Ho/N2 etc.). The Robeson's trade-off curve (i.e, upper-bond) was empirically

described by the following Equation 1.14.

ba/b
P Tarb (eq. 1.14)

a

A, =

Where, 8,,, is the selectivity of fast permeable (gas a)/(gas b), P, is the
permeability of gasa, b,,, are empirically values. In addition, Freeman derivates this

upper-bond relationship theoretically. *® Most glassy polymers are noticeably closer to
the upper bond than the rubbery polymers. Since 1991, enormous new membrane
materials has been synthesized and evauated for gas separation performance, the
Robeson’s upper bond has been further moved. Although, the improved separation
performance with new membrane materials has been observed, the movement of the
upper bound has obvioudy slowed down significantly since 1991. Moreover, in the
real industrial application, these newly synthesized membrane materials are till not in
practice.

1.3 Thestructureand transport propertiesrelationship

Gas transport properties are closely related to two major polymer physical properties
(i.e., FFV and chain mobility) as above discussed theoretically. In practice, Stern et al.
firstly found out good relationship between gas permeability and side chain change on

17



siloxane rubber polymers. * This systemic change is aso observed in main chain
changes. ** For example, the decreased gas permeability is accompanied with the
reduced main chain flexibility in replacement of oxygen atom in PDMS by carbon
atom (polydimethylsilylmethylene). * Koros and Paul et al., intensively studied the
substitution of hydrogen atom in polycarbonate and polysulfone with larger groups,
which lead to variations of chain mobility and polymer packing, further resulting in
corresponding gas transport changes. 3 %

1.3.1 Fractional free volumein polymer

It is generally believed that the overal gas transport process in a polymer depends on
two major factors: polymer segmental mobility (free volume) and excess free volume
in the non-equilibrium glassy state (microvoid, frozen hole, etc).? ** ™ 13 15
Fractional free volume refers to all space, which is not occupied by the congtituent
atoms of polymer in polymer matrix and the fraction of the total volume is accessible
to the penetrant. 3 The FFV can be approximately estimated by the Bondi method, **

which can be cdculated by the Equation 1.15 as following:

V-V, V-1,
= w .1.15
v v (eq )

where Vo, the specific occupied volume, is taken as 1.3 V. Vi is the specific van der

FFV =

Weaals volume, and V is the polymer specific volume. Van der Waals volume was
calculated via the group contribution method of Bondi. 3

It is well known, that a surplus in FFV (i.e., excess FFV) in glassy polymers exists
due to restricted polymer segmental mobility in glassy state when glassy polymers
compare to rubbery polymer in an equilibrium state. The glassy polymer is in a
metastable and unrelaxed state, congisting of excess free volume, which is frozen into
the polymer matrix. ** ™ In Figure 1.3, the relationship between polymer specific

volume and temperature in rubber and glass state is depicted.
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Figure 1.3 schematically presents the relationship between polymer specific volume
and temperature in rubber and glass state. *° Vj is the volume occupied by polymer
chains, V; refers to polymer specific volume, Vy is the polymer specific volume
including unrelaxed free volume.

Tg Rubbery
Glassy 1 o
The excess free volume; adsorption //

o obeyed Langmuir in microveids ,/ "
E \
= T \ |
- ' | " ~
< o | —
= BB ey / Overall free volume
g — i in polymer
0 i ol
- L
@ P
£ V; - VD
=z !
£ Vo(T) . e

v _______7_______7___

Occpuied Volume

Temperature

Fig Schematic representation of the relationship between the polymer specific volume and temperature 1n
amorphous pelymers

It is of the greatest interest to understand the correlations between the free volume
properties and the gas transport properties. Lee * has firstly correlated the FFV to the
gas permeability on the basis of a specific free volume diffusion theory. Furthermore,
Park and Paul " have made a progress in more accurately predicting the relationship
between FFV and permeability.

1.3.2 Themost per meable glassy polymer with high FFV
Poly(1-(trimethylsilyl)-1-propyne) (FTMSP) has the highest gas permeability among
all known polymers, and has been synthesized and described first by Masuda et al. *°
For example, the oxygen permeability in PTMSP is nearly four orders of magnitude
higher than that of low FFV, conventional glassy polymers such as polysulfone. ¥
These unusual transport properties are predominantly attributed to the extremely high
FFV (0.29), *“° which constructs an interconnected network making up to about 20-
25% of total volume in the PTM SP polymer. Hence, PTM SP may be regarded as a
polymer with an intrinsic microporosity. *** Srinivasan et a. ** and Pinnau et a. %
supposed that gas permesation takes place in this microporous network. As we can see
from the chemical structure of PTMSP shown in Figure 1.4, the high FFV primarily
results from the rigid -C=C- backbone containing the bulky trimethylsilyl pending

group, which prevents the polymer chains from effectively packing. % *
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Figure 1.4 The chemical structure of poly(1-(trimethylsilyl)-1-propyne)

3
HSC/EESHS
The distinctive gas transport properties and unusua FFV in PTMSP have raised a
large interest in synthesizing numerous derivates of polyacetylenes by modifying the
bi-substitutes attached to the double bond. ¥ Noticeably, the polyacetylene family
exhibits a wide range of difference in permeability. Some polyacetylenes even display
three orders of magnitude lower permeability compared to that of PTMSP. For
example, oxygen permesbility is jus 38 Barrer (1 Barer = 10
cm3(STP)-cm/(cm?-scmHg)) in poly[ 1-phenyl-2-[4-(triphenylsilyl)phenyl]acetyl ene]
(PPh3SiDPA) reported by Teraguchi et al. * The extremely large differences in gas
permesability for the polyacetylene family result from varied polymer chain packing,
which leads to the corresponding various size of FFV, inter-chain spacing and
connection behavior of the free volume. " Until now, more than 50 polyacetylenes
with various pending groups have been synthesized, PTM SP with nonpolar bulky side
groups -Si(CHs); still has unprecedented fast permeability over its analogues. ¥
1.3.3 The most per meable rubbery polymer with high flexibility
Polydimethylsiloxane (PDMYS), the most permeable polymer before the invention of
PTMSP, is used commercialy for organic vapors and non-condensable gases
separation. In contrast to conventional glassy polymers, PDMS is permeable to many
organic vapors (e.g., butane) faster than to smaller gases (e.g., methane), and PDMS
separates gases based on the solubility selectivity. Stern et al., ** has systemically
investigated the transport behavior correlated to the backbone and side chain changes
in silicone polymers. Compared to PDMS, the decreased diffusivity and solubility
have been observed to various extends in the substituted silicone polymers with
various bulky functional groups in the side and backbone chains. The highly
permeable PDMS is attributed to the high flexibility of the siloxane (Si-O) linkages,
and its large free volume with bulky pending group -CHs, which gives PDMS very
low cohesive energy density (228.2 Jem®) and high FFV, respectively. The PDMS

gructureis shownin Figure 1.5.
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Figure 1.5 The chemical structure of polydimethylsiloxane

T
* ?|—O o*

CH,

1.3.4 Theintroduction of bulky trimethylsilyl group into other polymer matrices

Previous structure/properties studies have provided some empirical rules for
designing polymeric membrane materials. The highest permeable polymer PTMSP
originates from the lowest critical surface tensions trimethylsilyl group and methyl
group in each segment, resulting in a large excess free volume in the unrelaxed
(Langmuir) domains of this glassy polymer that is indicated by unusualy high gas
solubility. *® This phenomenon from polyacetylenes stimulates a huge interest in the
introduction of TM'S group into various polymer backbones. Several works revealed
that the silyl groups often favored high gas permeability with minimal sacrifice in
selectivity. For ingance, it was found that, the substitution of trimethylsilyl (TMS)
group of one proton of polyethylene significantly increased the oxygen permeability
of 44 Barrer compared to the unmodified one of 2.2 Barrer, and even the
oxygen/nitrogen selectivity increased from 2.9 to 4.0. * Table 1.2 summarizes the
oxygen permeability and oxyger/nitrogen selectivity in TMS-substituted polymers
and their precursor polymers. The presence of bulky silyl groups on the polymer chain
is of special interest to gas separation because of their potential to inhibit chain
mobility and to give more open chain packing. This restricted main chain motions and
increased interchains distances will result in increased sze selectivity and increased
gas solubility, respectively. This optimized combination of chain mobility and chain
packing can lead to improved separation performances in gas permeability and
permselectivity.
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Table 1.2 Summary of the oxygen permeability and oxygen/nitrogen selectivity in
TMS-substituted polymers and their precursor polymers.

Polymer Structure FFV P(O,) P(0O,)/P(Ny) Ref.
Polyethylene */[/\/]n/* - 29 2.9 ®
Poly(vinyltrimethylsilane) ’{/\I’]/ - 44 40 %

Polystyrene % - 2.9 55 a6

Poly(p-trimethylsilyistyrene) *5 - 56 35 a6

Polynorbornene *‘@”ﬂ 0.15 6.9 4.6 i
Poly(trimethylsilyl norbornene) @7 0.275 780 2.6 4

/f'\
Poly(1,4-di methyl phenylene oxide) ot - 10.6 4.1 8
. ' (cH).si
il v cE P ORI CHEE
ETO
Ethylcellulose . 2 o}~ 0.185 18 3.6 ®

ET/HO OET/H
EtO
Q,

TMS-ethylcellulose . o} 0180 45 3.2 49

ET/TMSO OET/TMS
ACO

Cellulose acetate " o} - 0.27 6.14 %0

TM S-cellul ose acetate x o} - 7.4 411 %0

CAITMSO OCA/TMS

1.3.5 Composite membranes
1.3.5.1 Mixed matrix membraneswith inorganic fillers
As an dternative to new polymer synthesis, mixed matrix membranes (MMMs) are to

combine the readily processable polymer with high selectivity inorganic molecular
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sieve to overcome the trade-off limitation of polymer membranes. ° The MMMs for
gas separation have been not only the subject of growing interest in the past 10 years,
L but also recommended to be a promising alternative for the next generation
membrane. Generdly, in MMMSs the incorporated inorganic filler consists of well-
defined porous structure such as zeolites, or carbon molecular sieves (CMS). For
example, Kulprathipanja et al. ** observed that the incorporation of silicalite into
cellulose acetate improved O,/N, selectivity from 3.0 to 3.6. Jia and Peinemann 53
firstly reported the silicalite/PDM S mixed matrix membrane for a dightly improved
selectivity in O,/N, and CO,/CH,4 compared to those of the unfilled PDMS. Moreover,
the carbon molecular sieves (CMYS) incorporated into cellulose acetate and
polysulfones by Duval et al., > and polyimides are reported by Vu et d. >* This
composite from Vu et al. even breaks through the empirical Robeson’ s upper bond for
CO,/CH, and O/N2. # This polymer/inorganic hybridization seems to provide a
readily means to obtain the optimal transport properties relative to the unfilled
polymer.

Recently, one novel mixed matrix membrane with incorporated nonporous, nano-
sized inorganic particle like silica has been added to the super glassy polyacetylene
polymer matrix, resulting in the improved permsdlectivity for hydrocarbons over
incondensable gases. This is attributed to increased fractional free volume by
disrupting the polymer chain packing. > ¢ °" % %9 Thjs behavior is completely
opposite to that of the traditional nonporous filler system, wherein this nonporous
filler does not undertake the molecular sieve function in comparison of that of the
conventional porous filler. Actually, by filling special particle, this way of the FFV
modification owing to alternation of polymer chain packing offers another spectrum
to fabricate a novel mixed matrix membrane with optimal performances. Recently,
Gomes e a. ® aso observed the incressed  butane/methane selectivity in
PTM SP/Silica nanocomposite membranes could be increased by the incorporation of
slica by a sol-gel process. Yave et al. ®* reported that a poly(1-trimethylgermyl-1-
propyne) filled with TiO, nanoparticle system, which although does not show an
improvement of gas transport performance, has obviously increased stability with
loading of thefiller after long time storage study.

However, the natural incompatibility between polymer host and inorganic filler leads

to the inhomogeneous distribution of the filler and the unsel ective interface defect far
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above molecular scae, which hinders the formation of the attractive composite
materials for the practical application. % %,

1.3.5.2 Mixed matrix membraneswith organicfillers

Compared to inorganic fillers, organic fillers exhibit remarkable better compatibility
with polymer matrix system. In general, the addition of low molecular weight, organic
molecules (i.e., diluents) into glassy polymer matrix results in increased polymer
segments flexibility, and consequently increases the diffusion coefficient primarily by
lowering the activation energy of diffuson. For example, Stannett suggests the
additives decreases the polymer interchains cohesive force, resulting in an increase in
segmental mobility. * However, the increased polymer chains mobility leads to a
decreased excess FFV, which is caused by the unrelaxed free volume during polymer
process. The loss in excess FFV will reduce the gas Langmuir absorption. Therefore,
either increased or decreased permeability changes could be observed by filled
polymer with additives, which is dependent on the extent of diffusivity and solubility
changes. Simultaneously, the increased permeability is accompanied with decreased
gas selectivity, and vice verse.

The physical incorporation of the low molecule weight, organic additives into
membrane provides a simple way for modifying the gas separation properties of
membrane materials. Maeda and Paul, %% Ruiz-Trevifio and Paul, ® ™ Larocca and
Pessan " have systematically studied the gas transport properties in three practical
membranes, i.e. polysulfone (PSF), poly(phenylene oxide) (PPO), and polyetherimide
(PEI) with incorporation of various organic additives. Normally, it has been found
that the addition of these fillers into glassy polymers reduces the gas permeability and
enhances the selectivity, which can be interpreted by the retarded local chain mohility,
reduced fractional free volume and the loss of excess free volume. However, no
improvement in the separation performance has been reported. ®

1.3.5.3 Design of novel organic fillers for composite membrane

It is clear that the enhanced permselectivity phenomenon can only be exhibited if
proper materia selection and good interfacial interaction between the inorganic
elements and polymeric matrix are fulfilled. However, the ability to form a defect-free
ultra-thin top layer between inorganic fillers and polymer matrix seems to be an
existing unprecedented hurdle, because of the intrinsic incompatibility between two
phases. In order to obtain high permeation rates, the selective layer of gas separation

membranes in practice must be extremely thin. For example, a typica and
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commercialy used membrane should have effective thicknesses of less than 0.5 um

and often less than 0.1 mm, which seem to be impracticable for traditional mixed

matrix membranes with inorganic fillers.

As an dternative to circumvent the incompatibility, the organic fillers should be taken

into account. However, in order to improve the separation performance of composites,

the careful design of organic filler properties such as FFV and mobility might result in

acommercially successful membrane.
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Chapter 2

2. Experiment

2.1 Synthesis of silylated-saccharides

2.1.1 Chemicals

Glucose was purchased from Aldrich, and dried in vacuum at 100 °C over night
before use. 1,1,1,3,3,3-Hexamethyldisilazane (HMDS) (98%), chlorotriethylsilane
(99%), chlorotri-iso-propylsilane (97%), 1, 3-dimethyl-1, 1, 3, 3-tetraphenyldisilazane
(97%), and triethylamine (99%) were purchased from Acros chemicals, and were used
without further purification. The solvent N,N-dimethylacetamide (DMAC) (99.5%),
cyclohexane (99%) from Merck were degassed with nitrogen for 15 mins before use.
Except silylated-saccharides, other two commercia available additives
dioctylphthalate (DIPH) (99%) and pentaacetate glucose (PAG) (98%) were aso used
in this study. DIPH and PAG are purchased from Acros chemicals, which were used
without further treatment.

2.1.2 Synthesis and characterization of trimethylsilyl-glucose

The synthesis of TMSG using the silyl-agent HMDS and glucose has been performed
in DMACc at 80 °C under nitrogen atmosphere for 12 hours. The method is similar to
that reported by Mormann et al. * and Nouvel et d.? Figure 2.1 shows the synthesis
formula.

Figure 2.1 Synthesis of trimethylsilyl-glucose

HO (@] OH | | _ BO o) oB
+ >Si\N/Si\ - .
HO OH | DMAc BO OB

OH oB

B=H or TMS
3 g Glucose was mixed with 120 ml DMAc in a 250ml round flask and stirred at 80
°C under nitrogen gas protection. The 50 ml HM DS has been dropwise added through
adrop-funnel over 3 hours, and then the mixture was continuoudy stirred for 9 hours
in order to increase the silylation degree. The mixture was alowed to slowly cool
down to room temperature. Afterwards, the mixture was poured into a separation
funnel and 400 ml ice water was added. Then 150 ml hexane was added to extract the
product. The extracted product in hexane was dried with anhydrous sodium sulfate
and subjected to a rotation-evaporator for removing the solvent. The crude product

was dried under vacuum at room temperature for 24 hours. The transparent liquid
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product was characterized by *H-NMR and thermogravimetry anaysis (TGA). The
overal silylation degree was 83% with a good reproducibility, which was estimated
from *H-NMR spectra according to Nouvel et a. ? The thermal stability of TMSG is
up to 110 ‘C measured by TGA. The density of TMSG is 0.96-0.98 g/cm®. The TMSG

is soluble in a broad range of solvents from highly polar solvents such as methanol to
highly unpolar solvents such as cyclohexane.
2.1.3 Synthesisand characterization of trimethylsilyl-dextran
Figure 2.2 Synthesis of trimethylsilyl-saccharides
HO | BO

Q \l - (o)
N A SIS ——

n | DMAc * n
H
HO OH BO OB

B=H or TMS
Dextran (Mw= 900-1200) (Dextranl), and Dextran (Mw= 350-550 kD) (Dextran500)
were obtained from Aldrich, and HMDS and all solvents were purchased from Merck.
The saccharides were dried in a vacuum at 100 °C overnight before use. 3 g of
saccharide was mixed with 120 ml DMAc in a 250 ml round flask and stirred a 80 °C
under nitrogen gas protection. The 50 ml HM DS were added dropwise through a drop
funnel over 3 h, and then the mixture was continuoudly stirred for 9 h in order to
maximize the silylation degree. The mixture was allowed to slowly cool to room
temperature. Afterward, the mixture was poured into a separation funnel, and 400 ml
of ice water was added. Then 150 ml of hexane was added to extract the product. The
extracted product in hexane was dried with anhydrous sodium sulfate and subjected to
a rotation-evaporator for removing the solvent. The crude product was dried under
vacuum at room temperature for 24 h. The product was characterized by *H-NMR and
TGA. The overall silylation degree was 83 % for TMSG, 80 % for TMSD1, and 78 %
for TMSD500 with a good reproducibility, which was estimated from *H NMR
spectra according to Nouve et a. 2 The therma stability determined by TGA, the
glass transition temperature determined by DSC and the density of TMSS are
presented in Table 2.1.
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Table 2.1 Physical properties of trimethylsilylsaccharides (TMSS) fillers

name trimethylsilyl trimethylsilyl — trimethylsilyl -
-glucose dextranl dextran500
acronym TMSG TMSD1 TMSD500
AO AO AO
structure® Ao%’_}o;\ &}o{l— &}o{—
AO OA AO OA AO OA
180 900-1200 350-550k
molecular weight °
83 80 78
slylation degree %
Tg (°C) - 69.5 128.4-136.5
onset of weight loss S°C) ¢ 110 240 -
density (g/cm?) 0.98 £ 0.15 097+0.2 096+ 0.2

a A =-H or -Si(CH3)3

b. Molecular weight is based on the saccharides without silyl group.

C. Onset of weight lossis determined by TGA.

d. Thedensity of polymers is determined from their weight and volume at room
temperature.

2.1.4 The synthesis of 1, 3-dimethyl-1, 1, 3, 3-tetraphenylsilyl-glucose (DPM SG),
triethylsilyl-glucose (TESG), and triisopropylslyl-glucose (T1PSG)

1.5 g Glucose was mixed with 100 ml DMAc in a 250 ml round flask and stirred at 80
°C under nitrogen gas protection. The 10g 1, 3-dimethyl-1, 1, 3, 3-
tetraphenyldisilazane dissolved in 20 ml DMACc has been dropwise added through a
drop-funnel over 1 hour, and then the mixture was continuously stirred for 11 hoursin
order to maximize the silylation degree. The mixture was dlowed to dowly cool
down to room temperature. Afterwards, the mixture was poured into a separation
funnel and 400 ml ice water was added. Then 150 ml hexane was added to extract the
product. The extracted product in hexane was dried with anhydrous sodium sulfate
and subjected to a rotation-evaporator for removing the solvent. The crude product
was dried under vacuum at room temperature for 24 hours. The light yellow viscous
liquid product was characterized by *H-NMR. The overal silylation degree was
~ 78 %, which was estimated from *H-NMR spectra DPMSG is soluble in polar
solvents like methanol as well as in unpolar solvents like cyclohexane.

The synthesis of TESG and TIPSG is similar to that of TMSG. Except that the
suitable amount of triethylamine (with respect to chlorotriethylsilane and chlorotri-

iso-propylsilane in molar ratio, respectively) was added into the mixture before

31



adding the corresponding silane agents. The silylation degree was determined by
proton *H-NMR was 88%, 75% for TESG and TIPSG, respectively.

2.2 Film preparation

2.2.1 General procedur es of nanocomposite films preparation

PTMSP and EC were purchased from Gelest and Aldrich, respectively. The physical
properties for both polymers are presented in Table 2.2 (i.e.,, molecular weight,
density, fractional free volume by Bondi method, and glass transition temperature by
DSC). Before film preparation, PTMSP was purified via reprecipitation with
methanol. EC was used directly without any treatment. For PTM SP/TMSS composite
system, 1 % (w/v) PTMSP polymer solution in dry cyclohexane was prepared in a
glass bottle at room temperature. Various amounts of TMSS were added to the
PTMSP polymer solution. The transparent homogeneous solution was filtered and
poured into an aluminum ring, which was supported by a dust-free, dry, and flat glass
plate. Subsequently, the solvent was allowed to evaporate sowly for 1- 2 days at
room temperature by covering a glass dish. After solvent evaporation the film was
further dried under an oil-free vacuum over night to completely remove residual
solvent. The film was removed from the glass plate by immersion in water and dried
under an oil-free vacuum overnight again. For EC/TMSS composites system, 2 %
(w/v) EC polymer solution in dry chloroform was prepared in a glass bottle at room
temperature. Various amounts of TMSS were added to the EC polymer solution. The
membrane formation process is the same as described above for the PTMSP/ITMSS
system. Film thickness varied from 50 to 120 nm, which was measured by a digital
micrometer with a precision of £2 nm. Finally, the films were cut into a round disk
with diameter of 4.6 cm for atime-lag test cell. The freshly prepared PTMSP/ITMSS
films were directly analyzed by time-lag in order to reduce the influence of PTMSP
aging as much as possible. EC/TM SSfilms are storable at |abor bench.
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Table 2.2 Physical properties of ethylcellulose and poly(1-trimethysilyl-1-propyne)

polymer Ethylcedlulose poly(1-trimethysilyl-1-propyne)
acronym EC PTMSP
OB 0B o) H3
BO —
o8 ° 0B _Si.
H,C” 1 CH,
CH,
480 kDa
Molecular weight
Tg (°C) 125-130 > 250 %
Density (g/cn®) 1.12+0.02 0.78+0.02
Fractiond free volume 0.15 0.30
Ethoxy content 46 % -

a The density of polymers is determined from their weight and volume a room
temperature.

2.3 Compostefilm characterizations

2.3.1 Glasstrandgtion temperature

Thermal analysis for EC/TMSS composites was carried out usng a differential
scanning calorimeter (DSC) (Netzsch Thermal Analysis DSC204, Germany). The
glass transition temperatures for PTMSP/TMSS system are absent, because the
polymer PTMSP doesn't exhibit a clear T,. Before the analysis, the samples were
dried in a vacuum oven at 80 °C overnight. DSC scans were performed in a nitrogen
atmosphere at a heating rate of 10 °C /min from -50 to 110 °C for the first scan, and
then cooling to —50 °C at the same rate. The second scan was heated from —50 to 150
°C for determination of glass transition temperature.

2.3.2 Optical inspection of composite film

All EC/Trimethylsilyl-glucose (TMSG), EC/Trimethylsilyl-saccharose (TMSSA),
EC/Triethylsilyl-glucose (TESG), EC/Triisopropylsilyl-glucose (TIPSG), and
EC/Diphenylmethylsilyl-glucose  (DPMSG) and  EC/Trimethylsilyl-dextranl
(TMSD1), PTMSPITMSG and PTMSP/TMSD1 composite films are transparent and
featureless via optical observation, indicating an excellent miscibility of EC/TMSG,
EC/ITMSSA, EC/TESG, EC/TIPSG, EC/IDPMSG, EC/TMSD1, PTMSP/ITMSG, and
PTMSP/TMSD1 composites. In contrast, the EC/Trimethlysily-dextran500
(TMSD500) and PTMSP/TMSD500 composite films are opague, suggesting the
phase separation. The evaluation of the miscibility of composite material via the
optica observation has been discussed elsewhere. 3

2.3.3 Scanning electron microscopy

Scanning eectron microscopy was performed to investigate the morphology of
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EC/TMSS and PTMSP/TMSS composites with a LEO 1550 VP Gemini from ZEISS
instrument. The specimens were frozen under liquid nitrogen, which was described
elsewhere. * then fractured, mounted, and coated with 2 nm Au/Pd by a magnetron
Sputtering process (Emitec K575). SEM cross-section micrographs were obtained at 1
and 3 kV accelerating voltage for EC and PTM SP composites, repectively. The low
accelerating voltage was chosen for saccharides, which are electron beam sensitive.
2.3.4 Gastransport propertieswith time-lag

Gas permesation data were measured at 30 °C with six pure gases (helium, hydrogen,
carbon dioxide, oxygen, nitrogen, and methane) by a pressure increase time-lag
apparatus, which has been described elsewhere. ® The feed pressure used was between
200 and 400 mbar for the larger gases (carbon dioxide, oxygen, nitrogen, and methane)
and around 100 mbar for smaller gases (helium and hydrogen). The permeate pressure
was maintained at less than 107 bar with an oil-free vacuum pump. The gas
permeability P was calculated under steady state (congant permeance) by the
Equation 2.1:

Vpl In(zgepf - Py, 9

~ ARTDt Sp, - Po, 5

P (eg. 2.1)

where V, is the constant permeate volume (m°), | is the film thickness (m), R is the
gas constant ( 8.314 Pam® mol™ K™), Aisthe film area (m?, T is the temperature (K),

Dt isthe time (s) for permeate pressure increase from p, to p,,, p; is feed pressure

(Pa), and the unit of P ismol m™ s* Pa™. To obtain the permeability in barrer (1 barrer
=10"%cm? (STP) cmi(cm? s cmHg), the value has to be multiplied by 2.99* 10%.
The solution-diffusion transport model is applied for gas transport process through
dense polymer film. It means, that the permeability coefficient P can be defined as eq.
1.1 in Chapter 1. The diffusion coefficient D can be directly obtained by the time-lag
method under the assumption of a constant diffusion coefficient. As the gas transport
through the film reaches a steady state, the diffusion coefficient D can be calculated
by eq 2.2
I 2

&g (eg. 2.2)
where 6 is the time-lag (s). The solution coefficient can then be derived from eg 1.1
The vacuum time-lag equipment (Figure 2.3) is constructed in GK'SS research centre,

Geesthacht. 1t provides a method to assess the permeability and diffusion coefficients
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of a gas through a polymer film for a given set of operating conditions (temperature
and pressure). The permeate gasis allowed to accumulate in a pre-evacuated permeate
sde with a defined volume over time. The mathematical analysis is based on equation
2.2 for acquiring the diffusion coefficient.

Figure 2.3 Time-lag equipment

The permsd ectivity of a polymer film for component A relative to component B isthe
ratio of their permeation coefficients. Since the permeation coefficient is the product
of the diffusion coefficient and solubility coefficient, the permsdectivity for two
gases has been described in eg. 1.14 in chapter 1.
The systematic error in the permeability measurements is mainly from the
determination of the membrane thickness with an error of £5 %. In addition, the
systematic error of the diffusivity measurements originates mainly from the time
resolution of the time-lag (time resolution: 0.05 s). In this study, the diffusivity
systematic error is not beyond £6 %. In addition, the time-lag has been verified to
have high precision by Petropoulus et d..°
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Chapter 3

Gastransport propertiesin a poly(trimethylslyl-propyne) composite Membrane
with nanosized organic filler trimethylsilyl-glucose

3.1 Abstract

A novel composite membrane made from the high free volume polymer
poly(trimethylsilyl-propyne) and the small organic filler trimethylsilyl-glucose
(TMSG) is reported. The permeabilities, diffusivities and solubilities of six gases (He,
H,, CO;,, O,, Ny, and CH,4) were determined in these PTM SP/ITMSG composites with
a series of TMSG loading using the time-lag method. Increasing TMSG content in
PTMSP resulted in substantial reduction of al gas permeabilities. The observed
decrease in permesbility was much larger than predicted by the Maxwell model for
the incorporation of impermesble fillers. In addition, the permesbility loss varied
significantly from gas to gas, leading to increased selectivities for some gas pairs. For
example, nitrogen permesbility (9.6 Barrer) in PTMSP containing 56.8 vol.% TM SG
decreased by more than 600-fold compared to that of unfilled PTMSP (5490 Barrer).
Simultaneoudly, the O,/N, sdlectivity increased from 1.5 up to 3.4. The varying
permesability behavior in PTMSP/ITMSG composites is in good agreement with the
diffusivity change. In addition, a parallel reduction in solubility for all tested gases
was observed. In these composites, the natural logarithms of the diffusivities and
solubilities are well linearly related to the sguare of penetrant diameter and their
condensability, respectively. It was observed that the activation energy of permeation
increased with TMSG content. From the analysis of temperature dependence of the
gas permeability, it is concluded that the gas transport in pure PTMSP and
PTMSPITMSG composites follows different mechanisms. Additionaly, the
PTMSP/ITMSG composite membranes offer a readily accessible mean to physically
modify the FFV in PTM SP polymer, and to achieve the desired gas permeability and
permselectivity compared to the pure polyacetylene polymers.

3.2 Introduction

High free volume polymer PTMSP is the most gas permeable polymer, which is
comprehensively discussed in the introduction part. Many efforts were also made to
modify the FFV in PTM SP through physical means (e.g. particle-filling). For example,
an increased FFV in PTMSP composite system by incorporating nonporous fumed
slica(FS), thereby resulting in an increased gas permeability, was reported by Merkel
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et a. ! and Gomes & a. 2 On the other hand, a decreased FFV in fullerene filled
PTMSP matrix causing a decreased permeability was described by Higuchi et al. ° Li
and Freeman also observed adrastically decreased permeability in PTM SP containing
1.5 nm POSS particles *. In practice, Langsam et a. ° has aso reported a decreased
permeability accompanied with an increased selectivity in PTMSP with a large
number of additives such as silicon oils, non-ionic surfactants, hydrocarbon ails,
flame retardant additives and so on. But, the systemic investigation for PTMSP with
organic fillers is still missing. In addition, the commonly used fillers are inorganic
particles, which have a notorious problem in compatibility with the polymer matrix,
therefore, frequently producing defects. © In this study, a novel PTMSP composite
membrane with the compatible organic filler trimethylsilyl-glucose is reported. The
effect of TMSG addition on the FFV modification and the corresponding gas transport
propertiesin PTM SP are discussed.

3.3 Resultsand discussions

3.3.1 Permeability and per mselectivity in PTMSP/TM SG

In Table 3.1 the effect of TMSG filler in PTMSP on the permeability coefficients of
six light gases (He, Hp, CO,, O, No, and CH,) is illustrated. The incorporation of
TMSG in PTMSP leads to a drastic decrease in gas permeability. For ingance, in
PTMSP loaded with 5 vol.% TMSG all gas permeability coefficients decreased by
nearly 50 % compared to pure PTMSP. As PTM SPis loaded with 56.8 vol.% TMSG
the nitrogen permesbility even reduces by more than 600-fold. Based on the data in
Table 3.1, the normalized gas permeability (calculated as the ratio of the permeability
in the various amount TMSG filled PTMSP to the unfilled PTMSP) as a function of
the loading content of TMSG is plotted in Figure 3.1, where the prediction of the
classical Maxwell model can be used to describe the decrease of permeability of a
homogeneous polymer phase containing an impermesble filler. * Figure 3.1
demonstrates, that a significantly negative deviation of the gas permeability is
observed relaive to the Maxwell model. It means, the gas permeability reduction in

PTMSP/TM SG composites can not be explained by the simple tortuous effect.
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Table 3.1 Gas permeability of the PTMSP/TM SG composite membranes at 30 °C
Loading of TMSG Permeability x10™ (cm® (STP) cm/ (cm” s cmHg))

in PTMSP (VOlO/O) He H, CO, O, N, CH,4
0.0 5690 15850 31333 8120 5490 14833
49 3223 7910 14600 3580 2070 5430
9.2 1680 3713 6923 1480 668 1760
177 413 743 1320 270 104 218
27.2 162 238 316 70 22 48
374 113 151 168 40 12 24
45.8 94 119 123 30 9 18
56.8 85 106 129 31 9 19

Figure 3.1: Normalized gas permeability coefficients for sx gases (He(o), Hz(o),
CO4(A), Oz A) Nx(e), and CHy(m)) and Maxwell model prediction(” ) as a function
of loading amount of TMSG in PTM SP.
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This strongly reduced permeability is seemingly related to the reduced accessible free
volume caused by the TMSG occupation of partid FFV in PTMSP. It is speculated
that the organic filler TMSG can enter the interconnected FVE ®*° and to some extent
occupy the “micropores’ *'in PTMSP. Such behavior was also reported in the study
of PTMSP filled with low molecular weight polydimethylsiloxane (PDMS) by
Nakagawa and coworkers. * In this study, the “pore-filling” hypothesis can be
reasonably supported by the direct size comparison between the volume of the
presumably spherical FVE in PTMSP * *° and the spherical TMSG molecule. Table
3.2 presents the estimated size for both, which indicates, that TM SG may be allowed
to enter the partia FFV in PTM SP without disruption of polymer chain packing.
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Table 3.2 Estimated volume of sphericall TMSG and PTM SP FFV, respectively. The
diameter of the TMSG moleculeis about 10 A, the PTMSP FFV radii expand from 1-
9 A from Hofmann et al. *°

Volume (A%)
TMSG 811
PTMSP FFV 5.6 — 3052

The analysis of the permeability decrease with TMSG content can further validate the
assumption of the “pore-filling” in PTMSP with TMSG. In Figure 3.3, the decline in
permeability for al six gases can be obvioudy divided into two stages. In the first
stage, the permeability decreases radically with increasing TMSG loading, followed
by a smooth decrease in permeability in the second stage. The turning point lies at the
loading of around 27 vol. % TMSG. For example, about 250-fold loss in nitrogen
permesability is observed at the loading of TMSG from O to 27 vol. %. In contrast, a
relatively small decrease for nitrogen permeability (2.5-fold) takes place from 27 to
57 vol. % TMSG loading. A reasonable explanation for such behavior can be based
on the hypothesis as well, that TMSG may firstly fill the larger interconnected FVE **
3 which contribute to the fast gas transport. After the available large free volume is
occupied, the additional loaded TMSG may just resde between polymer chains,
leading to an increased tortuodty for gas transport, this behavior is in line with the
prediction of the Maxwell model. ** Srinivasan et al. ** and Pinnau et a. ** assumed
about 20 to 25% connected free volume is in PTMSP, and suggested most gas
permeates through this interconnected FVE. In contrast, the other 75 to 80% dense
polymer matrix contributes insignificantly to the gas permeation. This statement is
consistent with the experimental results: around 27 vol. % loading TMSG can block
the fast gas trangport passage in PTM SP.

Such behavior further indicates that addition of TMSG can readily modify the FFV in
PTMSP. To discuss this physical modification of FFV in PTMSP, the nitrogen
permeability behavior in PTMSP/TMSG composite membranes is compared with that
of four representative polyacetylenes derivates with declined FFV (poly(1-
trimethylsilyl-1-propyne) (FFV=0.29),

poly(4-methyl -2-pentyne) (PMP) (FFV=0.28), poly[ 1-phenyl-2-[p-
(trimethylsilyl)phenyl]acetylen-€] (PTMSDPA) (FFV=0.26) and poly(1-phenyl-1-
propyne) (PPP) (FFV=0.22), which were reported by Toy and coworkers. ** In Figure



3.2, the nitrogen permeability is plotted as a function of the TMSG loading in
PTMSP/ITMSG composites. For comparison, the nitrogen permeability in four
polyacetylenes as a function of the corresponding reciprocal FFV is also presented.
Obvioudy, the simple process of filling PTM SP with TM SG leads to similar nitrogen
permesabilities, which were obtained with the different polyacetylenes. In the
polyacetylenes, the decrease in the nitrogen permeability is well correlated to the
decrease in FFV. * In PTMSP/TMSG composites, the similar relationship between
the nitrogen permeability and the content of TM SG is observed as well. By analogy, it
is reasonable to speculate, that the loading with TMSG can systemically reduce the
FFV in PTM SP, consequently, reducing the permeability.

Besides a radical decrease in gas permeability in the PTMSP/ITMSG composites, as
clearly shown in Figure 3.1, the permeability decrease varies significantly from gas to
gas. For instance, at the content of 27.2 vol.% TMSG in PTMSP, compared to the
unfilled PTMSP, the permeability reduction is 35-fold for helium, 66-fold for
hydrogen, 99-fold for carbon dioxide, 117-fold for oxygen, 248-fold for nitrogen,
312-fold for methane. The permeability decrease is gpparently gas-size dependent.
The rank of the permeability decrease of the gasesisHe < H, < CO, < O, <N, < CH4,
which isin agood agreement with the effective gas diameter order: ** He (0.178nm) <
H, (0.214nm) < O, (0.289nm) » CO; (0.302nm) < N (0.304nm) < CH, (0.318nm).
Moreover, a consistent increase in permselectivity is observed for gas/N. pairs (except
methane/nitrogen because methane is larger than nitrogen) with increasing amount of
TMSG in PTMSP, which is summarized in Table 3.3. It can be seen, PTMSP has
amost no seectivity for He/N,, but PTM SP with 45.8 vol.% TM SG displays almost a
selectivity of 9. In order to visibly express the permselectivity change in the
PTMSP/TMSG composites, the normalized permselectivity of the other five gases
over nitrogen as a function of TMSG loading in PTMSP is plotted in Figure 3.3. The
larger the size difference of the permeating gas-pair, the higher the increased
permselectivity of the gas pair with increased loading of TMSG in PTMSP. Such
behavior can be explained by the increased size selectivity in PTMSP/TMSG
composites.

As generally observed, the size selectivity increases as permeability decreases in the
PTMSP/ITMSG membranes, which is in accordance with the well-known

permeability/selectivity trade-off relationship. ** This behavior may be rationalized
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from free volume consideration. * The decreased permeability and enhanced
permselectivity exhibited by filling PTM SP with TM SG are believed to arise from the
reduced, less selective interconnected FFV. Therefore, the small “conventional” free
volume in PTM SP contributes to increase the size selectivity in the composites. Such
13,18

behavior is typical for the low volume, conventional glassy polymers

Table 3.3 Selectivities of various gases over nitrogen in PTM SP with various amounts
of TMSG at 30 °C

Loading of TMSG in Gas/N, selectivity
PTMSP (VO| %) He H, CO, 0O, CH,4
0.0 1.0 29 5.7 15 2.7
4.9 1.6 3.8 7.1 1.7 26
9.2 25 56 10.4 22 26
17.7 4.0 7.2 12.7 26 21
27.2 7.3 10.8 14.3 31 22
374 9.5 12.7 141 3.3 20
45.8 10.7 135 13.9 34 20
56.8 9.2 115 14.0 34 2.1

Figure 3.2 Nitrogen permeability (P(N2)) in four disubstituted acetylene polymers (o)
(PTMSP, PMP, PTMSDPA, PPP) ® and in PTMSP/ITMSG composites (o) as a
function of reciprocal fractional free volume (/FFV) of the polymer ** and the
loadinged amounts of TMSG in vol.%, respectively. (1 barrer = 10° cm® (STP)
cm/(cm? s cmHg)).
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Figure 3.3 Normalized selectivities for five gases (He (o), Hz (o), CO2 (A), O2( V),
CH,4 (a)) over nitrogen in the PTMSP/TMSG composites as a function of loading
amount of TMSG.
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More specificaly, the oxygen permesbility and oxygen/nitrogen selectivity in
PTMSP/ITMSG composte membranes are compared. Figure 3.4 compares the
correlation between oxygen permeability and oxygen/nitrogen selectivity for the
substituted polyacetylenes ** and the PTMSP/ITMSG composite membranes in this
study. It clearly shows that the physical loading of TMSG in PTMSP can readily
improve the selectivity of oxygen over nitrogen from 1.5 up to 3.5. The selectivity
improvement, though, is along with a permesability decrease for O, from 8120 to 30
Barrer, which complies with the trade-off behavior relationship between the gas
permesbility and selectivity. ' Interestingly, in comparison with more than 50
synthesized polyacetylene polymers, ** PTMSP with various amount of TMSG
exhibits a relatively good performance in terms of permeability and selectivity.
Moreover, the optimal, tailored performance can be readily obtained via control of the

TMSG loading compared to the time-consuming synthesis.
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3.3.2 Diffusivity in PTMSP/TM SG

Since the permeation coefficient is a product of the diffusion and the solution
coefficient, it is worthwhile to study both coefficients in order to get more insight in
transport behavior of the PTMSP/TM SG composites. Table 3.4 presents the diffusion
coefficients for He, Hy, CO,, O,, N2, and CH4 in PTMSP as a function of various
contents of TMSG and the effective molecular diameter for each gas. The systematic
decrease in diffusivity for all six gases is observed with increased contents of TM SG
in PTMSP. Simultaneously, the diffusivity decrease is strongly related to the gas size
difference. The small gas helium experiences the least loss in diffusivity; in contrast,
the largest methane exhibits the largest loss. For example, in the PTMSP with 37 vol.
% TMSG, hdium diffusivity reduces by 5-fold compared to that in unfilled PTMSP,
however, methane diffusivity reduces more than 100-fold. The gas diffusivity decline
iswell related to the gas size, which is ranked in the order of: CH; > N, > CO,» O, >
H, > He In addition, the diffusivity change behavior is very similar to the
permeability change in PTMSP/TMSG composites, which clearly indicates that the

diffusivity plays a dominant role in the transport.



Table 34 Gas diffuson coefficients in a series of PTMSP/TMSG composite
membranes at 30 °C in terms of the effective molecular diameter for six gases.

Gas He H, COZ Oz N> CH4

Effective molecular

diameters ds; () 0178 0214 0302 0.289 0.304 0.318

L oading of
TMSGin Diffusivity © 10° (cm?/s)
PTMSP (vol.%)
0.0 252 294 3.2 45 35 3.02
49 199 164 165 224 147 1.21
9.2 141 105 083 107 068 0.46
17.7 5.9 37 0.22 0.3 0.16 0.09
27.2 4.3 20 009 015 0.08 0.04
374 36 15 006 011 0.6 0.03
45.8 3.2 1.4 0.05 0.1 0.05 0.02
56.8 34 15 007 013 007 0.03

It has been reported that major physicochemica factors, which control the gas
diffusivity and selectivity of polymers are (1) cohesive energy density (CED) and (2)
FFV, FVE size and size distribution and (3) gas—polymer interaction.® However, it is
well-known that there are hardly any specific interactions of light gases with polymers
a low gas pressures (<10 bar). It is also supposed that the CED of PTMSP/TM SG
composites do not vary much by the physical addition of TMSG, because the special
interactions between the hydrophobic filler TMSG and the hydrophobic polymer
chains of PTMSP are asent. Thus, the gas diffusivity in the PTMSP/TMSG
composite membranes depends mainly on the FFV. Theoreticaly, the diffusion
coefficients straightforward reflect the mobility of molecule transport through the
polymer. # Cohen and Turnbull firstly formulated the mathematical relationship
between the gas diffusion coefficient and the penetrate size combined with the

polymer FFV, which is described in chapter 1.

In PTMSP, the extremely high FFV contributes to the high gas diffusivity. **** % The
decreased diffusivity in the PTMSP/TMSG composites obvioudy suggests less
accessible FFV for gas transport, indicating that the filler TMSG occupies partial FFV
in PTMSP. The observed improved diffusivity selectivity is mainly ascribed to the
blocked interconnected FFV in PTMSP by TMSG. As a result, gas was forced to
diffuse through the conventional FVE, where the size selectivity occurs as a

conventional glassy, low free volume polymer.



According to Teplyakov and Meares equation *° (see chapter 1), Figure 3.5 presents
the plots of the gas diffusivity as a function of the effective diameter in the
PTMSP/ITMSG composites. The intercept ki, slope k; and linear regression R
parameters are summarized in Table 3.5. The linear relationship between the natural
logarithm of gas diffusion coefficient and corresponding square of effective molecular
size is proven (Regression value R > 0.98). As expected, it can be seen that the value
of the slope (k) progressively increases with increase of TMSG loading, indicating
the enhanced diffusivity selectivity. On the other hand, it is interesting to find that the
intercept (k;) systemically decreases with an increased content of TMSG, which is
consistent with the gas diffusivity decrease. In other words, a large k. value always
accompanies with asmall value of k; and vice verse.

Figure 3.5 Plots of the natural logarithm of gas diffusivity as a function of square of
its effective diameter in a series of PTMSP/TMSG composite membranes (TMSG
loading in PTMSP: 0.0% (o), 4.9% (), 9.2% (A), 17.7% (N), 27.7% (), 45.8% (m),
56.8% (o))
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Table 3.5 Linear fitting parameters of ki, k, and regression R in the plots of the natural
logarithm of gas diffusivity as a function of square of its effective diameter *° in a
series of PTM SP/TM SG composite membranes

Loading of
TMSGin ke ko R
PTMSP (vol.%)
0 11.5573 0.3647 0.9744
4.9 11.4756 0.4427 0.9925
9.2 11.3866 0.5149 0.9949
17.7 10.8034 0.6113 0.9956
27.2 10.6268 0.6806 0.9988
374 10.4938 0.7035 0.9992
45.8 10.4017 0.7053 0.9991

3.3.3 Solubility in PTMSP/TM SG
From the permesability and diffusivity, the solubility is estimated according to
Equation 1.1 (chapter 1). Table 3.6 exhibits the solubility coefficients for al six gases
(He, Hz, CO,, O, N, and CHy4) in PTMSP with various amounts of TMSG. With an
increased TMSG content in PTMSP, a systematic decrease in gas solubility is
observed. More than 50 % loading TM SG causes the solubility capacity of PTMSP to
reduce by almost one order of magnitude for each gas. This solubility capacity is
getting close to that of conventional glassy polymers.  In addition, the solubility
selectivity is aimost unchanged. The gas solubility in a composite system can be
roughly estimated by the additive model ** described by eq. 3.1:

Sn=S (@-F)+S " f (eq.3)
where Sy, is the solubility in the polymer composite, £ is the filler volume fraction, S
is the gas solubility in the unfilled polymer, & is the gas solubility in the filler. Gas
solubility in PTMSP is nearly 10 times higher than that in conventional glassy
polymers, atributed to a large microporous structure for gas sorption. *° Therefore,
the gas solution in TMSS can be neglected relative to that in PTMSP. Equation 3.1
can be smplified aseq. 3.2:

S.=S, (@-7) (eq.3.2)

Figure 3.6 presents the nitrogen solubility coefficient in PTMSP/TMSG composites
versus the TMSG loading. The prediction of the additive modd is shown as
comparison. The Figure clearly displays the negative departure for nitrogen solubility
in comparison with the prediction of this model. The sorption coefficient depends

primarily on three factors. (1) the penetrant condensability; (2) the polymer-penetrant
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interactions; and (3) the free volume in glassy polymer matrix. ¥ The penetrant
condensability is an intrinsic property of each gas. Moreover, the interaction between
the composite matrix and gas molecules is unaffected by the TMSG loading in
PTM SR, supported by the unchanged solubility selectivity. Therefore, it is reasonable
to suppose, that a negative departure from the prediction of the additive model in
solubility for PTMSP/TMSG composites can be explained in terms of a reduction of
free volume. PTMSP has an interconnected free volume (“microvoids’), which offer
the high Langmuir solubility capacity for gas molecule in contrast to that of other
conventional polymers. ** The “pore-filling” by TMSG leads to greatly reduced
Langmuir sorption capacity in non-equilibrium excess free volume in PTM SP.

Table 3.6 Effective force constants for six gases *° and their solubility coefficientsin a
series of PTMSP/TM SG composite membranes at 30 °C.

He Hz COZ 02 Nz CH4

ol 95 622 2134 1127 83 1547
L oading of
TMSGin Solubility x 10? (cm® (STP)/(cm® cmHg))
PTMSP (vol.%)
0.0 0226 0541 9773 1.805 1555 4913
49 0.072 0483 8843 16 141 4483
9.2 012 0354 835 1387 09389 383
17.7 007 0202 595 0888 0651 2535
27.2 0.037 0119 3523 0469 0291 1265
37.4 0.032 0098 277 035 0126 0904
45.8 003 0083 2295 0297 018 0745
56.8 0025 0072 19 0238 0137 0584




Figure 3.6 The nitrogen solubility coefficient (o) in PTMSP/TMSG composites as a
function of TMSG loading amount at 30 °C as comparison of the additive model (o).
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According to Teplyakov's equation (chapter 1), in Figure 3.7 the natura logarithm of
gas solubility for six gases at 30 °C is plotted as a function of the square of its
effective force constant in a series of PTMSP/TMSG composite membranes. From
Figure 3.7 it is clearly read out, that the TMSG loading reduces the solubility in
PTMSP for six gases in a smilar way. This behavior suggests that no specia
interaction is introduced by incorporation of TMSG in PTMSP. In the Table 3.7 the
intercept ks and the slope k4 are presented. The sope k4 is dmost an invariable value
(0.22), which iswell in line with that of more than 50 homopolymers and copolymers
fittings by Teplykov. ' Theoretically, this factor ks is independent of the nature of the
polymer, which can be derived by the regular solution approach. A systematic
increase in the intercept ks is observed with the increased loading of TMSG. As a
result of the decreased FFV in PTMSP, less volume is provided for gas absorption.
The unchanged solubility selectivity proves that al of the increase in permeability
selectivity in PTMSP/TMSG composites is based on an increase in gas diffusivity

selectivity.
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Table 3.7 Linear fitting parameters of ks, ks and regression R in the plots of the natural
logarithm of gas solubility a 30 °C as a function of sguare of its effective force
constant *° in a series of PTMSP/TMSG composite membranes.

Loading of
TMSGin Ks (1 R
PTMSP (vol.%)
0 -1.5385 0.01893 0.9822
4.9 -1.7508 0.01967 0.9796
9.2 -2.1485 0.02125 0.9857
17.7 -2.7105 0.02229 0.9845
27.2 -3.3725 0.02255 0.9938
374 -3.5734 0.02206 0.9965
458 -3.6842 0.02159 0.9972

Figure 3.7 Plots of the natural logarithm of gas solubilities at 30 °C as a function of
their effective force constants in a series of PTMSP/TMSG composite membranes
(TMSG loading in PTMSP: 0.0% (o), 4.9% (o), 9.2% (A), 17.7% (N), 27.7% (d),
45.8% (m), 56.8% ().
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3.3.4 Activation energies of permeation in PTMSP/ITM SG
The temperature dependence of permeability coefficients in PTSMP/TMSG

composite membranes for the gases He, H,, CO,, O, N2, and CH4 were measured by
the pressure-increase apparatus. Temperature was varied between 10 ° C and 70 ° C,
and feed pressure was approximately 1 bar. The temperature-dependence of gas
permeability can be expressed by the Arrhenius Equation (eg. 1.2 in chapter 1)

The activation energy of permeation Ep and the front factor Poderived from the slope
of Arrhenius plots are presented in Table 3.8. With an increased content of TMSG in
PTMSP, the activation energy of permeation Ep for each gas increases systemically.
The same trend is observed in the front factor Py as well, which will be further
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discussed later. PTMSP exhibits negative activation energy for most penetrants
(excluding He) primarily due to the “microporous’ structure. ** ** 22 This
microporous structure leads to considerably small activation energy for diffusion (Ep),
since the heat of sorption (Hs) is always negative. The sum of activation energy of
diffusion (Ep) and the heat of sorption (Hs) is the activation energy of permeation (Ep).
Therefore, Ep in PTMSP is negative for most gases. The TMSG loading in PTMSP
causes blocking of microporesin PTM SP. Hence, more diffusion jump energy for gas
transport is required. For example, when the TMSG content in PTMSP is more than
28.5 vol.%, the Ep for each gas is comparable to that of atypical glassy polymer like
polycarbonate. On the other hand, the opposite relationship between Ep and gas
molecular size is observed in PTMSP and PTMSP/TM SG composites. In PTMSP, the
larger gas has arelatively smaller Ep, in the order of Ep (CO,<CH3<O,<N,<H,<He).
In contrast, in PTMSP containing 37.8 vol. % TMSG, the small gas requires lower
activation energy to permeate than the large one. The Ep in this composite is in the
reverse order compared to that of PTM SP: CO,<He<H,<O,<N2<CH4. The more polar
gas CO; has aways the lowest activation energy of permeation due to its high
sorption interaction with polymer matrix. *

Table 3.8 Activation energy of permeation Ep and front factor P, for six light gasesin
aseries of PTMSP/TM SG composite membranes.

Loading of N .
™ SEm Activation energy of permeation E, (kJ/mol) and front factor Py
PTMSP
(vol.%)
He H, COz Oz N> CH4
Ep Po Ep Po Ep Po Ep Po Ep Po Ep Po
0.0 05 4922 21 4227 117 205 55 627 -35 819 53 980
6.6 15 3532 -14 2489 -103 112 48 338 31 349 63 229
14.4 51 3022 25 1869 -87 36 0.8 322 4.0 420 0.9 236
17.7 104 15311 93 16306 11 92 87 380 134 8330 121 9958
21.2 118 20263 119 30487 68 4678 108 5664 149 9125 150 16801
28.5 137 29476 135 37000 87 5708 148 14760 175 15771 190 43412
37.8 177 99551 187 184759 165 76519 223 183237 287 625308 295 1716040

van Krevelen ° observed that the “compensation effect” could be used to relate the
activation energy of permeation to the front factor. (eg. 3.1 in chapter 1) The validity
of this equation has been tested with the data given in Table 3.8, and the results are
illugtrated in Figure 3.8. In the PTMSP composite membranes with relatively high
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TMSG loadings (TMSG loadings are 14.4, 17.7, 21.2, 28.5 and 37.8 vol.%), the Ep
and InPy correlation fits well with the ‘compensation effect’. The linear regression
parameters are summarized in Table 3.9. Regarding the values of a and b in Table 3.9,
b seemsto vary relatively little for all six gases and are very close to the value 0.2770
observed by van Krevelen.  For the parameter a, an interesting observation is that it
shows a clear trend with the gas permeability, namely, the gas with high permeability
has large a value. In the PTMSP/TM SG composite with considerable TM SG loading,
the gas permeability as well as the fitting parameter a follows the same order: CO, >
H,> He > O, > CH; > N,. This also explained why van Krevelen observed an
uncertain value of a in his work (the author thought the fitting parameter a was aso
gas type independent).

Table 3.9 “Compensation effect” linear regression parameters in PTMSP/TMSG
membranes.

A b R
He 6.6785 0.2721 0.9971
H> 6.9168 0.2792 0.9965
CO; 6.2930 0.3004 0.9979
0O, 5.5663 0.2892 0.9976
N> 4.8414 0.2927 0.9968
CHy 5.2091 0.3062 0.9974

Figure 3.8 Correlation of activation energy of permeation Ep and the front factor InPq
in PTMSP/ITMSG composites for sx gases [(He(o), Ha(o), COx(A), Ox A), Na(e),
CHy(m)) at various amount of TMSG in PTMSP . The Arabic numbers represent the
loading volume content of TMSG in PTMSP (1.(0.0%), 2.(6.6%), 3(14.4%),
4.(17.7%), 5.(21.2%), 6.(28.5%), 7.(37.8%)).

16 :

14l 4
12 + E
210}k -
3
Q L
L 8- X TMSG vol% |
£ | ST o 1.0.0%
; LI o 2.6.6%
6 A a 3.14.4% -
22 0,
4ot oy |10
4L 5 : ® (No) ||6.285% i
I A X = (CHy)||7.37.8%
I
2 1 1 1 L 1 L 1
-10 0 10 20 30
Ep (kJ/mol)

52



Furthermore, it can be seen from Figure 3.10, that the points (given by Ep and InP) of
pure PTMSP and PTM SP with low TMSG content (6.6 vol.%) are gpart from the Ep-
InPy line determined by the high TMSG loading composite membranes. Since a
compensation effect means that the transport mechanism is similar among a series of
polymers when Equation 1.3 is obeyed, ?° the results shown in Figure 3.10 suggests
that the gas transport in PTMSP and high loaded PTMSP/TMSG composite
membranes might follow different mechanisms. In PTM SP, the free volume appear to
be connected and form the equivalent of a finely “microporous’ materia. In this
regard, the gas permeation in PTMSP may fall in a transition region between the pore
flow and solution-diffusion mechanisms.  When TMSG is incorporated into the
PTMSP host, it might occupy the “fine micropores’. The PTMSP/ITMSG composite
membranes could be treated as a conventional glassy polymer, where the transport

mechanism should be based on the sol ution-diffusion model.

3.4 Conclusions

This chapter describes the blending of the high free-volume polymer poly(1-
trimethylsilyl-1-propyne) (PTMSP) with the small organic filler trimethylsilyl-
glucose (TMSG). Gas permeability coefficients for helium, hydrogen, carbon dioxide,
oxygen, nitrogen, and methane decreased drastically with the incorporation of TMSG
Simultaneously, the permselectivity increased. The permeability and selectivity
change could be well correlated with the gas molecule size. The largest gas methane
experienced the highest loss in permeability. Theoretically, the diffusion and solubility
coefficients can be correlated to the penetrants effective diameter and its force
constant, respectively. It could be shown, that the gas transport behavior in the
PTMSP/TM SG-composites is predominantly governed by the decrease of the
diffusion coefficients. From the gas transport properties in the PTMSPITMSG
composites, it is concluded that the filler TMSG can enter the large free volume
elements (FVE) in PTMSP and blocks effectively the transport through the
microvoids, improving the size selectivity. In addition, an increase in the activation
energy of permeation Ep has been found with increasing TM SG content. This supports
further the “pore-filling” assumption. The controlled addition of TMSG to PTMSPis
a simple way of tailoring the permeability/selectivity behavior of high free volume

polyacetylenes.
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Chapter 4
Gastransport propertiesin an ethylcelulose composite membrane with
nanosized organic filler trimethylsilyl-glucose
4.1 Abstract

This Chapter reports a novel mixed matrix membrane containing the organic filler
trimethylsilyl-glucose (TMSG) with the size of around 1 nanometer into
ethylcellulose (EC). The permeability, diffusvity and solubility coefficients of six
gases (He, Hz, CO,, Oz, N2, and CH.) are determined in these EC/TMSG composites
with a series of TMSG loading using the time-lag method. Systemicaly increasing
TMSG content in EC resulted in a distinct increase of al tested gas permeabilities.
The increases of gas permeability as a function of TMSG loading amount experience
two stages. As TMSG loading is less than 37 vol.%, a noticeably increased
permeability with an amost unchanged selectivity is observed. For example, P(O2)
increases 1.7-fold at 37 vol.% TMSG in EC compared to that of unfilled one, while
P(O2)/ P(N2) remains nearly constant. As TMSG is loaded more than 37 vol% in EC,
the gas permeability radically increases. The oxygen permeability increases nearly 5-
fold a 66 vol.% TMSG loading, the P(O,)/ P(Ny) is slightly down to 2.8. Moreover,
the larger penetrant benefits more permeability enhancement than the smaller one, as
a result, the improved permeability and simultaneoudy improved permselectivity for
larger gas over smaller gas (e.g. CO./H,) are observed.

The temperature dependence of the permeability was also studied. The activation
energy of permeation in EC/TMSG composites increases with increased TMSG
content, adthough the permeability was aso increased. The increase in the
permeability with increased temperature is due to the increase of the front factor,
which is proportional to the entropy change. These transport properties, together with
glass transition temperature (Tg) measured by differential scanning calorimetry (DSC)
analysis, suggest that the dominant reason for the permeability enhancement and
permselectivity ateration is the increase in chain mobility by introducing of the
TMSGfiller.

4.2 Introduction

Mixed matrix membranes (MMMs) for gas separation have been not only the subject
of research interest in the past 10 years, * but aso are promising aternatives for the

next generation membranes. 2 Generally, in MMMs, the incorporated inorganic fillers
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consist of well defined porous structures such as zeolites, or carbon molecular sieves
(CMS). The intrinsic pore sizes of these fillers have the extremely high molecular
Seve ability. This super sieving property combined with the easy processibility of
polymer has caused a large curiosity in the membrane research field. For example,
Kulprathipanja et a. ® observed that the incorporation of silicalite into cellulose
acetate improved O,/N, selectivity from 3.0 to 3.6. Jia and Peinemann * firstly
reported the dglicalite/PDMS mixed matrix membrane for dightly improved
selectivities in O,/N, and CO,/CH; compared to those of the unfilled PDMS.
Moreover, the CMS incorporated into two polyimides were reported by Vu et al.. >
These composites even broke through the empirical Robeson’s upper bond © for
CO./CHs and Oz/N,. Those hybridizations seemed to provide a readily available
means to obtain the optimal transport properties relative to the unfilled polymers.
However, the unavoidable chemical incompatibility between polymer host and filler
particle (especially regarding to the inorganic particle) leads to the inhomogeneous
distribution of the filler and the unselective interface defect, which hinders the
formation of the attractive composite materials. " ®

Recently, one novel mixed matrix membrane with the nonporous, nano-sized
inorganic particles like dlica has been added to the super glassy polyacetylene
polymer matrix, resulting in the improved gas permselectivity for hydrocarbons over
incondensable gases such as methane. This phenomenon is attributed to increased
fractional free volume (FFV) by disrupting the polymer chain packing. **? This
behavior was totally opposite to that of the conventional nonporous filler system. ** It
was obvious, that this nonporous filler in those composites did not undertake the
molecular sieve function as the conventional porous filler. Actualy, this way of the
FFV modification owing to alternation of polymer chain packing by filling special
particle, offers another spectrum to fabricate a novel mixed matrix membrane with
optima performances.

In addition to the polymer FFV, the polymer chain mobility is another primary factor
to control the molecule transport properties from a material viewpoint. ** In this study,
we extend this idea to introduce one compatible organic filler trimethylsilyl-glucose
(TMSQG) into the polymer ethylcellulose (EC), in order to modify the polymer chain
mobility. EC is selected in this study as the host for the TMSG mainly because it is
polymer material with good membrane formation ability, medium gas separation

capability, good flexibility, excellent durability and low cost. * Additionally,
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ethylcellulose is a practical membrane for industry application. *® In this article, the
gas transport properties, including diffusivity, solubility, permeability, permselectivity
and temperature dependence of permesbility in this novel EC/TMSG mixed matrix
membrane will be discussed.

4.3 Resultsand discussions
4.3.1 The density of EC/TM SG composites

Figure 4.1 displays the comparison of the estimated density by Equation 4.1

(expressed as (-)) and experimentally measured density by gravimetric analysis

(expressed as (7)) in a series of EC/TMSG composites as a function of TMSG

content.

_ W+ W,
Wo W

ro ry

r (eg. 4.1)

where W, and W refer to weight of polymer and filler, respectively. r, and r¢ refer to
the density of polymer and filler, respectively. Clearly, an increased loading of TMSG
in EC shows atrend of reduced composite density. Thisisin consistence with density
difference between TMSG (0.96-0.98 g/cm®) and EC (1.14 g/cm®). A dlightly positive
deviation of measured density at less loading of TM SG and arelatively large negative
deviation of measured dengty at more loading of TMSG in comparison with these
calculated by the additive model are observed. This slightly positive deviation at low
loading from the additive prediction seems to be in the range of the experimental
uncertainty. Regarding to the negative deviation from the additive prediction at high
loading, it might be due to the change of EC chain packing in a different behavior,

when the measurement uncertainty is neglected.
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Figure 4.1 Density of EC/TMSG composites at R.T. as a function of TMSG loaded
amount. The estimated density (expressed as (-)) and experimentally measured
density (expressed as (" )).
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4.3.2 Glasstranstion temperatureof EC/TM SG

Figure 4.2 presents DSC thermograms of a series of EC/TMSG composites. The
average values of the thermal transitions T, are also presented. Obviously, increasing
TMSG content systematically decreases Ty in EC/TMSG composites. In other words,
the ethylcellulose chain segmental dynamics are systematically enhanced. This
behavior is different relative to inorganic filler, which has generally more impact on
the polymer FFV than the polymer chain dynamics, because the specific interaction
between filler and polymer chains is frequently absent. ** This pronounced increase in
EC chain mobility by TM SG might be due to the similar chemical structure between
ethyl cellulose and silylated-glucose, since both are based on glycoside. This similarity
results in the compatible composite of EC/TMSG, which was further confirmed by
the optical transparence. As a result, TMSG may efficiently separate EC chains,
causing the chains more easily to dip. In addition, the increased chain mobility may
be more pronounced compared to the offset effect in the presence of the weak
hydrophobic interaction between TM SG and EC.
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Figure 4.2 Glass transition temperatures of EC/TMSG composites as a function of
TMSG loaded content.
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4.3.3 Permeability and permselectivity

In Table 4.1, the effect of TMSG filler in EC on the permeability coefficients of six
light gases (He, Hz, CO», O, N2, and CHy) is illustrated. The incorporation of TM SG
in EC leads to a considerable increase in all tested gas permeabilities. For instance, in
26.4 vol.% TMSG loaded EC composite, permeabilities of N, and O, simultaneously
increase by more than 50% in comparison with those of the unfilled one. As EC is
loaded with 53.0 vol.% TM SG, the nitrogen permeability even increases by more than
3.5-fold. Based on the data in Table 4.1, the normalized gas permeability (Pi/Po, P;
refers to the permeability with various content of TMSG in EC, Pg refers to the
permeability of the unfilled EC) as a function of the loading content of TMSG is
plotted in Figure 4.3, where the prediction of classical Maxwell model is aso
presented for comparison. The Maxwell model predicts the permeability decline of an
increased path-length for penetrant in a polymer composite with an impermeable filler.
31t dlearly demonstrates, that a reverse positive departure of the gas permesability is
observed relative to the Maxwell model. In addition to the unusualy increased gas
permeability in the EC/TMSG compostes, the permeability enhancement is gas
dependent. A first impression is that the gas with larger size experiences a larger

permeability enhancement. The permeability enhancement of six tested gases
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increases in the order of: He < Hz < O, < CO, < N2 < CH4. For instance, at 66 vol.%
TMSG loading, for the largest gas CH, the permeability enhancement is 8.2-fold,
whereas, the smallest gas He experiences 2.7-fold increase in comparison with those
of the unfilled EC.

Table 4.1 Gas permeability coefficients of the EC/TMSG composite membranes at
30°C.

TMSG loading Sample He H> Oz N> CHa, COz
in EC (vol.%) Code Permeability (Barrer*)

0 1 40.2 56.0 11.8 3.48 7.11 70.9

114 2 519 726 16.8 4.92 10.9 94.0

26.4 3 535 733 18.2 531 11.7 90.0

37.1 4 58.0 78.2 20.3 6.10 134 938

434 5 70.9 99.3 305 9.94 228 142

53.0 6 79.2 113 37.3 12.3 31.0 176

65.9 7 109 162 58.6 21.5 58.5 286

*1 Barrer = 10 cm>(STP)-cm/(cm”-s-cmHg)

Figure 4.3 Normalized gas permeability coefficients for six gases (He, Hy, CO,, Oz Ny,
and CH,4) and Maxwell model prediction as a function of loading amount of TMSG in
EC.
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Positive deviations from the Maxwell model have been rarely reported in the filled
systems. In some organic-inorganic hybrid materials, the distinct permeation
enhancement was observed, which is frequently attributed to the interface defect
because of seemingly unsolved incompatibility between inorganic filler and polymer
matrix. Such defect may produce a nonselective K nudsen diffusion. ** For example, in
the nylon-6/SiIO, nanocomposite system, a slight addition of 5 wt.% of silica leads to

a great increase of gas permeation in one order of magnitude higher than that of the
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unfilled nylon membrane, and gas selectivity is in line with the K nudsen selectivity 2.
Recently, nanocomposite of high-permesbility polymers (e.g. PTMSP and PMP) with
slica were shown to have significantly increased permeability relative to the pure
polymer while retaining selectivity. It was explained by that rigid PMP or PTMSP
chains are unable to pack efficiently around the periphery of silica filler particles,
resulting in a low-density in polymer-filler interfacial region and ‘a resultant increase
in system free volume'. ®*? In fact, the polymer-filler interface effect may be
responsible for the enhanced FFV, since the filler (silica) and polymer (PTMSP or
PMP) are intrinsically incompatible, which is indicated by the particle aggregation
into clusters under the transmission electron microscopy (TEM). However, the
solution-diffusion mechanism still remains in this interface. In this study EC/TM SG
composites system, this mixed matrix membrane is miscible at molecular level, which
is obviously supported by the optical transparence of this composite. Therefore, the
‘polymer-filler interface effect’ is undoubtedly not the dominant reason for the
permeability enhancement.

The increased polymer chains flexibility seems be a reasonable explanation for this
atypical manner in an increased permeability in the EC/TMSG compostes. This is
clearly indicated by the variation of glass transition temperature in this composite,
which graightforwardly reflects the flexibility of polymer segments. The gas is
transported through the densified polymer matrix based on the well-known solution-
diffusion mechanism. *® The addition of TMSG into EC, which spaces the inter-chain
gpart and reduces the chain interaction, consequently enhances the possibility for gas
molecule jump.

The increased polymer chains flexibility in EC/TMSG composites is further indicated
by the noticeable difference in the permeability enhancement for the various penetrant
with different size. In EC/TMSG composites, the permeability enhancement for larger
gas methane is pronouncedly larger than that of smaller gas helium. This scenario is
due to more permeability gain for methane than for helium, when polymer chain
mobility increases. In addition, this behavior of this composite is getting close to that
of rubber, which is more permeable to larger gas than smaller gas. ® Figure 4.4
summarizes the helium permeability and helium/methane selectivity for two
representative polymer and EC/TMSG composites. The glassy polymer matrimide has
a strong size selectivity (P(He)/P(CH4)=90); modest glassy polymer EC shows
relatively weak helium selectivity (P(He)/P(CH4)=5.2); typical rubber polymer PDMS
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even exhibits a reverse selectivity (P(He)/P(CH4)=0.4). EC/TMSG (66 vol.%)
composite membrane exhibits minor selectivity (P(He)/P(CH4)=1.8). Such
comparison clearly suggests, the permeability behavior of EC/TMSG composites
gradualy move to rubber polymer with increasing loading of filler TMSG.

Figure 4.4 Relationship between helium permesbility and its selectivity over methane
for EC/TMSG composites and matrimid as well as PDMS. (Matrimid and PDMS data
from reference '°)
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Since the gas permeability enhancement in EC/TM SG compositesis gas Size relevarnt,
and the gas with larger size will experience a great permeability enhancement, a
resultant change in permselectivity is expected. Figure 4.5 shows the permeability and
permselectivity relationship of O./N, and CO,/H, gas pairs as a function of TMSG
content in EC. For O./N, separation, the trade-off relationship between permeability
and permselectivity is generally observed. At the relatively less loaded TMSG in EC
(from O to 37 vol.%), the selectivity for O./N. remains amost constant
(P(O2)/P(N2)=3.4, but the permeability increases considerably (P(N2)=3.48 Barrer for
EC, P(N2)=6.10 Barrer for EC with 37 vol.% TMSG). This behavior for the increased
permeability with the unchanged selectivity was similarly observed by Houde and

Stern 2

, who studied the effect of ethoxyl content on the permesability and
permselectivity of EC. They suggested, the unchanged selectivity for O./N, and
increased permeability with increasing ethoxyl content is attributed to a slight

increase in FFV. In this study, the unchanged O,/N, and simultaneously increased
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permesability is due to the increased polymer chain mobility to some extent. With
continually enhanced loading of TMSG in EC, the permselectivity for O./N, dlightly
decreases from 3.4 to 3.0, accompanied with significantly enhanced permeability.

Figure 4.5 Relationship between P(O,) and P(O.)/P(N2) as well as P(CO,) and
P(CO,)/P(H2) for EC/TMSG composites. Sample code isreferred to Table 4.1.
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On the other hand, the EC/TMSG composites display both enhancements in gas
permeabilities and selectivities for CO,/H,. For instances, in ethylcellulose containing
53 vol. % TM SG, permesability increase from 70.9 to 176 Barrer for CO, and from 56
to 113 Barrer for Ho. Simultaneoudly, the CO/H, selectivity increases from 1.27 to
2.01, which is aso exhibited in Figure 4.5. This behavior is opposite to the
empirically observed trade-off relationship between permeability and sdectivity. This
enhanced selectivity for CO./H, in EC/TMSG composites together with enhanced
permeability are attributed to the increased chain mobility in EC/TMSG composites.
The permesability enhancement of the larger molecule benefits more from the
increased polymer dynamics than that of smaller one. The way of loading of TMSG in
EC provides a simply means to improve so called reverse selectivity, which refers that
larger penetrant (e.g., CO,) permeates faster than smaller one (e.g., Hy).

From an application standpoint, asymmetric or composite membranes comprising a
thin skin layer supported on a microporous substrate are often used in order to achieve
ahigh permeability, which is desired to minimize membrane area and thus capital cost.
With reference to this demand, the polymer to form the effective layer should have

excellent thin-film processibility. Ethylcellulose is proven to be a successful candidate



to satisfy this requirement. Moreover, according to Baker’s estimation, *® in order to
reduce the process costs, high permeable membranes with a moderate permselectivity
are reguired. Figure 4.6 shows the calculated oxygen production cost for 35-50%
oxygen as a function of membrane performance referring to the combination of
permeability and permsealectivity in some of today’s best membranes (ethylcellulose
(EC), poly(phenylene oxide) (PPO), polysulfone (PS), and polycarbonate (PC)). It is
clearly shown in Figure 4.6, that ethylcellulose is only one commonly used material
close to $25 equivaent pure oxygen (EPO,), because of its good membrane formation
and moderate selectivity. The EC/TMSG composites membrane seemingly offers a
possibility to reach the cost-competitive aim of less than $25 EPO,. In the pilot-test,
one asymmetric composite membrane with EC/TMSG has exhibited the oxygen flux
of 1 m¥ (m? h bar) and the selectivity of 3.1 for oxygen over nitrogen.

Figure 4.6 The calculated oxygen production cost for 35-50% oxygen as a function of
membrane performance referring to the combination of permeability and
permselectivity in some of today's best commercial membranes and EC/TMSG
composites.
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4.3.4 Diffusivity and solubility

As the permeability is a product of the diffusvity and solubility, the following section
discusses the influence of the addition of the TMSG on the diffusivity and solubility
respectively. The diffusion coefficient of four light gases in EC membranes
containing various content of TMSG are presented in Table 4.2. Helium and hydrogen

are absent since the accuracy of the diffusion coefficients of these two small gases is
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not good enough. The increased loading of TMSG in EC leads to a systematical
increase in gas diffusivity. In order to present the diffusivity change behavior in
EC/TMSG composites, Figure 4.7 plots the relative diffusivity (Di/Dg) as a function
of the TMSG loading, based on the data in Table 4.2 As it can be seen from this
Figure 4.7, the gas diffusivity enhancement is in the order of CHs > N> =~ CO, > O,
the gas with larger size (lower diffusivity) correspond to larger diffusivity increase
and vice versa. For example, the CH, diffusivity in EC/TM SG membrane containing
65.9 vol. % TMSG is 12.0 times higher than that in the unfilled EC polymer.
Comparatively, for the relative small gas O,, the diffusivity increases by 6.0-fold at
the same condition. The low diffusivity of CO; in polymer membrane compared to
that of O, isusually observed elsewhere and this may result from the fact that the CO,
molecule is less spherical and more polar than the other gases. ® However, in
EC/TMSG composites membranes with and without TMSG loading, the CO,
diffusivity is even lower than that of N,. This may be due to the specific interactions
between polar groupsin EC and the polar CO, molecules. 2

Table 4.2 Gas diffusivity coefficients in a series of EC/TMSG composite membranes
at 30 °C.

TMSG loading in EC O, N2 CO; CH,
(vol.%) Diffusivity X 10°cm?/s
0 43 20 14 9
114 65 30 24 15
26.4 85 42 31 22
37.1 115 63 43 32
43.4 164 o1 65 52
53.0 198 115 86 68
65.9 289 174 144 120
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Figure 4.7 Normalized gas diffusivity coefficients for four gases (CO2, O2, N, and
CH,) asfunction of TMSG loading in EC.
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The diffuson change behavior in EC/TMSG composites is in well line with
permeability change, which indicates, that all of the enhanced gas permeability in EC
with increased TMSG content is dominated by the diffusion increase, and the size-
relevant diffusivity enhancement directly leads to the decrease of Sze sieving ability
of the composites. This behavior is in accordance with the well-known permeability-
selectivity (diffusivity-selectivity) trade-off relationship. ® This increased diffusion
behavior in EC/TMSG composites are different compared to that of conventional
filler system. *® In EC/TSMG the systematical decrease in T, is accompanied with an
increased loading of TMSG, indicating an enhanced polymer chain mobility, which
overwhelms the increased tortuosity by impermeable filler TMSG Likewise, the
increased diffusivity by the nonporous filler silica in polyacetylene polymers is also
reported. >*2 But, for those systems, the increased diffusivity is a result of increased
FFV.

It is well recognized that the gas diffusivity is size dependence and it can be related
with the empirical correlation (see Eq. 1.5 in chapter 1). * In Figure 4.8, the gas
diffusivity is plotted as a function of the gas kinetic diameter (di) for N2, O, and CHa
on the basis of eq. 1.5 and the diffusivity data listed in Table 4.2. The gas CO; is
excluded in the fitting line because CO, molecule is less spherical and more polar

than the other gases, which | have mentioned before. Helium and hydrogen are also
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absent for the accuracy of the diffusion coefficients of these two small gases is too
low. The fitting parameters k; and k; derived are listed in Table 4.3. The value of

dope (ko) is getting smaller with increasing TMSG loading in EC, which reflects the

reduction of diffusion selectivity. In other words, the EC membrane has more

mobility and more or less loses its size sieve selectivity when the small molecule

TMSG is incorporated into the membrane matrix. The intercept (k;) also shows a

systemic decline. Interestingly, it finds a linear relationship between k; and k; as

shownin Figure 4.9.

Table 4.3 Linear fitting parameters of K;, K, and regression R in the plots of the
natural logarithm of gas diffusivity as a function of square of its effective diameter in
aseries of EC/TM SG composite membranes.

TMSG 0% 114% 264% 371% 434% 53.0% 659%

loading

(vol. %)
K, 11.35 11.28 11.00 10.96 10.67 10.47 9.92
K, 63.32 5942 54.76 51.76 46.53 43.29 35.66
R 0.999 0.999 1 0.997 1 0.999 0.995

Figure 4.8 The plots of the natural logarithm of gas (O, N2, CH,) diffusvity as a
function of square of its effective diameter in a series of EC/TMSG composite

membranes.
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Figure 4.9 The relationship between k; and k, for EC/TM SG composites
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From the permesbility and diffusivity coefficients, the solubility coefficients are
estimated according to Equation 1.1. Table 4.4 exhibits the solubility coefficients for
four light gases (CO,, O, N2, and CH,) in EC with various amounts of TMSG. With
an increased TMSG content in EC, a decrease in gas solubility is observed, which
further reveals that the dominant reason for the permeability enhancement is from
diffusivity change. Moreover, the reduced solubility behavior is a strong evidence for
the reasonable assumption that the sorption of the filler TMSG is negligible. The
reduced gas sorption may be due to the reduction of the sorption sites in the polymer
matrix by the filler, which can be theoretically estimated by the additive model 2
described by Equation 3.2 in chapter 3.

Figure 4.10 presents the nitrogen solubility coefficient in EC/TMSG composites as a
function of TM SG loading content in comparison with the calculated additive model.
The relatively low loading of TMSG (< 35 vol.%) in EC results in a decreased
solubility, which is quite close to the prediction of the additive model, suggesting that
the filler particle just occupies the sorption sites. However, the continuous loading
TMSG in EC (> 35 vol.%) reaults in a dight increase of solubility. Excluding the
experimental errors (the errors in the value of solubility could be high, since they
combine the errors in the permeability and diffusivity from which solubility is
calculated), this observation is ill hard to explain.
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Table 4.4 Gas solubility coefficientsin a series of EC/TMSG composite membranes
at 30 °C.

TMSG vol.% loading in O, N> CO> CHa,
EC Solubility X 107 (cm? (STP)/(cm® cmHg))

0 0268 0183 4710 0.742

11.4 0260 0163  3.900 0.722

26.4 0213 0126 2920 0.539

371 0176 0098  2.180 0.425

434 0186 0110 2190 0.443

53.0 0189 0107 2530 0.457

65.9 0202 0124 2383 0.406

Figure 4.10 The nitrogen solubility coefficient in EC/TM SG composites as a function
of TMSG loading amount at 30 °C in comparison with those of the additive model.
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4.3.5 Temper atur e dependence of per meability
Table 4.5 displays the permeation activation energy and the front factor in EC/TM SG
composites, which is calculated based on the Arrhenius equation (eg. 1.2 in chapter 1).
It is of great interest to find that both the permeation activation energy and the front
factor for each gas increase with increased loading of TMSG. In other words, the
permeability and activation energy of permeation in EC/TMSG composites change in
the same trend. This behavior is in contrast to the observation in poly(4-methyl-2-
pentyne) PMP/fumed silica nanocomposite, where a decrease of the permeation
energies with an increased permeability were found. *° This was because the addition
of the fumed silica altered the chain packing and thus reduced the required permeation
energy. In our system, the increase of the permeation is due to the increase of the front
factor. According to the Eyring's activated state theory, ?® the front factor is
proportional to the entropy change. When TMSG isfilled into the polymer matrix, the
EC polymer chain mobility is increased. This means the polymer chains undergo

rapid and chaotic motions. Penetrant gas molecules are able to participate in these
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rapid molecule exchanges to execute frequent diffusion jumps. ® When the front
factor increases, the activation energy also increases, following the so caled
‘compensation effect’ (partial offset of the effect of higher front factor by higher
activation energy). Thiseffect will be intensively discussed in chapter 7.

Table 4.5 Activation energy of permeation Ep and the natural logarithm of front factor
Po for six gases in a series of EC/TMSG composite membranes. (Ep in unit: kJ/mol,

TMSG He H, C02 Oz N> CH4
loading in
EC (vol. %) Ep NPy Ep InPy Ep InPy Ep InPy Ep InPy Ep InPy
0 16.42 1024 1559 1013 731 709 1659 898 214 966 1989 9.76
24.1 1643 1043 1579 1051 994 839 1748 977 2290 10.79 20.94 10.71
40.7 1870 1140 1919 11.89 16.90 1115 2252 1183 2697 1243 2749 13.39
54.1 1950 1163 2045 1227 2436 1394 2576 1301 2784 1271 3110 1476

INPo: dimensionless)

4.4 Conclusions

The transport properties of the novel mixed matrix membrane with organic filler
TMSG in EC has been studied. The EC/TMSG composites are compatible, which is
indicated by the transparent appearance from optical observation and single Ty by
DSC. The increased loading of TMSG in EC was observed to systemically enhance
the gas transport, in contrast to permeation behavior in traditional filled polymer
systems. The permeability enhancement is ranked in the order of penetrant size
(He<H,<CO,<0O,<N2<CHy). In particular, at relatively lower loading of TMSG in EC
the permeability increases, while the selectivity for oxygen/nitrogen remains nearly
constant. At the relatively higher ratio loading, the trade-off relationship for
permeability and permselectivity is observed. However, permselectivity increases
simultaneously with the permeability enhancement for CO,/H, in EC/TMSG system.
The improved gas permeability appears to arise primarily from the increase in
polymer chain mobility, which is straightforwardly indicated by the decrease of the Ty
of those composites with the increasing TMSG content in EC. The gas permeability
behavior in EC containing TMSG is well in accordance with the diffusivity
enhancement. Activation energies of permeation for each tested gas in EC/TMSG
increases with increasing TMSG content, although the gas permeabilities increase as

well. This introduction of organic molecule TMSG has an effective impact on

71



dynamic behavior of polymer chain, which may provide another approach to finely

tune the transport properties of polymer viathe loading of TM SG.
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Chapter 5

Gastransport propertiesin PTMSP and EC composite membranes with
organicfiller trimethylslylsaccharides with different molecular weight

5.1 Abstract

This chapter ams to investigate systematically the gas transport behavior in two
glassy polymers. One is the rigid, high fractional free volume (FFV) poly(1-
trimethylsilyl-1-propyne) (PTMSP) and the other is the relatively flexible,
considerably lower FFV ethylcellulose (EC). Both polymer systems are filled with a
series of various molecular weight (Mw) trimethylsilylsaccharides (TMSS),
trimethylsilyl-glucose (TM SG) (Mw= 180), trimethylsilyl-dextran-1 (TMSD1) (Mw=
900-1200), and trimethylsilyl-dextran-500 (TM SD500) (Mw= 350-550 k).

The consistent trend of decreasing gas permeability, diffusivity, and solubility with
increasing loading of the TMSS fillers was observed in the PTMSP/TMSS system. In
addition, the extent of reduction of gas permeability, diffusivity, and solubility in these
composites is closely related to the Mw of TMSS fillers at an equivalent loading of
various TMSS in the PTMSP matrix. For example, the PTMSP permesability to
nitrogen reduced 227-fold, 43-fold, and 4-fold, respectively, when filled with constant
27.2 % TMSG TMSD1, and TMSD500. The diffusivity decreased 45-fold, 21-fold,
and 3-fold, and the solubility decreased 5.0-fold, 2.0-fold, and 1.3-fold, respectively.
The decreases in permeability, diffusivity and solubility are directly related to the
decrease of FFV in PTMSP caused by the incorporation of the various Mw fillers. In
contrast to the decrease of permeability observed in the PTMSP/ITMSS system, a
systematic increase of gas permeability and diffusivity was obtained for the
EC/TMSS system with increasing loading of TMSS fillers. However, no consistent
change of solubility was observed in EC/TMSS. Moreover, the gas diffusivity
increase for the EC/TMSS system correlated well with the Mw of the TMSS fillers, in
contrast to the permesability increase. For example, when TMSG, TMSD1, and
TMSD500 were used as fillers, the permeability to nitrogen of EC composites with
32.1 % fillers increased 1.75-fold, 1.81-fold, and 1.64-fold, respectively, compared to
that in unfilled EC. The diffusvity increased 3.32-fold, 1.84-fold, and 1.31-fold, and
the solubility increased —1.87-fold, O-fold, and 1.25-fold, respectively. All applied
TMSSfillers led to an increase of gas diffusivity, which can be attributed to increased
chain mobility. The chain mobility changes in EC/TMSS resulted in changes of the
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excess FFV of EC, and therefore altered the gas solubility. The increase extent of
chain mobility was the highest with the lowest Mw TMSS.

5.2 Introduction

In chapter 3 and 4, the gas transport behavior is strongly influenced by the FFV and
chain mobility in high FFV PTMSP and low FFV EC, respectively. It will be
interesting to further study the effect of filler Sze on gas transports. In fact, a couple
of reports sporadically discussed the filler size effect. For example, Merkel et a. *
found out that the permeability increases in the polyacetylene (poly(4-methyl-2-
pentyne) (PMP)) with the incorporation of eight different size particles (primary
particle diameter 7-500 nm) with different surface chemistries. Recently, Andrady et
a. ? incorporated silica (primary paticle size: 7-40 nm) modified with
hexamethyldisilazane or dimethyldichlorosilane into the rigid PTMSP. They also
found a pronounced correlation between relative permeability and primary particle
diameter of the filler. In contrast, a decreased permeability was observed in the
flexible PDMS loaded with decreasing zeolite particle size. *

In addition to the filler-size related permeability change, the rigidities of the filler and
the polymer matrix also have an influence on the transport properties of the filled
system. As far as reported, al flexible organic fillers in PTMSP led to a decreased
permeability, compared to pure PTMSP. In contrast, rigid inorganic fillers such as
fumed silica in PTMSP increased the permeability. The rigidity of the polymer is
indicated by opposite permesbility changes for flexible PDMS * and rigid PTMSP 2
filled withrigid particles, i.e., zeolites and fumed silica

To extend the studies of chapter 3 and 4, in this study, the high FFV and rigid PTM SP
is filled with two larger molecular weight of TMSS (trimethylsilylsaccharides (i.e.
trimethylsilyl-dextran-1 (TMSD1) (Mw= 900-1200) and trimethylsilyl-dextran-500
(TMSD500) (Mw= 350-550 k))) relative to the TMSG (Mw= 180) analogue. Besides,
these two TMSS fillers have also been added to the low FFV, more flexible EC for
comparison. The impact of various Mw of TMSS fillers in two different polymer
matrices on the free volume and chain mobility is comprehensively discussed,
associated to the gas trangport properties.

5.3 Results and discussion
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5.3.1 Phase behavior via optical observation and scanning electron microscopy
(SEM)

All EC/TMSG, EC/TMSD1, PTMSP/ITMSG, and PTMSP/ITMSD1 composite films
are trangparent and flawless via optical observation, indicating an excellent miscibility
between the polymers (PTMSP and EC) and the low Mw fillers (TMSG and TM SD1).
In contrast, the EC/TMSD500 and PTMSP/TMSD500 composite films are opague,
suggesting phase separation. The evaluation of the miscibility of composite material
via the optical observation has been discussed elsewhere. *

Figure 5.1 presents SEM cross-section of fractures of PTMSP and EC films
containing various Mw TMSS fillers at an equivalent loading content (i.e., EC/TMSS
(32.1 vol.%) and PTMSP/TMSS (27.2 vol.%)). The homogenous morphologies are
observed in low Mw fillers (TMSG and TMSD1) in EC and PTM SP composites. In
contrast, the high Mw TMSD500 in both polymer matrices displays heterogeneous
morphologies. In the EC/TM SD500 composite, the ellipsoid TM SD500 microphase is
dispersed in a continuous EC matrix. The length of the major axis for the TM SD500
ellipses varies approximately from 4 to 10 um; the length of the minor axis varies
roughly from 1 to 3.7 um. The geometric shape factor of eccentricity for these
TMSD500 elipses in EC is nearly congtant (3.1+0.34). In the PTM SP/TMSD500
composite, the TM SD500 microphase forms more elongated ellipses like platelets,
which distributes in a continuous PTM SP matrix similar to that observed for EC. The
length of the TM SD500 microphase is in the range of 3-5 um, and its height isin the
range of 0.4-0.7 um. The ratio of the length/height is nearly constant (7.5+1.2). The
different elongations of the filler TMSD500 in EC and PTM SP composites might be
attributed to the complex interplay between the matrix and the dispersed phase, and
might be also due to the different casting concentration of EC and PTM SP composite.
Interegtingly, a smilar phase behavior was aso observed for PTM SP/poly(1-phenyl-
1-propyne) (PPP) composites investigated by Toy et ., °where PPP ellipsoids were

observed to disperse in a continuous PTM SP matrix via TEM.
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Figure 5.1 SEM photographies of the fracture cross-section of two series of composite
materials (EC/TMSS (32 %) and PTMSP/ITMSS (27 %)).

| PTMSP/TMSG

PTMSP/TMSD1

EC/TMSD1

Such phase behavior can be explained as following. Theoretically, the phase behavior
in a mixture system can be determined by the Gibbs free energy change, which
combines the enthal py change and entropy change in the mixture. ° From the enthalpy
change point of view, it seems to be reasonable to exclude the surface chemistry
dissimilarity for the three saccharide-based fillers, since they have been
hydrophobized with trimethylsilyl groups via the silylation with hexamethyldisilazane.
Moreover, these TMSS fillers might give rise to an insignificant contribution to the
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combinatorial enthalpy change, because the hydrophobic nature of the trimethylsilyl-
agent just provides a weak interaction. From the entropy change point of view, as the
Mw of the TMSS filler is decreased, the combinatoria entropy change becomes more
important and eventually may overcome an unfavourable combinatorial enthalpy
change and lead to a homogenous mixture.

5.3.2 Differential scanning calorimetry
At a constant content of TMSS (32.1 vol.%) loading in EC, a decrease of Tg in both

EC/TMSG (64 °C) and EC/TM SD1 (100 °C) composite relative to that of unfilled EC
(130 °C), which directly reflects increased polymer chain mobility, is observed.
Moreover, the low Mw TMSG has more impact to improve the mobility of polymer
chain than a relatively high Mw TMSD1. This difference is due to: 1) TMSG has
smaller sizerelative to TMSD1,; 2) TMSG (liquid at 30 °C) has a higher mobility than

TMSD1 (solid at 30 °C). On the other side, single Tg for both of EC/TMSG and

EC/TMSD1 composites further indicates a good compatibility between the polymer
host and the filler, which isin good agreement with the results of the SEM and optical

observation.
For the EC/TMSD500 composite, a single Ty (130 °C) appears because the glass

transition temperatures of TMSD500 and EC are identical by accident (around 130
°C). In fact, the immiscible behavior for EC/TMSD500 is confirmed by SEM, which
unveils that the EC chain mobility behavior is unaffected by the filler TMSD500
opposite to those in EC/TMSG and EC/TMSD1 composites.

5.3.3 Thetransport propertiesof PTM SP/TMSS system

5.3.3.1 Permeability

In Table 5.1, the permeability of six gases (He, H,, CO,, O, Nj, and CH,) in PTMSP
filled with TMSD1, and TMSD500 as a function of various loading contents are
illustrated. The gas transport data of the PTMSP/TMSG composites is directly
obtained from chapter 3. Obvioudy, the incorporation of TMSS in PTMSP leads to a
systematic decrease in gas permeability. In addition, the declined gas permeability
seems to be related to the Mw of TMSS at comparable loading content. For instance,
in PTMSP loaded with 27.2 vol. % various Mw TMSS, nitrogen permeability
decreases to a large extent, compared to that of unfilled PTMSP (P(N,)=5490 Barrer),
e.g., PTMSP/TMSG: 250-fold decrease (P(N,)=22 Barrer), PTMSP/TMSD1: 43-fold
decrease (P(N,)=128 Barrer), and PTMSP/TMSD500: 5-fold decrease (P(N,)=1087
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Barrer). In order to visibly express the permesability change behavior, Figure 5.2 plots
the normalized nitrogen permesability as a function of the loading content of various
Mw TMSS. It clearly displays that the filler size is a crucial factor to affect the
permesability decrease.

Table 5.1 Gas permeabilities of the PTMSP/TMSD1, and PTMSP/TMSD500
composite membranes at 30 °C.

permeability (10°° cm® (STP) cm/ (cm” s cmHQ))

q 1 0,
Composites loading (vol.%) He H, o, o N, CH
9.2 2260 5307 11855 2719 1516 3753
PTMSP/ITMSD1 27.2 494 925 1695 342 128 284
45.8 168 253 331 75 24 50
9.2 3475 8060 17450 4295 2780 7100
PTMSP/TMSD500 27.2 1745 3816 7882 1897 1087 2858
45.8 781 1567 2899 703 365 936

Figure 5.2 Normalized nitrogen permeability coefficients for PTMSP/TMSG (L),
PTMSP/TMSD1 (O), and PTMSP/TMSD500 (<>) as a function of loading amount of
respective TMSSfiller in PTMSP,
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In PTMSP/ITMSG the drastically decreased permeability is closely related to the
reduced excess large free volume in PTMSP by filled with TMSG discussed in
chapter 3. Similarly, the considerable permesbility loss in the homogenous
PTMSP/TM SD1 composite can also be explained by the same mechanism, i.e., “pore
filling’. However, the sze of TMSD1 is difficult to be estimated because of the
complex TMSD1 branch and nonspherical structure. But, the sze of TMSD1 with no
less than 5 glycoside repeat units is significantly larger than that of TMSG with a
single repeat unit. Therefore, it seems to be likely that the partidl TMSD1 molecule
fits PTMSP micropores rather than the whole molecule, leading to the partial
blockage of the FFV in PTM SP.
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This assumption is indirectly supported by the fact that the permeability decreases
more in PTMSP/TM SD1 than in PTMSP/TMSG a an equivalent filler loading. In
PTMSP/ITM SG, the drastic permeability decline in PTMSP had a turning point at the
loading of around 27 vol % TMSG (e.g. P(N2)=22 Barer), indirectly indicating
roughly 27 vol % interconnected fractional free volume in PTMSP. At equivalent
loading content of TMSD1 in PTMSP, the nitrogen permesbility is 128 Barrer.
Empirically, the nitrogen permeability in most of the low FFV glassy polymers is
below 50 Barrer. " This value is higher than that in the low FFV polymers, indicating
the partially presence of the large FFV in PTMPS/TMSD1 (27 vol. %). In other words,
27 vol. % TMSD1 loading may only partially block PTM SP micropores.
Comparatively, the drastically decreased permesbility in the filled PTMSP system
with different Mw PDMS fillers was also reported by Nakagawa et al., ° who
attributed the reduced permeability to the postulated “pore filling” in PTMSP by
PDMS. However, in contrast to the PTMSP/TMSS system, the high Mw PDMS had a
stronger impact on gas permeability decline in PTM SP rel ative to the low Mw PDMS.
It has been explained by Nakagawa et al., *°that high Mw PDMS just filled the large
microvoids in PTMSP, but low Mw PDMS occupied small and large microvoids in
PTMSP This difference might result from the different membrane preparation
processes. The incorporation of PDMS in PTMSP was performed by an immersion
process, *° whereas, in this study, the polymer solution-casting process is employed,
which is described in the film preparation (see chapter 2).

Concerning the PTM SP/TM SD500 composite, the assumption of “pore filling” seems
to be not appropriate, since the size of TMSD500 (dextran500: Mw= 350-550 k) is
apparently too large to fit into the FFV in PTMSP. In addition, the SEM reveals that
TMSD500 forms micrometer size platelets dispersed in the PTMSP matrix. The gas
transport in this type of heterogeneous composite can be well predicted by the
modified Maxwell’s model, ™ which describes the gas permeability in a more
permeable continuous matrix containing a dispersed, less permeable and ellipsoidal

filler. Equation 5.1 expresses this correlation.

é u
é U
< @+2w/L)f, p
P =P €@+ u .5.1
m ‘e P,/P,+2W/L G (ea. 5.1)
8 oo fay
& P,/P. -1 U

where P, Pc, and Py are the composite, continuous, and disperse phase permeabilities,
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respectively, and f4 is the dispersed-phase volume fraction. Here, L and W is the
length and width of the dispersed phase platelet, respectively. Due to the fragile
property of TMSD500, which might result from its highly branched structure, the
measurement of gas permeability for afree-standing TMSD500 film is experimentally
unfeasible. However, PTMSP has the largest gas permeability known until now (at
least more than 2 orders of magnitude higher than conventional, low FFV glassy
polymers). ** Therefore, it can be assumed that the dispersed TMSD500 phase is
nearly impermeable to gas compared to the PTMSP phase. Hence, eg. 5.1 can be
simplified, and expressed with the Nielsen’s equation, ** as described by eq 5.2,

Pm=Pc’ (1-74) . (5.2)
[1+(L/2W) f,]

Figure 5.3 shows afavorable agreement between the Nielsen's model predictions with
the experimental results. The geometric factor L/W ranges from 5.1 to 10.2, which is
obtained from measuring the dimension of dispersed phase TMSD500 in the
continuous phase PTMSP in SEM. The average value of L/W = 7.5 displays dlight
deviation from the prediction of this model, which might be due to the uncertainty of
the dimension variation of TMSD500 phase during the fractural process indicated by
the SEM. Moreover, this uncertainty might be due to the negligence of permeability
of TM SD500 phasein PTMSP.

Figure 5.3 Normalized nitrogen permeability (Pn/Po) (LJ) in PTMSP/TM SD500 as
function of TM SD500 loading content in PTMSP, in comparison of that of Maxwell
model prediction ** and Nielsen model *® prediction with consideration of geometric
factor (L/W) of dispersion phase of TM SD500 in the continuous PTM SP phase. The
geometric factor L/W is 1 (sphere) for the Maxwell model, and > 1 (nonsphere) for
Nielsen model. The geometric factors are obtained from direct measurement the
dispersion phase of TMSD500 in SEM. The L/W =5.1, 7.5, and 10.2 is the smallest
value, average value, and largest value, respectively, from the experiment.
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In brief retrogpect, the consistent tendencies in permeability decrease for various Mw
TMSS fillers are observed in the PTMSP/TMSS system. In addition, the various Mw
TMSS fillers result in permeability decreases to various extents. The relative size of
the free volume of PTMSP and TM SSiller is crucia for the permeability decline.
5.3.3.2 Diffusivity and solubility

Gas diffusivities (CO,, Oz, N2, and CH,) in PTMSP/TMSD1 and PTM SP/TM SD500
are summarized in Table 5.2, which excludes He and H, because of their experimental
uncertainties. Figure 5.4 plots the normalized nitrogen diffusivity as a function of
loading content of various Mw TMSS. Similar to the permeability change, the
consistent decrease in gas diffusivity accompanied with increased loading of TMSS
fillers and the decrease of filler Mw dependent diffusivity are observed. For example,
a 27.2 vol % filler content in PTM SP, nitrogen diffusivity reduction is 44-fold for
PTMSP/TMSG (0.08 10° cm?/s), 21-fold for PTMSP/TMSD1 (0.17° 10° cm?/s) and
3-fold for PTMSP/TMSD500 (1.11° 10”° cm?/s), compared to that of unfilled PTMSP
(35" 10° cm?s). The drastic decrease of diffusivity PTMSP/TMSD1 composites is
undoubtedly due to the “porefilling” as previoudy discussed. However, in
PTMSP/TM SD500 (27.2 vol. %), the nitrogen diffusivity is in the same order as that
in PTMSP. This might be result from an increased gas diffuson path length in
PTMSP by the less permeable TMSD500 dispersed phase rather than from the
PTMSP FFV change.

Table 5.2 Gas diffusivities of the PTMSP/TMSD1, and PTMSP/TM SD500 composite
membranes at 30 °C, which are derived based on eq. 2.2 in chapter 2.

diffusivity x 10° (cm‘/s)

] i 0,
composites loading (vol. %) co, oN N, CH,
9.2 1.22 1.84 1.25 0.85
PTMSP/ITMSD1 27.2 0.23 0.34 0.17 0.10
45.8 0.08 0.16 0.08 0.04
9.2 1.46 2.43 1.91 1.31
PTMSP/TM SD500 27.2 1.00 1.60 1.11 0.90
45.8 0.38 0.61 0.38 0.29
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Figure 54 Normalized nitrogen diffusivity coefficients for PTMSP/TMSG (L),
PTMSP/TMSD1 (O), and PTMSP/TMSD500 (<>) as a function of loading amount of
respective TMSSfiller in PTMSP.
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Noticeably, the polyacetylene family exhibits a wide range of difference in diffusivity
primarily due to the different polymer chain packing by the varioudy substituted
groups. 2 It is interesting to directly compare the gas diffusivity behavior in the
PTMSP/TMSS system with that in substituted polyacetylenes. Figure 5.5 presents the
correlation between oxygen diffusivity and oxygen/nitrogen diffusivity selectivity for
19 substituted polyacetylenes (data from Masuda et a. **), which consist of three
substituted groups (e.g., a bulky group, along n-alkyl group, and a phenyl group). It
can be clearly read out from Figure 5.5, that the behavior of D0, and D(©,)/D(\N,) in
PTMSP with 27.2 % and 45.8 % small TMSS fillers (e.g., TMSG and TMSD1) are
fairly similar to those in polyacetylenes with long n-alkyl group. Compared to the
bulky and rigid phenyl groups, the flexible nature of long n-alkyl groups may lead to
increased localized chain mobility in polyacetylenes. On the one hand, it will reduce
the diffusion jump energy, resulting in increased diffusivity. On the other hand, the
resultant good polymer chain packing will decrease the fractional free volume, and
consequently decreasing diffusivity. This phenomenon is aso observed in
polyacetylene with a series of different alkyl chain length by Pinnau et al. *> Similarly,
in this study, in PTMSP filled with TMSG and TMSD1 the drastically decreased FFV
results in a strong gas diffusivity decrease and simultaneous diffusivity-selectivity
increase. On the other hand, the small and relatively mobile fillers TMSG and
TMSD1 may increase the local gas diffusion to some extent, but wesken the
diffusivity-selectivity. Regarding to the effect of localized chain mobility on gas
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transport properties, Singla et al. *° has studied a series of glassy polymers. Further
discussion on it is beyond the scope of this article.

Figure 5.5 Relationship between oxygen diffusivity and its selectivity over nitrogen
foo PTMSPTMSG (M), PTMSP/TMSD1 (), and PTMSP/TMSD500 (<)
composite membranes in this study. For comparison, this relationship for substituted
polyacetylenes ** with various side groups, i.e., polyacetylenes with bulky or phenyl
substituents (O) and polyacetylenes with long n-alkyl substituents (@) are included.
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The calculated gas solubility in PTM SP/TMSD1 and PTMSP/TM SD500 based on eqg.
1.1, is presented in Table 5.3. The increased loading of different Mw TMSS in
PTMSP dso leads to a consistent trend of gas solubility decrease. In addition, the
small size filler TMSG causes a more significant solubility reduction in PTMSP
compared to the large size filler TMSD500. For example, at 27.2 vol. % loading of
TMSS in PTMSP, the nitrogen solubility reduces by 5.4-fold for PTMSP/ITMSG
(0.291° 102 cm® (STP)/ (cm® cmHg)), 2.1-fold for PTMSPITMSD1 (0.76" 102 cm?®
(STP)/ (cm® cmHg)), and 1.6-fold for PTMSP/TMSD500 (0.98" 102 cm?®(STP)/(cm?®
cmHg)), respectively, compared to the unfilled PTMSP (1.56° 102 cm® (STP)/(cm®
cmHg)). The relative diffusivity change is higher than the relative solubility change,
which suggests that the diffusivity variation in PTMSP/TMSS system is mainly
responsible for the permeability change.



Table 5.3 Gas solubilities of the PTMSP/TMSD1, and PTM SP/TM SD500 composite
membranes at 30 °C, which are derived based on eq. 1.1 in chapter 1.

Solubility x10° cm® (STP) / (cm® cmHg)

. ' 0
composites loading (val. %) co, N N, CH,

9.2 9.8 15 1.2 44

PTMSP/TMSD1 27.2 7.3 1.0 0.76 29
458 40 0.48 0.31 13

9.2 12.0 1.8 15 54

PTM SPITMSD500 27.2 79 1.2 0.98 3.2
458 7.6 1.2 0.97 3.3

The gas solubility in a composite system can be roughly estimated usng additive
model. Figure 5.6 presents the experimentally determined nitrogen solubility in
PTMSP/TMSS composites as a function of filler content, as well as the prediction of
the additive model based on eq. 3.2 in chapter 3. It is obvious that the solubilities in
both of PTMSP/TMSG and PTMSP/TMSD1 composites have a negative departure
from this model. These departures might be attributed to the postulated “pore-filling”
in PTMSP by TMSG and TMSD1, leading to less open micropores in PTMSP for gas
absorption, and a strongly reduced gas solubility which was discussed in chapter 3.
However, the nitrogen solubility in PTMSP/TM SD500 is fairly close to the prediction
of the additive model. This behavior can be reasonably explained by the fact that
PTMSP intrinsic micropores are nearly intact in the PTMSP/TMSD500 composite
with microscopic phase separation. Resultantly, gas solubility in this composite is just
the sum of gas sorption in the two phases.

Figure 5.6 Normalized nitrogen solubility coefficients in PTMSP/TMSG (L),
PTMSP/TMSD1 (O), and PTMSP/TMSD500 (<>) composites as a function of TMSS
loading amount at 30 °C, in comparison of the additive model, as shown in adash line.
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5.3.4 Transgport propertiesof EC/TMSS Composites

5.3.4.1 Permeability

In Table 5.4, the permeability of six gases (He, H,, CO,, O, Ny, and CH,) in EC filled
with various Mw TMSS are illustrated. Figure 5.7 plots the normalized nitrogen
permeability as a function of the loading content of various Mw TMSS in EC. In
contrast to the permesbility decrease in PTMSP/TMSS system, a consistent trend of
permeability increase in EC/TMSS is observed. In addition, the permeability increase
seems to be not well related to the filler's Mw compared to that in PTMSP/TMSS
system. For example, as EC is loaded with 32 vol.% TMSG TMSD1, and TM SD500,
respectively, the increase of nitrogen permeability is fairly congtant, i.e., EC/TMSG:
1.75-fold (6.1 barrer), EC/TMSD1: 1.81-fold (6.3 barrer), and PTMSP/TMSD500:
1.64-fold (5.7 barrer) compared to that in unfilled EC (3.5 barrer).

Table 5.4 Gas permeabilities of the EC/TMSG, EC/TMSD1, and EC/TMSD500
composite membranes at 30 °C.

composites  loading (vol. % permesbility (10™° cm? (STP) cmV/ (cm? s cmHg))

He H, O, N> CH, CO2

0.0 40.2 560 118 35 7.1 70.9

114 519 726 168 49 109 94.0

EC/TMSG 321 580 782 203 61 134 93.8

53 792 113 373 123 310 176

114 504 715 154 51 102 90.6
EC/TMSD1 321 658 919 221 63 136 112.7
53 876 1238 313 102 212 154.1

114 488 692 145 48 9.1 89.7

EC/TMSD500 321 560 773 171 57 100 95.4

41.9 796 1119 276 85 176 147

Figure 5.7 Normalized nitrogen permesability coefficients for EC/TMSG (L),
EC/TMSD1 (O), and EC/TMSD500 (<>) as a function of loading amount of
respective TMSSfiller in EC.
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In the conventional, low FFV glassy polymer EC (FFV: 0.15), the “pore-filling”
behavior cannot take place, since even the smallest filler TMSG (~1 nm) is too large
to fit the FFV in EC. Thisis supported by the fact that the average diameter of FFV in
conventional, glassy polymer is around 0.2 nm. *® Furthermore, It seems to be
implausible that both of flexible TMSS fillers disrupt EC chain packing like the rigid
FSin PTMSP, where the increased FFV resultsin the increased permeability.

The FFV approach does not seem to be a key factor for the permesability increase in
EC/TMSG and EC/TMSD1. However, the increased permeability is obviously mainly
atributed to the increased polymer chain mobility, revealed by the decreased Tg
accompanied with the loading of TMSG and TMSD1 in EC. In other words, TMSG
and TMSD1 in EC seem to act as plasticizers, which can efficiently separate the EC
chains and cause the polymer chains to dip more easily. As a result, the opportunity
for gas molecule diffuson jump increases more readily in the “plasticized” chains
relative to that in the rigid chain. *® Therefore, an increased gas permesability is
observed in both of composites.

However, in EC/TMSD500, the increased gas permesbility might not be a
consequence of plagticization, which is indicated by the microphase separation for
EC/TMSD500 with SEM. The gas transport through this type of heterogeneous
medium is a result of collective transport in the EC and TMSD500 phases. The
increased gas permeability in EC filled with TMSD500 can be explained by a higher
permeability in the TMSD500 phase relative to that in EC phase. This speculation is
based on: 1) the same repeat units of TMSD500 and EC, i.e. glycoside; 2) their same
backbone structure, but, the highly branched TMSD500 may have a looser packing
gructure than a relatively linear EC, resulting in a higher FFV in TM SD500; 3) their
same backbone structure, but, the side group of trimethylsilyl in TMSD500 is more
flexible relative to the ethyl side group in EC, resulting in a higher, localized mobility
in TMSD500 compared to that in EC.

5.3.4.2 Diffusivity

Table 5.5 present the diffusion coefficients of four gases (CO,, Oz N,, and CH,) in
EC/TMSS composites. Figure 5.8 plots the normaized nitrogen diffusivities for EC
with TMSG TMSD1, and TMSD500 as a function of their loading contents. With
increasing loading of TM SSin EC the diffusgivity increases systematically. In addition,
the diffusivity increase is dependent on the Mw of TMSS in EC, in contrast to the
permeability, which seems to be independent on the Mw of TMSS fillers. The
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diffusivity increases with decreasing Mw of TMSS. For example, at a constant 32 %
loading of TMSS fillers, the nitrogen diffusivity increases 3.2-fold in EC/TMSG
(63 10® cm?/s), 1.7-fold in EC/TMSD1 (35" 10°® cm?/s), 1.2-fold in EC/TMSD500
(25" 10°® cm?s) compared to that of unfilled EC (20" 10® cm?/s).

Table 5.5 Gas Diffusivities of the EC/TMSG, EC/TMSD1, and EC/TMSD500
composite membranes at 30 °C.

. loading diffusivity x10° (cm“/s)

composites (vol.%) o) 0, Na CHa

0 14 43 20 9

11.4 24 65 30 15

ECITMSG 21 43 115 63 2
53 86 198 115 68

11.4 19 54 28 12

EC/TMSD1 321 28 78 35 18
53 38 103 49 26

11.4 18 48 22 11

EC/TMSD500 3R2.1 20 57 25 13
41.9 30 78 37 18

Figure 5.8 Normalized nitrogen diffusivity coefficients for EC/TMSG (0J),
EC/TMSD1 (O), and EC/TMSD500 (<>) as a function of loading amount of
respective TMSSfiller in EC.
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The impacts on the EC chain mobility by various Mw TMSS fillers cause the
corresponding changes in gas diffusivities at an equivalent filler loading. The extent
of gas diffusivity increase in EC/TMSS is well related to the declined Tg at 32 vol.%
filler loading, which is ranked in the order of: EC/TMSG < EC/TMSD1 <
EC/TMSD500. Furthermore, the effect on EC chain mobility by a series of TMSS

fillers can also be recognized from gas molecule diffusivity-selectivity. It is well-
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known, that an increase in polymer chain mobility will generally lead to areduction in
molecule diffusivity-selectivity. For example, the flexible rubbery polymer PDMS has
a very low diffusvity-selectivity. The small molecule O, (der = 0.289 nm) has a
higher diffusivity than the relatively large CH4 (dest = 0.318 nm) in the glassy polymer
EC (D(O)/D(CH4) = 4.8). At equivalent 52 vol.% loading of small TMSS fillers in
EC, the O,/CH, diffusivity-selectivity reduction in EC/TMSG, EC/TMSD1, and
EC/TMSD500 is about 40 %, 16 %, and 8 %, respectively. Obvioudly, this diffusivity-
selectivity reduction is well correlated to the extent of EC chain mobility increase by
various TMSS fillers. In contrast to the EC/TMSS system, the increased molecule
diffusivity-selectivity in PTMSP/TMSS is caused by the various extents of blockages
of weak size-selective microporesin PTM SP.

5.3.4.3 Solubility

The calculated solubility data are displayed in Table 5.6. Figure 5.9 presents the
relative nitrogen solubility in EC/TMSS systems as a function of filler content.
Compared to the consistent trend of the solubility decrease in PTMSP/TMSS systems,
no uniform trend of solubility change in EC/TMSS is observed. In the EC/TMSG
composite, the gas solubility decreases as TMSG content increases, which is quite
consistent with the prediction of the additive model. However, another more plausible
explanation is the decreased gas solubility in EC/TMSG atributed to a decreased
“excess FFV” in EC/TMSG composite. It is generally known, that a surplus in FFV
(i.e., excess FFV) in glassy polymers exists owing to restricted polymer segmental
mobility in the glassy state compared to rubbery polymer in an equilibrium state. %°
Therefore, gas solubility in a glassy polymer is generally somehow higher than that in
rubbery polymer. As TMSG in EC acts as a plasticizer, the plasticized EC polymer
chain will relax more easily, leading to a reduced “excess FFV”, and consequently a
reduced gas absorption. This similar behavior in EC/TMSG and PTMSP/TMSG

further reveals that the “excess free volume’ isacritical factor for gas absorption.
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Table 5.6 Gas solubilities of the EC/TMSG, EC/TMSD1, and EC/TMSD500
composite membranes at 30 °C.

solubility x10° (cm® (STP)/ (cm°® cmHg)

composites  loading (vol.%)

CO, O, Ny CH4

0 4.7 0.27 0.18 0.74

114 39 0.26 0.16 0.72

ECITMSG 321 22 0.17 0.10 0.43
53 25 0.19 0.11 0.46

114 4.9 0.28 0.18 0.83

EC/TMSD1 321 4.1 0.28 0.18 0.76
53 4.0 0.31 0.21 0.83

114 5.1 0.30 0.22 0.85

EC/TMSD500 321 4.7 0.30 0.23 0.84
41.9 4.9 0.35 0.23 0.98

Figure 5.9 Normalized nitrogen solubility coefficientsin EC/TMSG (L), EC/TMSD1
(O), and EC/TMSD500 (<>) composites as a function of TMSS loading amount a 30
°C, in comparison of the additive model, as shown in adash line.
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Concerning gas absorption behavior in the EC/TMSD1 composite, the nitrogen
solubility is constant in EC filled with a small portion of TMSD1 (11 vol % and 32
vol %). With a further increased content of TMSD1, the solubility increases slightly
by about 10 %. The filler TMSD1 plasticizes the EC polymer chain less than TMSG,
indicated by the Tg comparisons. Resultantly, the reduced “excess FFV” in EC by
TMSD1 isless than that in EC/TMSG. In addition, compared to the rubber-like TM SG,
aglassy oligomer TMSD1 might introduce extra “excess FFV” in this composite at 30
°C, which will more or less compensate the reduced “excess FFV” caused by the
plasticization effect.

In the EC/TMSD500 composite, increased gas solubility is observed with the
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increased loading of TMSD500. Contrary to the impact on the “excess FFV” in EC by
low Mw analogies TM SG and TMSD1, the solubility change in EC/TM SD500 might
be just the sum of the solubilities in both EC and TMSD500 phases, which is similar
to that in PTMSP/TMSD500 composites. Since the microsized phase separation in
EC/TMSD500 and PTMSP/TMSD500 is revealed by SEM, the increased gas
solubility for this composite might be due to the fact that TM SD500 has a higher gas
sorption than EC.

5.3.5 Permselectivity

5.3.5.1 He/CH4 permselectivity in the PTMSP/TM SS and EC/TM SS sysems

The unusual, large FFV in PTMSP causes a weaker gas-size dependent selectivity
compared to conventional, low FFV polymers. *? For example, the permeability of the
small gas He (dg = 0.178 nm) is even 2.5-fold lower than that of the large gas CH,4
(dest = 0.318 nm) in PTMSP. In contragt, in the low FFV, glassy polymer ethylcellulose,
the P(He) is 5.7-fold faster than the P(CH,). The permeability change as function of
gas diameter is extraordinarily sensitive to polymer FFV and chain mobility change.
In order to clearly visuaize the impacts of the free volume change in PTM SP and the
chain mobility variation in EC on the gas size-selectivity behavior by the loading of
various Mw TMSS fillers, Figure 5.10 plots the He/CH, sdectivity as function of
loading content of TMSG, TMSD1, and TM SD500 in PTMSP and EC. The high Mw
filler TMSD500 in PTMSP and EC insignificantly alters the He/CH, selectivity, which
is in good agreement with the observation of phase separation by SEM. Therefore,
nearly undisturbed FFV in the continuous PTM SP phase and almost unchanged chain
mobility in the continuous EC phase are the result. Additionally, the lowest Mw filler
TMSG in both systems has the strongest influence on the variation of the He/CH,4
selectivity, compared to higher Mw TMSS fillers at the equivalent filler loading. In
the opposite way, the He/CH, selectivity systematically increases in PTMSP with
increasing loading of TMSG and TM SD1, which serves as another indirect evidence

of the “porefilling.
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Figure 5.10 Selectivity of HE/CH,in EC/TMSG (L), EC/TMSD1 (O), EC/TM SD500
(<), PTMSPITMSG (H), PTMSP/TMSD1 (®), and PTMSP/TMSD500 ()
composites as a function of loading amount of respective TMSSfiller.

P(He)/P(CH,)

TMSS load (vol %)

5.3.5.2 O4/N, permselectivity in PTM SP/TMSS and EC/TM SS systems

It is worthwhile to review the oxygen/nitrogen separation in PTMSP/TMSS and
EC/TMSS systems, since air separation is the largest market in gas separation. In
Figure 5.11, the O, /N, selectivity and O, permeability for PTMSP/TMSS and
EC/TMSS composites is presented. Four commercial ar separation membrane
2L (PDMS, poly(4-methyl-1-pentene) (TPX), poly(2,6-dimethyi-1,4-
phenylene oxide) (PPO), and polysulfone (PS)) are also included, in addition to the
well-known Robeson’s upper bond. % The PTMSP/TMSD1 composites also show a

materials

smilar O2/N2 separation performance relative to PTMSP/TSMG However, in
PTMSP/TM SD500, the decreased permeability cannot be sufficiently compensated by
the increased selectivity compared to those in other two analogues composites.
Compared to the fastest permeability polymer PDMS, the transport properties in
PTMSPITMSG and PTMSP/TMSD1 is noticeably located more close to the

Robeson’s upper bond.

92



Figure 5.11 Rdationship between oxygen permesability and its selectivity over
nitrogen for EC/TMSG (OJ), EC/TMSD1 (O), EC/ITMSD500 (<), PTMSP/TMSG
(W), PTMSP/TMSD1 (@), and PTMSP/TMSD500 (4) composite membranes in this
sudy. For comparison, this relationship for several commercial air separation
membranes ' (e.g., poly(dimethylsiloxane) [PDMS], poly(4-methyl-1-pentene)
[TPX], poly(2,6-dimethylphenylene oxide) [PPO], and polysulfone [PS]). The upper
bound line comes from Robeson. %
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Ethylcellulose was one of the first successful polymers for commercial air separation
membranes. % 2 The addition of TMSS fillers into EC leads to a significant
permeability increase with only a dight selectivity loss. With a permeability of 50
Barrer and an Oy/N-sdlectivity of more than 3, the EC/TMSS composite might be an
attractive low cost material for oxygen enrichment.

5.4 Conclusion

Intherigid, high free volume PTMSP filled with TMSS, gas permeability, diffusivity,
and solubility decreased consistently with increasing filler content. Low Mw fillers
(eg., TMSG and TMSD1) led to a stronger reduction of gas transport parameters
compared to the high Mw filler TM SD500. The small fillers caused a reduction of the
free volume. Consequently, permeability, diffusivity and solubility were reduced. The
large filler TMSD500, on the other hand, was too large to occupy the free volume
elements of PTMSP. A microsized phase separation could be observed by SEM. In
this composite, the reduced permeability could be attributed to the combined
permeability in both PTMSP and TM SD500 phases.

Contrary to the PTMSP/TMSS system, the TMSS filled EC (low FFV) showed a
higher gas permeability than the pure polymer. Additionally, no clear correation
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between Mw of the filler and permeability increase could be observed. The low Mw
fillers TMSG and TMSD1 led to a decreased Tg and an increase of gas diffusivity,

which can be explained by an increase in chain mobility (plagticization effect).

Moreover, the plasticization simultaneously leads to a reduction of “excess FFV” in

the glassy polymer EC, resulting in a decrease of gas sorption. Similar to the
PTMSP/TMSD500 composite, the high Mw filler TMSD500 did not change the
polymer chain mobility and the FFV, which is also supported by SEM observation

and Ty measurements. The increased permeability, diffusivity, and sorption can be

explained by the combination of the transport properties of the EC and TMSD500

phases.
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Chapter 6
Gastransport propertiesin ethylcelulose nanocomposite membranes with
various nanosized silylated glucose
6.1 Abstract

In this chapter, the six gases (He, H,, CO,, O,, N, and CH,4) permeability, diffusivity
and solubility coefficients in ethylcellulose (EC) filled with a series of loading of
various silyl-agents glucose (i.e., trimethylsilyl-glucose (TMSG), triethylsilyl-glucose
(TESG), triisopropylsilyl-glucose (TIPSG), and diphenylmethylsilyl-glucose
(DPMSG)) were determined at 30 ° C with the time-lag method. In addition, the
transport properties in EC with a representative plasticizer dioctylphthalate (DIPH)
and one glucoside based derivate pentecetate-glucose (PAG) are included for
comparison. With alkyl-silylated glucose and DIPH in EC, increased diffusivity and
permeability are observed. In contrast, the introduction of DPM SG and PAG resultsin
a decreased diffusivity and permesability. At the equivaent filler loading, TESG
exhibits the highest permeability and diffusivity increase, compared to TMSG, TIPSG,
and DIPH. Similarly, the loading of al of fillers lead to a decreased gas solubility,
however, TESG gives the least solubility loss relative to other fillers. In the
EC/silylated-glucose, the gas permeation properties are related to the variation of
excess fractional free volume (FFV) and loca chain mobility. The increased akyl
chain length attached on the silane leads to more flexibility (i.e., increase diffusivity),
but less excess FFV (i.e., decrease diffusivity). The overall gas transport properties
are the combination of both factors. In the oxygen/nitrogen separation, the EC/TM SG
exhibits an improved performance relative to the unfilled EC. This simple physical
introduction of trimethylsilyl (TMS) group produces a similar effect to the chemical
modification of polymer with TM'S group.

6.2 Introduction

The physical incorporation of low molecule weight organic additives into membrane
provides a simple way for modifying the gas separation properties of membrane
materials. Maeda and Paul **, Ruiz-Trevifio and Paul >°, Larocca and Pessan ’ have
systematically studied the gas transport properties in three practical membranes, i.e.
polysulfone (PSF), polyphenyloxide (PPO), and polyetherimide (PEI) with

incorporation of various organic additives. Normally, it has been found that the
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addition of these fillers into glassy polymers reduces the gas permesbility and
enhances the selectivity, which can be interpreted by the retarded local chain mobility,
reduced fractional free volume and the loss of excess free volume.r”” However, no
improvement in the separation performance has been reported.” Since the
performances of the filled composites are tightly related to the filler properties, such
as FFV and mobility, it is necessary to careful design and synthesis new fillers in
order to obtain novel composite membrane materials.

Previous structure/properties studies have provided some empirical rules for
designing polymeric membrane materials. Several works revealed that the silyl groups
often favored high gas permesbility with minimal sacrifice in selectivity.®*® For
instance, it was found that, the substitution of trimethylsilyl (TMS) group at the ortho
ether site of polysulfone (PSF) significantly increased the oxygen permeability from
1.1 to 7.1 Barrer compared to the unmodified one (PSF), and slightly decreased the
oxygen/nitrogen selectivity from 5.8 to 5.5."° Hence, it is interesting to study the
composite membranes filled with low molecular fillers containing silyl groups. Inthe
chapter 1, a comprehensive summary of gas transport properties in TM S-substituted
polymer membranes is outlined.

In the present work, the gas transport properties in ethyl cellulose (EC) membrane is
studied containing four various silylated-glucose fillers, i. e., trimethylsilyl-glucose
(TMSG), triethylsilyl-glucose (TESG), triisopropylsilyl-glucose (TIPSG), and
diphenylmethylsilyl-glucose (DPMSG). EC is selected as the host membrane mainly
because it is a polymer material with medium gas separation performance, good
membrane formation ability, good flexibility, excellent durability and low cost.***® In
addition, EC is one of the membrane materials used for the industrial oxygen/nitrogen
separation.”’ Glucose is used as the carrier for the silyl group because it has the same
dructure as the repeat unit of EC (i.e, glycoside), that will give a compatible
composite. Moreover, glucose containing five hydroxyl groups could provide high
opportunitiesin silyl group substitution.

6.3 Resultsand discussion

6.3.1 Permeability and per mselectivity

Table 6.1 illustrates the effect of filler incorporation on the permeability coefficients
of six light gases (He, Hz, CO,, Oz, N2, and CH4) in EC composites membranes. For
the four silylated glucose fillers, the incorporation TESG and TIPSG leads to an
increase in gas permesability compared with unmodified EC. The permeability
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increase is more pronounced for TESG filler than TIPSG (For example, at c.a 24
wt.% filler loading, P(N2)= 8.98 Barrer in EC/TESG, P(N;)= 5.86 Barrer in
EC/TIPSG, comparatively, P(N2)= 3.48 Barrer in unfilled EC). In contrast, the
addition of DPM SG filler drastically decreases the permesbility (For example, P(N2)=
185 Barrer in EC/IDPMSG (249 %)). For the TMSG containing composite
membranes, the permeability maintains nearly unchanged at low content of loading
(For example, P(N2)= 3.10 Barrer in EC/TMSG (10.5 %)), and then turns to increase
with continuously increasing loading. For the other two fillers (i.e, DIPH and PAG),
the addition of DIPH decreases the gas permeability at low DIPH loading and then a
fast increase takes place, similar to that of EC/TMSG. The EC/PAG composite
membranes show monotonic reduction of gas permeability with increasing PAG
content, like the EC/DPM SG composite. To visibly express the relative permeability
change in the EC composites with various fillers, in Figure 6.1, the methane
permeability is plotted as a function of filler content for al the six fillers studied. It
clearly shows that the gas transport behavior in EC composite membranes is

sgnificantly affected by variousfillers.
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Table 6.1 Gas permeability coefficients in EC and EC composite membranes
incorporated with various silylated glucose fillers, DIPH and PAG.

Filler (wt.%) P(H PH) PO, P(N) P(CO) P(CH.)
No additive 402 560 118 348 709 7.11
TMSG (10.5) 380 508 111 310 639 6.94
TMSG (24.2) 499 675 158 482 776 9.95
TMSG (34.1) 565 759 198 623 920 13.4
TMSG (42.0) 630 870 248 786 1136 179
TMSG (50.1) 783 107.8 347 112 1623 273
TESG (9.8) 452 660 166 494 919 11.3
TESG (24.3) 550 850 265 898 1335 228
TESG (34.3) 609 962 344 120 1702 314
TESG (40.5) 680 1041 385 143 1893  36.3
TESG (50.0) 728 1210 493 188 2350 495
TIPSG (10.1) 469 630 154 485 834 10.2
TIPSG (24.7) 463 661 185 586 940 13.7
TIPSG (34.8) 467 650 185 647 920 13.9
TIPSG (39.2) 459 629 178 593 863 13.3
TIPSG (50.4) 455 626 181 600 851 13.7
DPMSG (105) 315 420 863 250 510 5.15
DPMSG (249) 238 318 657 185 384 402
DPMSG (35.1) 213 258 477 145 280 3.03
DPMSG (40.7) 187 212 234 058 104 0.98
DPMSG (50.8) 204 246 357 095 181 1.67
DIPH(9.31) 31.98 4214 918 346 5119 5.7
DIPH (21.3) 2805 3820 1037 346 5870  7.61
DIPH (35.4) 3303 4909 1801 623 108 1691
DIPH (40.3) 4017 5997 23 853 14250 2331
DIPH (50.0) 4826 7383 3448 1316 217.05 39.26
PAG (9.31) 3699 4786 907 291 5152 495
PAG (24.1) 3070 3421 562 189 2929 265
PAG (33.4) 2615 2935 447 139 na 1.85
PAG (39.9) 2627 2797 423 122 2228 181
PAG (50.0) 2627 2739 499 143 2234 175

Permeability unit: barrer, 1 barrer = 10™ cm® (STP) cm/ (cm? s cmHg).
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Figure 6.1 Permeability coefficients for CH, as a function of filler content in EC
composite membranes incorporated with various slylated glucose fillers and two
commercid fillers DIPH and PAG.
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The enhanced gas permeability in EC/TMSG (with TMSG content starting from
24.2 %), ECITESG, and EC/TIPSG composites may be explained mainly by the
improved local mobility with the incorporation of the fillers. Firstly, the addition of
filler in glassy polymers normally results in a decreased glass transition temperature
(Tg). It has been observed that the Ty decreases from 130 °C for unfilled EC to 64 °C
for the EC/TMSG composite at TMSG content of 34.2 %. It suggests that the fillers
act as plasticizers, which can efficiently separate the EC chains and cause the polymer
chains more easily to dip. This plagticization effect can also be further supported by
the fact that the equivalent loading of the TESG leads to a noticeable higher increase
in the gas permeability compared to the TM SG and TIDSG fillers because of the more
flexible ethyl group than methyl and isopropyl groups in the filler side chain. In
addition, the silyl groups themselves like TMS group, which are bulky and able to
generate many molecular scale voids, **? should aso play another important role in
boosting gas permesbility. In contrast, the declined gas permeability in the
EC/DPMSG composite can be ascribed to the presence of planar phenyl group with
dense packing. Additionally, the stiff phenyl group, compared to alkyl groups, could
even restrict chain mobility, resulting in the decreasing permeability.

Generally speaking, the incorporation of TMSG, TESG, and TIDSG fillers in EC
membranes increases the permeability of all penetrants. However, it can be found in

Table 6.1, that the permeability of small molecules He and H; increases to a lesser
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extent as compared to the other four larger gases. For example, Figure 6.2 presents the
plots of the normalized permeability (calculated as the ratio of the permeability in
filled EC to the unfilled EC) in EC/TESG composites for al six gases as a function of
filler content. It can be easily read out that the permeability enhancement of six tested
penetrants increases in the order of: He < Hy < CO, < Oz < N2 < CHa, which is the
same rank as the molecular sizes. This behavior can be explained as the following.
For the diffusion of small gases like helium and hydrogen, as stated by Meares *8, the
cooperative oscillation of the polymer segment might be sufficient for performing a
jumping process. However, for the diffusion of larger gases, the complete rotation of
polymer segment may be required. Hence, as the polymer local chain mobility
increases, larger gas takes the advantage to enhance the diffusion coefficient than
small gas. Thisisalso in agreement with the fact that the rigid glassy polymer exhibits
high size sdectivity and flexible rubbery polymer losses its diffusion selectivity based
on the penetrant size. In addition, this similar trend of penetrant size dependent
permeability change is also observed in EC/TMSG, EC/TIPSG, and EC/DIPH,
indicating the identical transport behavior as above mentioned.

Figure 6.2 Normalized gas permeability coefficients for He, Hy, Oy, N2, CO,, and CH,4
as afunction of filler content in EC/TMSG composite membrane.
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It is worthwhile to study the effect of filler loading on the gas selectivity. As it is
pointed out previoudy, the incorporation of DPMSG and PAG decreases the
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permesability and increases the selectivity, following the trade-off rule. ** On the other
hand, the loading of TMSG, TESG, TIPSG, and DIPH filler into EC membrane leads
to increased gas permeability. The improved permeability is at the expense of
decreased selectivity for most of the gas pairs. However, for some pairs, i.e., CO./Ha,
and CH4/N,, the selectivity increases at the same time when gas permeability
increases for the reason that the larger gas has larger permesbility increase as
discussed above. For instance, the CO, permesability increases from 62 to 170 Barrer
for EC/TESG composite membrane (with 34.3 % TESG loading), as compared to the
unmodified EC. Meantime, the selectivity of CO,/H, increases from 1.1 to 1.8.

EC is one of the polymers interesting for the commercially used O,/N, separation.
Hence, it is worthwhile to further study the O»/N, separation performance in filled EC
composite membranes. Figure 6.3 plots O./N, selectivity as a function of oxygen
permeability in the form of natural logarithm for the EC composite membranes
containing various fillers. The dash line in this figure is presented to evaluate the
influence of the filler incorporation on the O2/N> separation performance compared to
the unfilled EC. The dash lineis determined as:

PO2 / PN2 - bP620.1724

.6.1
b =explInPy, . +0.1724In(R, /Py )ec] (. 6.1)

In fact, Equation 6.1 identifies the line that crosses the point of unmodified EC is
parallel to the Robeson plot for O./N, gas par using equation of

Py, /By, =9.2P;>"** . It is reasonable to state that the points above the dash line

suggest an improvement in the gas separation performance.

Figure 6.3 Reationship between oxygen permeability and O,/N, sdlectivity for EC
composite membranes incorporated with various silylated glucose fillers and two
commercid filler DIPH and PAG.
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It can be observed from Figure 6.3 that the silylated-glucose fillers exhibit a good
performance in terms of permeability and selectivity, in comparison with the two
commercia fillers PAG and DIPH. Considering PAG is the acetate substituted
glucose, it clearly suggests the better performance of the silylated glucose comes
mainly from the presence of the silyl groups. On the other hand, the introducing of
the silylated groups doesn't always lead to better O,/N, separation performance as
compared to the unmodified EC. The incorporation of TIPSG and TDPMSG even
diminishes the O./N, separation performance. The EC/TESG composite membranes
basically maintain the O,/N, separation performance, but one can tailor the
permesability/selectivity properties in a relatively wide range. It is interesting to find
out that the EC/TMSG composite membranes exhibit better performances as
compared to the original EC membrane, especidly a high TMSG loading. This
behavior isin a good agreement with the previous studies, which have shown that the
chemical substitution of TMS groups in a polymer chain can generally improve the
separation performance because of its unique, bulky and flexible properties.®*® For
example, in the studies of the transport properties of the two TMS substituted
polysulfones, Lee et d. have also found the improvement in the separation
performance is more significant with increase of degree of substitution (DS) of the
TMS group.™ In Fig. 6.4, the effect of the TMSG contents on the performance of the
composite membranesis illustrated, together with the effect of the DS of TMS group
in PSF and hexafluoropolysulfone (HFPSF) on the properties of the chemical
modified membranes. The dash lines in Figure 6.4 are used to compare the
performance of the modified and unmodified membranes that are determined by
Equation 6.1. Figure 6.4 clearly shows that increasing the amount of the TMS group
leads to a better separation performance, no matter that the TM'S group is introduced
by the chemica or physical modifications.
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Figure 6.4 Relationship between oxygen permeability and O./N, selectivity for
EC/TMSG composite membranes with different TMSG content and for TMS
substituted PSF *° and HFPSF *° at different degree of substitution.
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As mentioned previoudly, various silyl groups can be introduced into the membrane
materials by two different methods, i.e., chemical modification by direct substitution
and physical modification by incorporation of slylated fillers in this study. Hence, it
is interesting to further compare these two methods with the introduction of various
slyl groups. In Fig. 6.5, the oxygen/nitrogen separation performance in four systems
is compared: 1) EC/silylated-glucose composite membranes (containing around 40 wit.
% silylated glucose fillers); 2) silylated EC; ** 3) silylated PSF; *° and 4) silylated
phenylpolysulfone (PPSF) *° with various silyl groups. The degree of slylation of
various silyl groups in PSF and PPSF is around 2.0 *°. For the silylated derivatives of
EC, the substitution degree is quite low (around 0.31) *3. It is worthwhile to mention
that the gas transport data in the EC membrane reported by Khan et al. ** are different
from those of the EC membrane. It might be due to the different ethoxy content in the
two studies (48 wt.% in Khan et a’s work *© vs. 46 wt. % in this study), since it was
reported that the gas transport properties in EC membranes were greatly affected by
the ethoxy content ***°. Similarly, in Fig. 6.5, four dash lines are presented to evaluate
the influence of the chemical substitution of various slyl groups and physical
incorporation of silylated glucose fillers on membranes gas separation performance in

relative to the unmodified membranes.
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Figure 6.5 Relationship between oxygen permeability and O./N, sdlectivity for EC
composite membranes incorporated with various silylated glucose fillers and for EC %3,

PSF % and HFPSF *° substituted with various silyl groups.
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Legend: TMS-sub-EC: Trimethylsilyl-ethylcdlulose; TES-sub-EC Triethylsilyl-ethylcdlulose
IPDMS-sub-EC: Dimethylisopropylsilyl-ethylcdlulose; BuDMS-sub-EC: Dimethyl-tert-butylsilyl-
ethylcelluloseg; OcDMS-sub-EC: Dimethyl-n-octylsilyl-ethylcel lulose; DMPS-sub-EC:
Dimethylphenylsilyl-ethylcellulase

From Figure 6.5, firstly, it can be seen that the introducing of TMS groups in the
membrane materials, either by chemical method or physical method, can improve the
separation performance (e.g., TMS-sub-PSF vs PSF, TM S-sub-PPSF vs PPSF, TMS-
sub-EC vs EC, EC/TMSG vs EC). Secondly, the substitution of TES group in EC
membrane also leads to a dlightly better performance. Comparatively, the physical
incorporation of TESG has no help to improve the separation performance. Thirdly,
the substitution of iso-propyldimethylsilyl (IPDMS) group in EC membranes have
dightly decreased separation performance, which is similar to the physical
incorporation of TIPS-glucose in EC membrane. Fourthly, except that the increased
separation performance has been observed in diphenylmethylsilyl (DPMS) substituted
(PMS) aubstituted PSF, the decreased separation

performance in other chemically or physically modified phenylsilyl has been observed.

PSF and phenylmethylsilyl
In brief summary, Fig. 6.5 reveals that the substitution of silyl groups may improve or

deteriorate the membrane separation performance, depending on the structure of the

slyl groups, and also on the polymer class. Interestingly, the introducing of the TMS
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groups into membrane materials normally leads to the improved gas separation
performance. Finally, it is fair to say that the physical modification of EC membrane
can modify the gas transport properties in a comparable way as the chemical
modification.

6.3.2 Diffusivity and solubility

Since the permeability is a product of diffusivity and solubility, further studies on
these two terms can provide insight into the gas transport in those composite
membranes. Table 6.2 presents the diffuson and sorption coefficients for N, O,,
CO;,, and CH, in all the EC/fillers composites. Helium and hydrogen are absent since
the accuracy of the diffusion coefficients of these two small gases is not good enough.
The rank for the diffusivity for the four penetrants is: O, > N2 > CO; > CHs. The
lower diffusivity of CO, compared to that of N, in EC and EC based composite
membranes could be due to the specific interactions between polar groups in EC and
polar CO, molecules. In fact, the same order of CO, diffusion coefficients is also

observed in the studies in EC ** and EC derivatives *° by several authors.
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Table 6.2 Gas diffusion and sorption coefficients in EC and EC composite membranes
incorporated with various silylated glucose fillers, DIPH, and PAG.

Filler Wt.%) D(O;) D(N2) D(CO») D(CHs) S(0;) S(N2) S(CO,) S(CHa)

No additive 43 20 14 9 0268 0.183 4710 0.74
TMSG (10.5) 50 24 20 13 022 013 327 052
TMSG (24.2) 84 40 29 22 019 012 267 045
TMSG (34.1) 112 58 M 32 018 011 222 042
TMSG (42.0) 140 77 57 45 018 010 198 034
TMSG (50.1) 184 102 85 62 019 011 191 044
TESG (9.8) 75 39 26 19 022 013 353 058
TESG (24.3) 142 79 55 48 019 011 243 047
TESG (34.3) 186 110 78 70 019 011 218 045
TESG (40.5) 213 130 01 82 018 011 207 044
TESG (50.0) 267 161 123 108 019 012 190 046
TIPSG (10.1) 72 36 26 19 021 013 316 054
TIPSG (24.7) 112 60 45 34 017 010 207 040
TIPSG (34.8) 119 59 52 3 016 011 177 037
TIPSG (39.2) 116 63 49 3% 016 009 177 037
TIPSG (50.4) 121 65 54 39 015 009 159 035
DPMSG (10.5) 44 20 16 11 020 013 322 046
DPMSG (24.9) 48 24 20 15 014 008 193 027
DPMSG (35.1) 44 24 20 14 011 006 138 022
DPMSG (40.7) 23 10 9 5 010 006 115 022
DPMSG (50.8) 23 10 10 4 015 010 178 037
DIPH (9.31) 53 26 18 13 0174 0099 2797 0.431
DIPH (21.3) 62 33 24 20 0168 0106 2463 0.371
DIPH (35.4) 111 65 50 45 0162 009 2180 0.378
DIPH (40.3) 165 100 78 71 0139 0085 1.822 0.330
DIPH (50.0) 230 153 115 109 0150 0086 1894  0.360
PAG (9.31) 43 21 13 10 0209 0139 3829 0506
PAG (24.1) 39 21 10 8 0.143 0089 2980 0326
PAG (33.4) 35 18 n.a 6 0128 0078 na 0295
PAG (39.9) 34 19 8 7 0.123 0066 2802 0.265
PAG (50.0) 98 18 8 7 0051 0080 2826 0.269

Diffusion coefficient in the unit of 10 cm?/s,
Sorption coefficient in the unit of 102cm?(STP)/ (cm® cmHg).

The effect of filler incorporation on gas diffusivity is illustrated in Figure 6.6, where
the methane diffusion coefficient is plotted as a function of various filler content. It
shows that the incorporation of the TESG and DIPH filler noticeably increases the
diffusivity of methane. DIPH is a typical plasticizer, the long n-alkyl group in the
filler gtructure could be responsible for the diffusivity improvement since it is well
recogni zed that the substitution of long n-alkyl group in polymer structure can largely

increase the chain mobility. *° The incorporation of TESG filler can also increase the
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chain mobility, the same as DIPH filler. However, in addition, the TES groups may
create molecular scale voids, ** which favor higher diffusivity. Figure 6.6 aso shows
that the introduction of the TMSG and TIPSG notably increases the diffusivity,
athough to aless extent as compared to TESG. A possible reason for this behavior is
that the bulky TMS and TIPS groups in side chain of the fillers can not increase the
chain mobility as effectively as TESG. Although the loading of DPM SG filler results
in decreased permeability (as shown in Table 6.1), it dightly increases the gas
diffusivity when the filler content is rather low. However, the increase of the
diffusivity is quite insignificant because of the presence of planar and nonflexible
phenyl group in DPMSG filler. With further increasing the content of the DPMSG
filler, the diffusivity decreases. This may due to the aggregation of the fillers at high
filler loading. Similarly, the addition of PAG fillers results in a monotonically
decreased diffusivity, in contrast to the silylated-glucose in these filled EC composite
membranes. It indicates an antiplasticization effect.

The diffusivity change is gas type dependence, for ingtance, Fig. 6.7 illustrates the
normalized gas diffusivity of O, N2, CO,, and CHa as a function of filler content in
EC/TESG composite membranes. Maximum improvement in the diffusivity is
observed for CH,, the largest gases. Then, CO, and N, follow to a smilar level. The
O, diffusivity increases to the least extent. This behavior could be rationalized by the
fact that the larger molecule benefits more from the increased chain mobility in
performing the diffusion jump as discussed previoudy (see 6.3.1). In addition, the
improvement in diffusivity of the CO, may be also partially ascribed to the specific
interaction between the EC membrane and CO, molecule with the incorporation of the
TESG filler.
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Figure 6.6 Diffusion coefficients for CH, as a function of filler extent in EC
composite membranes incorporated with various slylated glucose fillers and two
commercid fillers DIPH and PAG.
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Figure 6.7 Normalized gas diffusion coefficients for Oz, Nz, CO,, and CH4 as a
function of filler content in EC/TESG composite membrane.
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Table 6.2 shows that the incorporation of fillers in EC membranes decreases the
solubility for Oy, N2, CO,, and CHa. This should be attributed to the loss in the excess
free volume caused by the incorporation of low molecular weight additives, which has
been clarified theoretically and experimentally.??> On the other hand, one can find
that different fillers decrease the sorption coefficients to different extents. Figure 6.8

demonstrates the change of the solubility for methane with the incorporation of
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various fillers. As a general trend, for the four slylated glucose fillers, the
introduction of DPMSG in EC reduces the solubility more strongly than TMSG,
TESG, and TIPSG. This behavior can be rationalized if one is considering that the
spherical alkyl-silylated glucose relative to the planar structure of phenyl-silylated
glucose can generate more molecular scale voids, ™ which could partially compensate
the loss in excess free volume. The solubility reduction caused by PAG and DIPH is
more than by TMSG, TESG, and TIPSG, and less than by DPMSG. In Fig. 6.9, the
solubility decrease of different gases in EC/TESG composite membranes is presented.
It can be observed that the gas CO, with higher critical temperature (i.e., with larger
solubility) suffers larger solubility decrease, compared to other gases.

Figure 6.8 Sorption coefficients for CH,4 as a function of filler extent in EC composite
membranes incorporated with various silylated glucose fillers and two commercial
filler DIPH and PAG.
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Figure 6.9 Normalized gas sorption coefficients for O,, N, CO, and CH, as a
function of filler content in EC/TESG composite membrane.
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Khan et a. have studied the effect of substitution of various silylated groups on the
gas diffusion and sorption coefficients.*® Based on the data reported by the authors,
Fig. 6.10 and 6.11 show the normalized diffusivity and solubility in various silylated
EC membranes respectively. At the first sight, it is interesting to find that the
substitution of slyl groups increases in diffusivity coefficients and it decreases the
sorption coefficients at most cases, similar to that observed in the EC composites
containing silylated-glucose. Take gas CH,4 as example, the substitutions of TM'S (2a),
TES (2b), and IPDMS (2c¢) groups increased diffusivity more than DMPS (2f) group.
Likewise, in the EC/silylated-glucose composte membranes, the incorporation of
TMSG, TESG, and TIPSG leads to more diffusivity increase as compared to the
incorporation of DPM SG filler (see Figure 6.6). In addition, for all investigated gases,
the incorporation of TESG filler in EC shows the highest gas diffusivity increase
compared to other analogues groups, similar to chemically modified TES-sub-EC
compared to other analogues groups. However, when compare the extent of
diffusivity increase in the substitutions of TES (2b) (see figure 6.10), the largest
molecule CH,4 has the lowest diffusivity increase. This behavior is different compared
with the observed findings of the EC/TESG composite membranes, where the O,
diffusivity increase is the lowest (see Figure 6.7).

For CH,4 solubility change, the substitutions of TM S (23), TES (2b), and IPDMS (2¢)
groups decreased solubility less than DM PS (2f) group. Likewise, in the EC/silylated-
glucose composite membranes, the incorporation of TMSG, TESG, and TIPSG leads
to less solubility decrease as compared to the incorporation of DPMSG filler (see
Figure 6.8). However, when compare the extent of solubility decrease in the
substitutions of TES (2b) (see figure 6.11), the largest molecule CH,4 has the lowest
solubility decrease. This behavior is different compared with the observed findings of
the EC/TESG composite membranes, where the O, solubility decrease is the lowest

(see Figure 6.9).
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Figure 6.10 Effect of various silyl group substitutions in EC membrane ** on the gas
diffusion coefficients for O, No, CO,, and CHa.
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Dimethylisopropylsilyl-ethylcellulose; 2d: Dimethyl-tert-butylsilyl-ethylcellulose 2e:  Dimethyl-n-
octyl silyl-ethylcellulose; 2f: Dimethyl phenyl silyl-ethylcellulose

Figure 6.11 Effect of various silyl group substitutionsin EC membrane ** on the gas
sorption coefficients for Oz, N2, CO,, and CHa.
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6.4 Conclusion

The silylated-glucose filled EC composite membranes showed higher diffusivity and
lower solubility as compared to the unmodified EC, which has been aso observed in
the chemically silyl-substituted EC. This behavior could be explained by the increased

112



chain mobility and loss of excess free volume by the incorporating of these low
molecular weight additives. The akyl-silylated-glucose (i.e., TMSG, TESG, and
TIPSG) fillers containing flexible and bulky silyl groups increased gas diffusivity
more significantly and decreased solubility to a less extent, as compared to DPMSG
with the presence of nonflexible and planar phenyl group. This phenomenon has been
also observed in the chemically silyl-substituted EC (TMS-, TES-, IPDM S-sub-EC vs
DMPS-aub-EC). Obviously, the changed gas permesbility in EC composite
membranes with silylated glucose is mainly attributed to the diffusivity change.

The results showed that silylated glucose filler exhibited better performance in O./N-
separation than the two commercia fillers DIPH and PAG. Moreover, EC/TMSG
composites showed the best O./N, separation performance as relative to other
EC/slylated-glucose fillers. The improvement of separation performance in
EC/TMSG is more pronounced with increasing TMSG content. The loading of 50 %
TMSG in EC membrane increased the O, permeability from 11.8 to 34.7 Barrer, and
just dlightly decreased O2/N2 selectivity from 3.39 to 3.10.
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Chapter 7

Temperature dependence of gastransport in ethylcellulose composite
membranesfilled with trimethylsilyl-sacchar ose
7.1 Abstract

This chapter investigates systemically the effect of the addition of low molecular
weight filler trimethylsilyl-saccharose (TMSSA) on the temperature dependence of
gas transport in ethylcellulose (EC) composites membranes. The activation energies
of permeation and diffuson (Ep and Ep), and heat of solution (AHs) are obtained
following the Arrhenius - van't Hoff rule by fitting permeability (P), diffusivity (D),
and solubility (S) data measured at 20, 30, 40, and 50 °C with a pressure increasing
time-lag apparatus. It finds AHs became less negative with increasing TM SSA content,
due to the gradud loss of excess free volume. However, there is no consistent change
of Ep. The Ep value of the composite membranes first decreases with the addition of
TMSSA and then begins to increase with further additions of TMSSA. This could be
explained by the opposite effect of changes in excess free volume and chain mobility.
Ep variation is also in line with Ep, for the reason that Ep is mainly governed by Ep
than by AHs. The present work aso studies the compensation relationship between the
activation energies and the natural logarithm of pre-exponent factor in permeability
and diffusivity i.e.,InR, =a, + b,E, andInD, =a, + byE,, and the compensation
relationship between the heat of solution and the natural logarithm of the pre-
exponent factor in solubility i.e., InS, =a¢ + b;DH . These relationships in a number

of rubbery and glassy homopolymers are also compared. It shows that the
EC/TMSSA composite membranes exhibited different behavior in term of the
compensation relationship due to specia local environment around the permeating
molecule. It is concluded that the study of the compensation effect provided a useful
insight into the polymer structure.

7.1 Introduction

Polymeric membranes incorporated with low molecular weight fillers have been
studied as gas separation materials for a long time.>*° The effect of filler addition on
flexibility and volumetric behavior in these composte membranes were also
extensively investigated by several authors.™™* It suggests the incorporation of the
low molecular weight fillers may lead to aloss in (excess) free volume, and meantime

improve or retard chain flexibility in the polymer matrix (plasticization or
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antiplasticization). Consequently, it results in areduction in gas solubility, an increase
or decrease in gas diffusivity, respectively. The whole permeability change is in
dependent of the relative extend of the change of solubility and diffusivity. However,
a few studies of the effect of filler addition on the temperature dependence of gas
transport are reported until now. * ? This study attempts a step to cover this gap by
systemically studying temperature dependence of gas trangport in trimethylsilyl-
saccharose (TMSSA) filled ethylcellulose (EC) composites membranes, which has
shown interesting results for OJ/N, separation in technical application.* It is aso
expected that this Sudy could provide insight into the impact of membrane properties
caused by filler incorporation, such as the reduction in excess free volume and
increase in chain flexibility, since transport properties are well correlated to both of
properties.

On the other hand, gas transport properties are a useful tool to study polymer structure.
For instance, in a review article, Hiltner et al. have demonstrated that the gas
molecules transport could be a useful structure probe for volumetric property in
polymeric materials™ In EC/TMSSA composite matrices, it expects that there were
different motional modes as compared to typical rubbery or glassy homopolymers.
Firstly, TMSSA filler may act as a plasticizer to enhance the motion of EC chain, like
EC/TMSG in Chapter 4. Secondly, the addition of TMSSA filler also introduces
short-time motional mode, which may facilitate the diffusion jump.'® Hence, it would
be interesting to study InDg vs. Ep relationship in composite membranes containing
low molecular weight filler.

In some solution/sorption process such as gas solvation in liquid and gas/'vapor
adsorption/desorption in microporous materials, enthalpy-entropy compensation (or
the compensation between pre-exponent factor and activation energy) has been found
and extensively discussed.'#* But, for the gas solution/sorption in polymeric medium,
few relevant studies and discussions in this topic were found.?% An interesting
observation is that, Yampolskii and co-authors noted that enthalpy-entropy
combination showed good linear relationship for gas sorption in glassy polymers.? 2
There are also some studies about the relationship between the pre-exponentia factor
and the activation energy of permeation, * #. However, controversy still remains in
this topic. For instance, van Krevelen ° found good linear relationships between Ep
and InPy for small molecules gases permeating in several rubbery polymers and glassy

polymers, but linear relationship is less accurate for glassy polymers.? In the chapter
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3, it was found that the InPy vs. Ep relationship in the PTMSP/TMSG composite was
affected by both gas and polymer properties. Hence, it seems to be interesting to re-
evaluate InPy and Ep relationship in this system. It is dso interesting to study InDg vs
Ep, and In & vs AHs relationships in EC/TMSSA composite membranes. A wide
range of rubbery and glassy polymers studied in literatures are compared as well.
7.3 Reaultsand discussion
7.3.1 Effect of TM SSA loading on activation ener giesand heat of solution.
The introducing TMSSA filler into EC membrane increases gas permeability,
diffusivity, and in contrast, decreases solubility. This behavior is quite similar as what
has been observed in EC composite membranes filled with TMSG, which is
interpreted by increased chain mobility, and reduced excess free volume. This has
been is discussed in Chapter 4 and 6. The same explanations can also be valid for
EC/TMSSA system, since TMSSA is analogues to TM SG in structures.
Table 7.1 presents Ep and InPy data in EC/TMSSA composite membranes for six
gases (He, Hz, Oz, N2, CO,, and CHa). It can be seen that, in EC/TMSSA composite
membranes, the order of Ep values for different gases generally follows:
CO;<H,<He< O;< Ny~ CH,4
CO; has the lowest Ep due to much more negative AHs resulting from its higher
critical temperature compared to other five gases. The Ep values for H, and He are
close to O, because He and H, have lower Ep (because of their smaller sizes) and less
negative AHs (i.e., the less condensabilities). CH4 has almost the largest Ep values
because it has the largest molecule size, and hence the largest Ep among these six
gases.

Table 7.1 Activation energy of permeation (Ep) and natural logarithm of pre-exponent
factor (InP) for six light gasesin EC/TM SSA composite membranes

He H, Oz N, COZ CH4
Ep I NPy Ep |nP0 Ep |nP0 Ep I NPy Ep |nP0 Ep |nP0
EC 1595 1002 15.87 10.29 1781 948 2046 925 6.68 6.85 2093 10.16
EC / / 6.9 6.78 6.3 502 81 442 33 554 87 532
EC/TMSSA1 1486 9.77 1329 947 1550 883 1835 872 657 697 1778 9.2
EC/TMSSA2 1524 1011 1393 991 1463 875 1868 911 571 682 1740 9.39
EC/TMSSA3 16.38 10.65 1545 1058 1832 10.31 2244 1069 9.67 841 2175 1121
EC/TMSSA4 20.36 1231 22.23 1331 2751 1403 30.72 1408 1992 1248 3311 15.82

The units are kJ mol™ for Ep and barrer for P.
The results reported by Li et a., **

Table 7.1 also shows that the Ep values first decrease with the introduction of TMSSA
and then turn to increase with further additions of TMSSA. This could be explained
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by the opposite changes in Ep and AHs caused by filler incorporation, which will be
discussed later. It is necessary to mention here that for EC/TMSSA2, EC/TMSSAS,
and EC/TM SSAA4, the increase of Ep in these three membranes are accompanied with
an increase in permeability. Similarly, it can be found that incorporation of plasticizer
into polymers usually increases Ep values, and also increases the permeability at the
same time > % (TMSSA could be considered as a kind of plasticizer). Similarly, larger
Ep, accompanied by higher P vaues were normaly found for a polymer in rubbery
state than those in glassy state as firstly noted by Meares, *? and data collected by
Pauly.® It is worthwhile to stress that the higher permeability in these studies should
be aresult of higher Py values (since larger Ep values resulting in lower permeability).
The relationship between InPy and Ep in EC/TMSSA composite membranes and in a
number of other rubbery and glassy polymers will be further discussed later.

Table 7.2 shows Ep and InDg values of O,, No, CO,, and CH4; in EC/TMSSA
composite membranes. For each EC/TMSSA membrane, it can be seen Ep values are
ranked as.

0,<N,<CO,<CH,.

Clearly, the gas activation energy of diffusion is well in line with the gas size. The
higher Ep values of CO, relative to those of N (kinetic diameters of 3.30 vs. 3.64 A
and Lennard-Jones collision diameters of 3.941 vs. 3.798 A for CO, vs. N2) % in
EC/TMSSA should be ascribed to less spherical CO, molecule, and what is more

important, the specific interactions between polar CO, molecules and EC.*

Table 7.2 Activation energy of diffusion (Ep) and natural logarithm of pre-exponent
factor (InDy) for four gasesin EC/TM SSA composite membranes

O, N, CO, CH,

Ep I nDg Ep I nDg Ep I nDg Ep I nDg
=C 3141 -220 3173 -285 3255 -281 3885 -0.78
EC 104 -1053 131 -10.14 126 -1069 174  -955

ECIMSAL 2563  -414 2667 -444 2965 -361 3266 -281
ECIMSSAZ 2357 458 2673 -404 2878 -354 3274 -2.35
ECITMSSAS 2783 271 2853 -313 2974 -294 3413 -154
ECTMSSA4 3265 -050 338  -078 3638 -007 3992 1.03

The units are kJ mol ™ for Ep and cm? st for D,
The results reported by Li et a., **
It can aso be seen from Table 7.2 that EC/TM SSA4 has the largest Ep values for each

gas. Then the unfilled EC membrane follows. The Ep values for EC/TMSSAL,
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EC/ITMSSA2, and EC/TMSSA3 are smilar, and are noticeably lower than those for
EC/TMSSA4 and EC. This observation could be rationalized in the frame work of
Brandt's model. ** In this model, the author proposed that the activation energy of
diffusion has two contributions: (a) an intramolecular term due to the resistance of the
molecular chains to bending; and (b) an intermolecular term to overcome the
repulsion of the bending segments by their neighbors. The intramolecular energy is
related to internal rotation and the intermolecular energy is connected to interna
pressure of the polymer (or cohesive energy density). Based on this modd, a

smplified equation % to estimate Ep could be given as:

Ey =/, (d,-d.)*+j,(d,- d,) (eq. 7.1)
whered, is defined to be “proximately equal to the linear distance perpendicular to the
chain axis through which a chain may move freely”; * d , Is the diameter of the
penetrant; and j, and j , basically represents the effect of chain flexibility and
internal pressure on Ep, respectively. The real meaning of j , and j , can refer to ref

28.
As mentioned abbove, the addition of TMSSA filler into EC membrane increases

flexibility, leading to a loss in excess free volume, resulting in a decrease of both /
(/ , ® 0O for flexible polymer) " and d, values. For the EC/TMSSA composites with

low content TMSSA loading, the contribution of reduction in intramolecular energy
caused by the enhanced chain mobility might predominate. Hence, noticeable lower
Ep values in EC/ITMSSA1, EC/TMSSA2, and EC/TMSSA3 are observed. With
further increase filler content, like in EC/TM SSA4 membrane, the effect of increased
intermolecular energy should be more significant due to significant loss (or even
vanishing) of excess free volume. Therefore, Ep values in EC/TMSSA4 are ever
higher than those in EC. From the above mentioned analysis, the effect of filler (or
plasticizer) on activation energy of diffusion is complex. As an evidence, it can be
found in Beck and Tomka's work that, EC composite membranes (degree of
substitution (DS) of 2.2) containing 10, 20, and 30 wt. % glycerol tributyrate (GTB)
have similar Ep values of O, (31.3, 30.4, and 30.2 kJ mol™).” However, Ep values
seems to be silghtly affected by filler contents in EC composite membranes (DS of
1.7) incorporated with diethyl tartrate (DET). For instant, the composite membranes
with 10, 20, 30, and 40 wt. % DET have Ep values of 32.9, 35.9, 38.4, and 38.1 kJ
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mol™, respectively.” However, the authors did not provide Ep values for pure EC in
this study. Therefore, it is hard to further analyze the effect of plasticizer on Ep in
their systems.
Table 7.3 shows AHs and In & values of O,, Ny, CO,, and CHs in EC/TMSSA
composite membranes. It shows that the values of AHs for different gases are ranked
asfollows

CO,<CH,<0O,<N,.
This is also the same trend as gas critical temperature. It can adso be found that AHs
values increase monotonoudly (to be less negative) with the addition of TMSSA. The
same effect of filler addition on AHs were also observed in three EC/plasticizer
systems investigated by Beck and Tomka.” So, it is clear that the incorporation of low
molecular weight fillers leads to aloss in excess free volume, which has been clarified
both theoretically and experimentally.** ** As pointed out by Petropoulos, sorption in
preformed or partialy preformed microcavities is more exothermic than sorption in
the polymeric matrix. 2 Therefore, with the addition of TMSSA filler (or other
plasticizers) into EC membrane, the excess free volume decreases gradualy, leading
to a corresponding increase in AHs (to be less negative).

Table 7.3 Heat of solution (AHs) and natura logarithm of pre-exponent factor (InSy)
for four gases in EC/TMSSA composite membranes.

O, N> CO, CH4

AHsg InSo AHsg InSo AHsg |nS) AHg |nS)
EC -1361 -11.35 -11.27 -10.92 -25.87 -1337 -1791 -12.08
EC 44 -759 55 -866 -9.9 -703 -88 -8.2

EC/TMSSAL .10.13 -1006 -832 -987 -23.09 -1245 -1488 -11.00
EC/TMSSA2 895 -969 -805 -9.88 -23.06 -1267 -1535 -11.29
EC/TMSSA3 -950 -1000 -6.09 -921 -2007 -11.67 -1237 -10.27
EC/TMSSA4 514 -840 -310 -816 -1646 -1047 -6.80 -8.24

The units are kJ mol™ for AHs and cm®(STP) cm™ cmHg™* for .
"The results reported by Li et al.,

Furthermore, the activation energies and heat of solution in pure EC membrane
obtained in the present work are compared with those reported by Li and co-workers.
31 The data Ep, Ep, and AHs cited di rectly from their work are presented in Tables 7.1,
7.2, and 7.3, respectively for comparisons. It can be seen that the values of Ep and Ep
reported by Li et a. are much lower, and the AHs values are much higher (less

negative) than this work. However, P, D and S data at room temperature in both
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works are quite close. According to the Ep, Ep and AHs; and P, D and Sdata (at 25 °C)
provided by Li et a., InPy, InDy and InS, are estimated and listed in Tables 7.1, 7.2
and 7.3, respectively. Again, one can see that values of InPy and InDy according to Li

et a are obviously lower, and InS values are much higher than this study. This can be
explained as the following. Since the sets of InPy and Ep; INDg and Ep; and AHs and

InS, data should give similar P, D, and Sdata (at least at room temperature), it is clear

that, higher activation energy (or heat of solution) must be compensated by higher

pre-exponent factor, and vice versa. The above discussion reveals the reason why
sometimes it was argued that the “ compensation effect” is a result of the experimental

errors (for instance, discussions in refs 21, 30 and 37). In other words, experimental

errors may lead to the cause of compensation. However, the compensation relations
could be a result of the enthalpy-entropy compensation. The physical meaning and

validation of the enthalpy-entropy relationship is beyond the scope of the present
work. For more information in this topic, readers can refer to ref 30. It should be kept
in mind that one should be cautious in dealing with compensation relations. As stated

by Liu and Guo, the compensation relations “are complicated with so many artifacts
and misunderstandings” .

Besides the work of Li et al., there are also several Ep, Ep, and AHs data available for

EC membrane or EC based composite membranes. For instance, He et al. reported Ep
value of 15.5 kJ mol™ for O,, and 19.4 kJ mol™ for N; (the authors only presented Ep
values for these two gases).*® Beck and Tomka reported AHs values of around -10 kJ
mol™ of O, in pure EC.” The above results seems to be close to these in this study.

Besides, the Ep, and AHs values of O, for EC membranes containing different

plasticizers are in the ranges from 30 to 39 kJ mol?, and from -11 to -4 kJ mol™,

respectively. These values also seem to be reasonable when considering that Ep and

AHs are affected by filler (or plagticizer) types.

7.3.2 Compensation effect

Figure 7.1 (see datain Table 7.1) illustrates InPy vs. Ep relationship for six light gases
in pure EC (hollow points) and EC composite membranes (solid points). The points
(either hollow or solid) with same shape represent one type of gas. For instance, the
hollow and solid circle refers to O,. From this figure, it can be seen that a good linear

relationship between InPy and Ep is found for each gas for TMSSA filled EC films
(except EC). What is more, the six lines are primarily paralel, and the intercept

values are ordered as CO,, Hy, He, Oz, CH4, and N2, the same trend as the permeation
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coefficients of the six gases in EC/TM SSA composite membranes. And it can also be
seen from Figure 7.1 that, for each gas, the point of pure EC is normally below the
line defined by TMSSA filled EC composite membranes The above InPy vs Ep
behaviors are close to that have been noted in PTMSP/TM SG composite membranes
in Chapter 3, where a good linear relationship between InPy and Ep for each gas in
PTMSP composite membranes with TMSG filler content larger than 14.4 vol. % is
observed, and the intercepts of six fitting lines are ranked as CO,, H,, He, Oy, CHy,
and N,. However, what is totaly different in PTMSP/TMSG composite membrane,
the addition of TMSG filler leads to a significant increase in Ep and drastically
decrease in permeability. In contrast, in EC/TMSSA system, at least for EC/TMSSA2,
EC/TMSSA3, and EC/TMSSA4, larger Ep values are accompanied by higher
permeability. This unusually behavior could be understood when InPy vs. Ep behavior
in EC/TMSSA composite membranes is further compared to the behavior in a number

of other pure component rubbery and glassy polymers as described below.

Figure 7.1 Correation of natural logarithm of pre-exponential factor (InPy) and
activation energy of permeation (Ep) for six gases in EC/TMSSA composite
membranes. The points of either hollow or solid with same shape represent one type
of gas.
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In Figure 7.2 (see data in Table 7.1), InPo vs. Ep relationship is shown for six gases,
which is clearly distinguished in four types of polymeric materials, i.e., EC/TMSSA
composite membranes, rubbery polymers, “flexible” glassy polymers, and “rigid”
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glassy polymers. The division of flexible and rigid glassy polymers follows their InDg
vs. Ep behavior which is somewhat arbitrary and not precise® The rubbery polymers
(data collected by Pauly),

presented for comparison include poly(diene)s **

40, 41

poly(siloxane)s and poly(alkyl (meth)acrylate)s “* (in molten or rubbery state).

4547

The glassy polymers contain poly(carbonate)s, “ * poly(arylene ethers)s, and

poly(phenylene sulfone imide)s “

. And the rigid glassy polymers includes
poly(amideimide)s,*® poly(aryl ether sulfone)s®® poly(aryl ether ketone)s> and
polypyrrolones. ** For simplification of graphics, the data points referring to these
polymers have been not been specified.

In Figure 7.2, it can be seen that the points of rubbery polymers, and those of flexible
glassy polymers are definitely distinguished from each other (the two dash lines are
presented for better view by eyes). And it can be found that the data corresponding to
rigid glassy polymers are somewhat scattering, however, normally below the line
referring to flexible glassy polymer. It can be seen that poly(phenylmethylsiloxane)
(PPhM S) shows different behavior as compared to other rubbery polymers (Figure 7.2
(E) and 7.2 (F), the author *° didn’t report the data for He, Hz, Oz and N.). Although
PPhMS is a rubbery polymer (T, = —28 °C), “ the points for this polymer are faling
inthe linesreferring to flexible glassy polymers. This should be due to the presence of
bulky, planar, and nonflexible phenyl group. This phenomena supports the

°l is more

explanation that the “local environment around the permeating molecul €’
crucid for the permeation (diffusion) process. In fact, in the study of the InDg vs. Ep
relationship, it has already been noted this special behavior of the PPhM S polymer.™
The above observations suggest tha the InPgy vs. Ep relationship is mainly controlled
by InDg vs. Ep behavior. However, the InP, vs. Ep relationship is also affected by InS,
vs. AHs relationship, abeit relative slightly. Except the two points corresponding to
PPhMS in Fig. 7.2 (E) and (F), al other data exhibit quite good linear relationship.

The obtained fitting equation is InP, = 7.2858+0.2622" 10 °E,, (the units are barrer

for permeability, and Jmol™ for activation energy).
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Figure 7.2 Correlation of natural logarithm of pre-exponential factor (InPy) and
activation energy of permeation (Ep) in rubbery, flexible and rigid glassy polymers
(data from refs 35, 42-54), as well EC/TMSSA composite membranes for different
gases He (Figure 7.2 (A)), Hz (Figure 7.2 (B)), O, (Figure 7.2 (C)), N2 (Figure 7.2 (D)),
CO, (Figure 7.2 (E)), CH4 (Figure 7.2 (F)).
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Figure7.2 (C)
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Figure7.2 (E)
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In Figure 7.2, the points of EC are close to the fitting lines of flexible glassy polymers.
The possible reason is that EC has a relative low glass transition temperature as
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compared to the reference glassy polymers. It is interesting to find that the points of
EC/TMSSA composite membranes locate in the transition territory between the lines
defined by rubbery polymers and glassy polymers. The points of EC/TMSSAL,
EC/TMSSA2, EC/TMSSA3, and EC/TM SSA4 gradually approach to the line defined
by rubbery polymers. In fact, the points of EC/TM SSA4 are even located in the lines
referring to rubbery polymers. EC/TMSSA4 has the largest Ep value, it also has
largest permeability among all the EC/TMSSA composite membranes due to the
much higher InPy value. The special InPy, vs. Ep relationship for EC/TMSSA
composite membranes may suggest a different mechanism for permeating (or
diffusion) in afilled system. Thiswill be further discussed in InDg vs. Ep relationship.
Since Ep is a sum of Ep and AHs, and Py is a product of Dy and &, it is necessary to
further study the InDg vs. Ep, and InS, vs. AHs relationships. In Figure 7.3 (see datain
Table 7.2), it studiesInDy vs. Ep relationship for O,, N2, CO,, and CH, in EC/TMSSA
composite membranes. Bascaly, for each gas, these three points of EC/TMSSA2,
EC/TMSSA3, and EC/TMSSA4 are in linear fitting lines. Similarly, the four fitting
lines are primarily parallel and their intercept values should be ranked as O, N, CO,
and CHg,, the same order as the diffusion coefficients of the four gases in EC/TMSSA
composite membranes. The intercept of InDg vs. Ep is affected by the jump length
term, and a small penetrant normally has a larger jump length.>* >* It can also be seen
from Figure 7.3 that, the points of EC/TM SSA1 show somewhat discrepancy. A more
significant departure is found for pure EC. The behavior is demonstrated more clearly
in a small chart (using methane as an example) in the right-bottom corner in Figure
7.3. Although methane is used for illugtration in this small chart, the behavior of

methane is quite similar asthese of other three gases.
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Figure 7.3 Correlation of natural logarithm of pre-exponential factor (InDo) and
activation energy of permeation (Ep) for four gases in EC/TMSSA composites. 1:
EC/TMSSAL, 2: EC/TMSSA2, 3: EC/TMSSA3, 4: EC/TMSSAA4.
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Figure 7.4 (see datain Table 7.2) further compares the InDg vs. Ep reationship for O,
N2, CO,, and CH, separately in EC/TMSSA composite membrane, together with other
reference polymers mentioned above. Since the InDy vs. Ep reationship in pure
component polymers has been discussed thoroughly in the relevant work, *° here it
just stresses that, one can see that the points of these composite membranes are
located in the middle of the lines defined by rubbery and flexible glassy polymers.
And once again, the points of EC/TMSSA4 are located in the lines referring to
rubbery polymers. Asit can be learned from Table 7.2, EC/TM SSA4 shows higher Ep
values as compared to pure EC, and EC/TMSSA4 has aso higher diffusivity. The
InDo term represents the effects of entropy of diffusion and jump length. In
EC/TMSSA4, dueto the high loading of TM SSA fillers, the excess free volume partly
or completely vanished. But, the diffusion process requires creating “microcavities’ to
accommodate the diffusing species (bearing in mind that in pure EC, the excess free
volume provides the stes for hosting the diffusng species), which certainly requires
larger entropy change. On the other hand, the addition of low molecular weight filler

TMSSA increases EC chain mobility, which favors jump length.>* **
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Figure 7.4 Correlation of natural logarithm of pre-exponential factor (InDo) and
activation energy of diffusion (Ep) for N (Figure 7.4 (A)), O, (Figure 7.4 (B)), CO-
(Figure 7.4 (C)), and CHy4 (Figure 7.4 (C)) in EC/TMSSA composite membranes.
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Figure7.4 (C)
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What is more, the observed special InDg vs. Ep behavior in EC/TMSSA composite
membrane may suggests different diffuson mechanism in a polymer matrix
containing low molecular weight filler, as compared to typical rubbery or glassy
polymers. As stated by Freeman,®’ “the mechanism of smal molecule diffusion in
polymers is taken to be similar among a variety of polymers’ when a linear
relationship between InDy and Ep is obeyed. Following this argument, it seems
different mechanisms may exist for rubbery polymers, flexible glassy polymers, and
EC/TMSSA composite membranes. In a rubbery polymer, segments can rotate freely
around the polymer backbone. In a glassy polymer, the segment motion is prohibited.
However, things are different in EC/TMSSA composite membranes. Firstly, TMSSA
may act as a plasticizer and enhance motion of EC chain, which facilitates segments
motion. Secondly, the addition of TMSSA filler introduces short-time motional mode,
which may facilitate the local motion.™® It seems that the different motional modesin
EC/TMSSA composites lead to different diffuson mechanism as compared to typical
rubbery or glassy polymers. This also supports the statement of Baker. >> The author
pointed out that, “the concept that the local environment around the permeating
molecule determines the permeate’s diffusion coefficient is a key to understand
diffusion in polymer membranes’. >

Finally, the InS; and AHs compensation will be discussed. For solvation process, the
thermodynamics compensation is usually used to describe a variety of solutesin one
single solvent.*”*° Hence, the data of In S and AHs of Oy, N2, CO,, and CHy4 in each
polymer in Figure 7.5 (A) (see datain Table 7.3) is plotted. It suggests that thereis a
kind of compensation between InS and AHs, especially in the case of pure EC
membrane. The linear relationship is not so good for TMSSA filled membranes,
especially for EC/TMSSA4 membrane. A possible reason is that the AHs vadues are
relatively small (less negative) in EC/TMSSA4, particularly for N, and O,. So, the
data are less accurate because of experimental uncertainties. On the other hand, it can
be seen that the line of pure EC isin the lowest part, and the line of EC/TMSSA4 isin
the upper. The lines of EC/TMSSA1, EC/TMSSA2, and EC/TMSSA3 are in the
middle. This indicates the compensation relation between InS, and AHs is affected by
polymer properties like excess free volume. In Figure 7.5 (B), InS§ vs. AHs
relationship is also fitted by relaing the data of each gas in five EC/TMSSA
composites. Quite good linear relationship between IS and AHs are observed, and

amogst four parallel fitting lines can be seen, where the line of CO. has the largest
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intercept vaue, then followed by those of CHa, O,, and N, which is in order of gas

condensability.

Figure 7.5 Corredation of natural logarithm of pre-exponential factor (InS) and heat
of solution (AHs) for solution of N, O,, CO,, and CH, in EC/TMSSA composite
membranes for relating (Fig. 7.5 (A)) data of different gasesin a single polymer, (Fig.
7.5 (B)) data of each gasin EC/TMSSA composites.
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Figure 7.6 (see data in Table 7.3) further illustrates InS vs. AHs relationship for the
four gases in EC/TMSSA composite membranes and other referred rubbery and
glassy polymers. It can be found that the points for EC/TMSSA composite
membranes exhibit somewhat different behavior as compared to rubbery and glassy
polymers. However, there are not so clear differences between the four groups of
polymers, as compared to what observed in the study of InDo vs. Ep, and InPg vs. Ep
relationships. This could be due to the fact that the gas solubility is affected more by
the nature of gas itself rather than polymer properties.®® However, it seems to be
interesting that, it could be found that the rigid glassy polymers are normally
characterized by less negative AHs values as relative to the flexible glassy polymers.
This could be explained as the following. According to Gee,™ the sorption process
may be considered to consst of two separate thermodynamic stages: (1) condensation
of the gas, an endothermic process, and; (2) mixing of the condensed gas with the
polymer, an exothermic process. Hence, the AHs can be expressed as the algebraic
sum of an enthalpy of condensation, AHcong, @nd an enthalpy change of mixing, AHpix.
The observed less negative AHs value in rigid glassy polymers should be due to
relative higher positive contribution of AHnix which is affected by polymer flexibility.

Figure 7.6 Correlation of natural logarithm of pre-exponential factor (InS;) and
activation energy of diffuson (AHs) in rubbery, flexible and rigid glassy polymers
(data from refs 35, 42-54), as well EC/TMSSA composite membranes for different
gases O, (Figure 7.6 (A)), N2 (Figure 7.6 (B)), CO, (Figure 7.6 (C)), CH4 (Figure 7.6
(D).

Figure7.6 (A)
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7.4 Conclusion

In the present work, the temperature dependence of gas transport in EC/TMSSA

composite membranes is studied, and the compensation relations are compared, i.e.,

InR,=a,+b,E, , InD,=a,+b,E, , and In§ =ag+b;DHg in the composite

membrane and other representative rubbery and glassy polymers. It is concluded that:

(1) In EC/TMSSA composite membranes, AHs gradually increases (becomes
less negative) with TM SSA loading due to the lossin excess free volume.

(2) Ep values of the composite membranes first decreases with the addition of
TMSSA and then turns to increase with further addition of TMSSA. This
could be explained by the competition effect between the fecilitated chain
motion and the loss in excess free volume.

(3) Ep shows a similar trend like Ep for the reason that Er is affected more by
Ep than AHs. .

(4) The Ep and InPy, and Ep and InDy values for pure EC membrane obtained
in the present work are systemically higher; and AHs and In & data are much
lower (more negative) than those reported by Li et a.*. However, the
different sets of data give similar permeability, diffusivity, and solubility at
room temperature. This suggests that experimental errors may cause the
compensation between the activation energies (or heat of solution) and
corresponding pre-exponent factors.

(5) Regarding to InDo vs. Ep, and InPy vs. Ep rdationship, the points of
EC/ITMSSA composite membranes fall in the gap between the lines
corresponding to rubbery polymers and flexible glassy polymers. This could
be ascribed to the different motions for diffusing (or permesting) in these two
types of polymeric mediums.

(6) A good linear relationship between InS and AHs can be maintained when
it was applied to a single gas in rubbery or glassy polymers. The effect of

polymer structure on the relationship of InS vs. AHs isinsignificant.
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8. Summary

This thesis has contributed to develop a series of novel composite membranes with
new organic fillers silylated-saccharides, whose structure contains the bulky structure
of the alkyl-silyl group that connects to various molecular weight saccharides via the
flexible Si-O bond. The original of dlylated-saccharides sructure is intrigued by the
combination of high free volume glassy polymer poly(trimethylsilyl-propyne)
(PTMSP) and high flexible rubber polymer polydimethylsiloxane (PDMYS).

When the rigid, high free volume polymer PTM SP is filled with sil ylated-saccharides,
gas permesbility, diffusivity, and solubility decrease consistently with the increasing
filler content. This transport behavior is closely related to the tunable free volume by
various extents of pore blockage. Specifically, the manipulation of FFV in PTM SP by
the control addition of small fillers TMSG and TMSD1 provides a smpler way of
tailoring the permeability/selectivity behavior via tuning of free volume in PTMSP
compared to most of the synthesized polyacetylene polymers. *2

In contrast, in low free volume, glassy polymer ethylcellulose (EC), systematically
increased gas permeability and diffusivity and decreased solubility with increasing
slylated-saccharides filler content are observed. These transport properties mainly
relate to the increased polymer chain flexibility and the loss in excess free volume. In
particular, as organic filler, TMSG incorporation in EC not only shows better
performance in O,/N, separation compared to unfilled EC, but dso demonstrates
outstanding O/N> performance relative to EC filled with other alkyl-silylated glucose.
The novel EC/TMSS composites can be applied for the oxygen enrichment due to
readily formation of a super thin and defect-free selective layer with high
permeability. 4

The compensation relation of InR, =a, + b,E, was observed in PTMSP/TMSG and

EC/TMSG systems. This relationship offers an approach to understand the transport
mechanism. ° In the EC/TMSSA system, the compensation relations of

InD,=a,+b,E, and InS§ =a +b,DH, are aso frequently observed. With
increasing loading of TMSSA in EC, the systematically increased AHs indicates a

consistent loss in excess free volume, which is in good agreement with gradually
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decreased activation energy of diffusion (Ep) resultingfrom decreased intra-molecular
energy due to the facilitated chain motion. A comprehensive literature comparison of
InDy vs. Ep, and InPy vs. Ep relationships is conducted. It is found out that the
EC/TMSSA composite membranes fill the gap between rubbery polymers and flexible
glassy polymers via controlled loading of TM SSA in EC.

8. Zusammenfassung

Diese Arbeit hat zu der Entwicklung einer Reihe von neuartigen Kompositmembranen
mit neuen organischen Fullern beigetragen. Als Fuller dienen silylierte Saccharide.
Diese enthalten sperrige Akylsilylgruppen, die Uber eine flexible Si-O Bindung
gekoppelt snd an Saccharide mit unterschiedlichen Molekularmassen. Die
Anwendung dieser Struktureinheit fuhrt zu einer Kombination der Eigenschaften von
Poly(trimethylsilyl-propyne) (PFTMSP), einem glasartigen Polymer mit hohem freien
Volumen und dem hoch-flexiblen Kautschukpolymer Polydimethylsiloxan (PDMS).

Wenn das starre PTMPS Polymer mit hohem freien Volumen nach und nach mit
dlylierten Sacchariden gefullt wird, nehmen Gaspermeabilitét, Diffusvité und
Lodlichkeit stetig ab. Die Erklarung fur dieses Verhalten liegt in der Abnahme des
freien Volumens durch Blockieren von Poren. Dieses kann man durch Zugabe von
kleineren Flllern wie TMSG und TMSD1 in diesem spezifischen Fall einfacher

bewirken, als fur die meisten synthetisierten Polyacetylen-Polymere.

Im Gegensatz dazu nehmen im glasartigen Polymer Ethylcellulose (EC) mit
niedrigem freien Volumen die Gaspermeabilitdt und Diffusivitdt mit zunehmenden
Flllergehalt systematisch zu. Die Lodichkeit nimmt kontinuierlich ab. Diese
Transporteigenschaften hangen hauptséchlich mit der zunehmenden Beweglichkeit
der Polymerketten und der Abnahme in freiem Volumen zusammen. Besonders der
Einbau von TMSG ds Fller in EC hat einen positiven Einfluss auf die Eigenschaften
der Membran: das resultierende Membransystem zeigt im Vergleich zu
unmodifizietem EC und EC modifiziert mit anderen alkylsilylierten
Glucosederivaten eine erhohte Trennwirkung fir das O,/N, System. Diese neuartigen
EC/TMSG Komposite kdnnen deswegen fur die Sauerstoffanreichung engesetzt

werden.
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Die Kompensationsbeziehung InP, =a, + b,E, wurde beobachtet im PTMSP/TMSG

und EC/TMSG System. Diese Beziehung bietet einen Ansatz zum Versténdnis des
Transportmechanismus. Im  EC/TMSSA  System  wurden auch die
Kompensationsbeziehungen InD, =a, + byE, und InS, =ag+ b,DH¢ festgestellt.
Mit einer zunehmenden Beladung von EC mit TMSSA deutet die systematische
Zunahme von DHs auf eine stetige Abnahme des freien Volumens. Dies ist im
Einklang mit der stetigen Abnahme der Aktivierungsengergie der Diffusion (Ep),
verursacht durch die Abnahme an intramolekularer Energie durch die verbesserte
Kettenbeweglichkeit. Eine umfassende Literaturstudie von ,, InDg vs. Ep* und ,,InDg vs.
E,* Beziehungen wurde durchgefiihrt. Es wurde festgestellt, dass die EC/TMSSA
Kompositmembranen durch kontrolliertes Auffillen von EC mit TMSSA die Licke

zwischen gummiartigen Polymeren und flexiblen glasartigen Polymeren schliessen.
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9. Appendix
9.1 Outline of Tables
Chapter 1

Table 1.1 Commercia applications and major suppliers of membrane gas separation
units.

Table 1.2 Summary of the oxygen permeability and oxygen/nitrogen selectivity in
TMS-substituted polymers and their precursor polymers.

Chapter 2

Table 2.1 Physical properties of trimethylsilylsaccharides (TMSS) fillers.
Table 2.2 Physical properties of ethylcellulose and poly(1-trimethysilyl-1-propyne).
Chapter 3

Table 3.1 Gas permeability of the PTMSP/TMSG composite membranes at 30 °C

Table 3.2 Estimated volume of spherical TMSG and PTMSP FFV, respectively. The
diameter of the TMSG molecule is about 10 A, the PTMSP FFV radii expand from 1-
9 A from Hofmann et a.

Table 3.3 Selectivities of various gases over nitrogen in PTM SP with various amounts
of TMSG at 30 °C

Table 34 Gas diffuson coefficients in a series of PTMSP/TMSG composite
membranes at 30 °C in terms of the effective molecular diameter for six gases,

Table 3.5 Linear fitting parameters of k;, k; and regression R in the plots of the natural
logarithm of gas diffusivity as a function of square of its effective diameter *° in a
series of PTM SP/TM SG composite membranes

Table 3.6 Effective force constants for six gases *° and their solubility coefficientsin a
series of PTMSP/TM SG composite membranes at 30 °C.

Table 3.7 Linear fitting parameters of ks, ks and regression R in the plots of the natural
logarithm of gas solubility at 30 °C as a function of square of its effective force
constant *° in a series of PTMSP/TMSG composite membranes.

Table 3.8 Activation energy of permeation Ep and front factor Py for six light gasesin
aseries of PTMSP/TM SG composite membranes.

Table 3.9 “Compensation effect” linear regression parameters in PTMSP/TMSG
membranes.

Chapter 4
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Table 4.1 Gas permeability coefficients of the EC/TMSG composite membranes at
30°C.

Table 4.2 Gas diffusivity coefficientsin a series of EC/TMSG composite membranes
at 30 °C.

Table 4.3 Linear fitting parameters of K;, K, and regression R in the plots of the
natural logarithm of gas diffusivity as a function of square of its effective diameter in
aseries of EC/TMSG composite membranes.

Table 4.4 Gas solubility coefficientsin a series of EC/TMSG composite membranes
at 30 °C.

Table 4.5 Activation energy of permeation Ep and the natural logarithm of front factor
Po for six gases in a series of EC/TMSG composite membranes. (Ep in unit: kJ/mol,
INPo: dimensionless).

Chapter 5

Table 5.1 Gas permesbilities of the PTMSP/TMSD1, and PTMSP/TMSD500
composite membranes at 30 °C.

Table 5.2 Gas diffusivities of the PTMSP/TMSD1, and PTMSP/TM SD500 composite
membranes at 30 °C, which are derived based on eq. 2.2 in chapter 2.

Table 5.3 Gas solubilities of the PTMSP/ITMSD1, and PTM SP/TM SD500 composite
membranes at 30 °C, which are derived based on eq. 1.1 in chapter 1.

Table 5.4 Gas permeabilities of the EC/TMSG, EC/TMSD1, and EC/TMSD500
composite membranes at 30 °C.

Table 5.5 Gas Diffusivities of the EC/ITMSG, EC/TMSD1, and EC/TMSD500
composite membranes at 30 °C.

Table 5.6 Gas solubilities of the EC/TMSG, EC/TMSD1, and EC/TMSD500
composite membranes at 30 °C.

Chapter 6

Table 6.1 Gas permeability coefficients in EC and EC composite membranes
incorporated with various silylated glucose fillers, DIPH and PAG.

Table 6.2 Gas diffusion and sorption coefficients in EC and EC composite membranes
incorporated with various silylated glucose fillers, DIPH, and PAG.

Chapter 7
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Table 7.1 Activation energy of permeation (Ep) and natural logarithm of pre-exponent
factor (InPo) for sx light gases in EC/TM SSA composite membranes.

Table 7.2 Activation energy of diffusion (Ep) and natural logarithm of pre-exponent
factor (InDy) for four gasesin EC/TMSSA composite membranes.

Table 7.3 Heat of solution (AHs) and natural logarithm of pre-exponent factor (InSy)
for four gasesin EC/TMSSA composite membranes.

9.2 Outline of figures

Chapter 1

Figure 1.1 Milestones in the development of membrane gas separations.

Figure 1.2 Schematic picture of gas molecule transporting through membrane.

Figure 1.3 schematically presents the relationship between polymer specific volume
and temperature in rubber and glass state. *° Vj is the volume occupied by polymer
chains, V; refers to polymer specific volume, Vy is the polymer specific volume

including unrelaxed free volume.

Figure 1.4 The chemical structure of poly(1-(trimethylsilyl)-1-propyne).
Figure 1.5 The chemical structure of polydimethylsiloxane.

Chapter 2
Figure 2.1 Synthesis of trimethylsilyl-glucose [TMSG]
Figure 2.2 Synthesis of trimethylsilyl-saccharides (TM SS)

Figure 2.3 The illustration of time-lag equipment congructed in GKSS Research
Center, Geesthacht

Chapter 3

Figure 3.1: Normalized gas permeability coefficients for sx gases (He(o), Hz(o),
COy(A), Oz A) Ny(e), and CH,(m)) and Maxwell model prediction(” ) as a function
of loading amount of TMSG in PTM SP.

Figure 3.2 Nitrogen permeability (P(N2)) in four disubstituted acetylene polymers (o)
(PTMSP, PMP, PTMSDPA, PPP) ©* and in PTMSP/TMSG composites (o) as a
function of reciprocal fractional free volume (LUFFV) of the polymer * and the
loadinged amounts of TMSG in vol.%, respectively. (1 barrer = 10 cm?® (STP)
cm/(cm? s cmHg)).

Figure 3.3 Normalized selectivities for five gases (He (o), Hz (0), CO, (A), O, (V).

CH4 (2)) over nitrogen in the PTMSP/TMSG composites as a function of loading
amount of TMSG.
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Figure 3.4 Relationship between oxygen permeability and its selectivity over nitrogen
for substituted polyacetylenes (a) " and PTMSP/TMSG composite membranes in this
study (o). The upper bound line comes from Robeson. *

Figure 3.5 Plots of the natural logarithm of gas diffusivity as a function of square of
its effective diameter in a series of PTMSP/TMSG composite membranes (TMSG
loading in PTMSP: 0.0% (o), 4.9% (), 9.2% (A), 17.7% (N), 27.7% (), 45.8% (m),
56.8% (e)).

Figure 3.6 The nitrogen solubility coefficient (o) in PTMSP/TMSG composites as a
function of TMSG loading amount at 30 °C as comparison of the additive model (o).

Figure 3.7 Plots of the natural logarithm of gas solubilities at 30 °C as a function of
their effective force constants in a series of PTMSP/TMSG composite membranes
(TMSG loading in PTMSP: 0.0% (o), 4.9% (o), 9.2% (A), 17.7% (N), 27.7% (d),
45.8% (m), 56.8% (o).

Figure 3.8 Corrdation of activation energy of permeation Ep and the front factor InPg
in PTMSP/ITMSG composites for sx gases [(He(o), Ha(o), CO2(A), O A), Na(e),
CHy(m)) at various amount of TMSG in PTMSP . The Arabic numbers represent the
loading volume content of TMSG in PTMSP (1.(0.0%), 2.(6.6%), 3(14.4%),
4.(17.7%), 5.(21.2%), 6.(28.5%), 7.(37.8%)).

Chapter 4

Figure 4.1 Density of EC/TMSG composites at R.T. as a function of TMSG loaded
amount. The estimated density (expressed as (-)) and experimentally measured
density (expressed as (7 )).

Figure 4.2 Glass transition temperatures of EC/TMSG composites as a function of
TMSG loaded content.

Figure 4.3 Normalized gas permesability coefficients for six gases (He, Hz, CO2, Oz N,
and CH,4) and Maxwell model prediction as a function of loading amount of TMSG in
EC.

Figure 4.4 Relationship between helium permesability and its selectivity over methane
for EC/TMSG composites and matrimid as well as PDMS. (Matrimid and PDM S data
from reference ')

Figure 4.5 Relationship between P(O,;) and P(O,)/P(N,) as well as P(CO;) and
P(CO,)/P(H2) for EC/TMSG composites. Sample code is referred to Table 4.1.

Figure 4.6 The calculated oxygen production cost for 35-50% oxygen as a function of
membrane performance referring to the combination of permesbility and
permselectivity in some of today's best commercial membranes and EC/TMSG
composites.
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Figure 4.7 Normalized gas diffusivity coefficients for four gases (CO,, Oy N, and
CHy) asfunction of TMSG loading in EC.

Figure 4.8 The plots of the natural logarithm of gas (O,, N,, CH,) diffusvity as a
function of square of its effective diameter in a series of EC/TMSG composite
membranes.

Figure 4.9 The relationship between k; and k, for EC/TM SG composites

Figure 4.10 The nitrogen solubility coefficient in EC/TM SG composites as a function
of TMSG loading amount at 30 °C in comparison with those of the additive model.

Chapter 5

Figure 5.1 SEM photographies of the fracture cross-section of two series of composite
materials (EC/TMSS (32 %) and PTMSP/TMSS (27 %)).

Figure 5.2 Normalized nitrogen permeability coefficients for PTMSP/TMSG (L),
PTMSP/TMSD1 (O), and PTMSP/TMSD500 (<>) as a function of loading amount of
respective TMSSfiller in PTMSP,

Figure 5.3 Normalized nitrogen permeability (Pn/Po) (LJ) in PTMSP/TM SD500 as
function of TMSD500 loading content in PTMSP, in comparison of that of Maxwell
model prediction ** and Nielsen model ** prediction with consideration of geometric
factor (L/W) of dispersion phase of TM SD500 in the continuous PTM SP phase. The
geometric factor L/W is 1 (sphere) for the Maxwell model, and > 1 (nonsphere) for
Nielsen model. The geometric factors are obtained from direct measurement the
dispersion phase of TMSD500 in SEM. The L/W =5.1, 7.5, and 10.2 is the smallest
value, average value, and largest value, respectively, from the experiment.

Figure 54 Normalized nitrogen diffusivity coefficients for PTMSP/TMSG (L),
PTMSP/TMSD1 (O), and PTMSP/TMSD500 (<>) as a function of loading amount of
respective TMSSfiller in PTMSP.

Figure 5.5 Relationship between oxygen diffusivity and its selectivity over nitrogen
foo PTMSP/TMSG (H), PTMSP/TMSD1 (), and PTMSP/TMSD500 (<)
composite membranes in this study. For comparison, this relationship for substituted
polyacetylenes ** with various side groups, i.e., polyacetylenes with bulky or phenyl
substituents (O) and polyacetylenes with long n-alkyl substituents (@) are included.

Figure 5.6 Normalized nitrogen solubility coefficients in PTMSP/TMSG (L),
PTMSP/TMSD1 (O), and PTMSP/TMSD500 (<>) composites as a function of TMSS
loading amount at 30 °C, in comparison of the additive model, as shown in adash line.

Figure 5.7 Normalized nitrogen permesability coefficients for EC/TMSG (L),

EC/TMSD1 (O), and EC/TMSD500 (<>) as a function of loading amount of
respective TMSSfiller in EC.
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Figure 5.8 Normalized nitrogen diffusivity coefficients for EC/TMSG (0J),
EC/TMSD1 (O), and EC/TMSD500 (<>) as a function of loading amount of
respective TMSSfiller in EC.

Figure 5.9 Normalized nitrogen solubility coefficients in EC/TMSG (L), EC/TMSD1
(O), and EC/TMSD500 (<>) composites as a function of TMSS loading amount a 30
°C, in comparison of the additive model, as shown in adash line.

Figure 5.10 Selectivity of HE/CH4in EC/TMSG (L), EC/TMSD1 (O), EC/TM SD500
(), PTMSPITMSG (H), PTMSPITMSD1 (®), and PTMSP/TMSD500 ()
composites as a function of loading amount of respective TMSSfiller.

Figure 5.11 Rdationship between oxygen permesability and its selectivity over
nitrogen for EC/TMSG (OJ), EC/TMSD1 (O), EC/ITMSD500 (<), PTMSP/TMSG
(W), PTMSP/TMSD1 (@), and PTMSP/TM SD500 (#) composite membranes in this
sudy. For comparison, this relationship for several commercial air separation
membranes ** (e.g., poly(dimethylsiloxane) [PDMS], poly(4-methyl-1-pentene)
[TPX], poly(2,6-dimethylphenylene oxide) [PPO], and polysulfone [PS]). The upper
bound line comes from Robeson. %

Chapter 6

Figure 6.1 Permeability coefficients for CH, as a function of filler content in EC
composite membranes incorporated with various slylated glucose fillers and two
commercid fillers DIPH and PAG.

Figure 6.2 Normalized gas permeability coefficients for He, Hz, Oz, N2, CO,, and CH4
asafunction of filler content in EC/TM SG composite membrane.

Figure 6.3 Relationship between oxygen permeability and O./N, sdlectivity for EC
composite membranes incorporated with various slylated glucose fillers and two
commercid filler DIPH and PAG.

Figure 6.4 Relationship between oxygen permeability and O,/N. selectivity for
EC/TMSG composite membranes with different TMSG content and for TMS
substituted PSF *° and HFPSF *° at different degree of substitution.

Figure 6.5 Relationship between oxygen permeability and O./N, sdectivity for EC
composite membranes incorporated with various silylated glucose fillers and for EC =,
PSF % and HFPSF *° substituted with various silyl groups.

Figure 6.6 Diffusion coefficients for CH, as a function of filler extent in EC
composite membranes incorporated with various slylated glucose fillers and two
commercidl fillers DIPH and PAG.

Figure 6.7 Normalized gas diffusion coefficients for O,, N,, CO,, and CH,; as a
function of filler content in EC/TESG composite membrane.
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Figure 6.8 Sorption coefficients for CH4 as afunction of filler extent in EC composite
membranes incorporated with various silylated glucose fillers and two commercial
filler DIPH and PAG.

Figure 6.9 Normalized gas sorption coefficients for O,, N,, CO,, and CH, as a
function of filler content in EC/TESG composite membrane.

Figure 6.10 Effect of various silyl group substitutions in EC membrane ** on the gas
diffusion coefficients for O,, N,, CO,, and CHa.

Figure 6.11 Effect of various silyl group substitutionsin EC membrane ** on the gas
sorption coefficientsfor Oy, Na, CO;,, and CH,.

Chapter 7

Figure 7.1 Correlation of natural logarithm of pre-exponential factor (InPo) and
activation energy of permeation (Ep) for six gases in EC/TMSSA composite
membranes. The points of either hollow or solid with same shape represent one type
of gas.

Figure 7.2 Correlation of natural logarithm of pre-exponential factor (InPo) and
activation energy of permeation (Ep) in rubbery, flexible and rigid glassy polymers
(data from refs 35, 42-54), as well EC/TMSSA composite membranes for different
gases He (Figure 7.2 (A)), Hz (Figure 7.2 (B)), O, (Figure 7.2 (C)), N2 (Figure 7.2 (D)),
CO; (Figure 7.2 (E)), CH4 (Figure 7.2 (F)).

Figure 7.3 Correlation of natural logarithm of pre-exponential factor (InDg) and
activation energy of permeation (Ep) for four gases in EC/TMSSA composites. 1:
EC/TMSSAL, 2: EC/TMSSA2, 3: EC/TMSSA3, 4: EC/TMSSAA4.

Figure 7.4 Correlation of natural logarithm of pre-exponential factor (InDg) and
activation energy of diffusion (Ep) for N2 (Figure 7.4 (A)), Oz (Figure 7.4 (B)), CO2
(Figure 7.4 (C)), and CHy4 (Figure 7.4 (C)) in EC/TMSSA composite membranes.

Figure 7.5 Correlation of natural logarithm of pre-exponential factor (InS) and heat of
solution (AHg) for solution of Ny, O, CO,, and CH, in EC/TMSSA composite
membranes for relating (Fig. 7.5 (A)) data of different gasesin a single polymer, (Fig.
7.5 (B)) data of each gasin EC/TMSSA composites.

Figure 7.6 Correation of natural logarithm of pre-exponential factor (InS) and
activation energy of diffuson (AHs) in rubbery, flexible and rigid glassy polymers
(data from refs 35, 42-54), as well EC/TMSSA composite membranes for different
gases O, (Figure 7.6 (A)), N2 (Figure 7.6 (B)), CO, (Figure 7.6 (C)), CHa (Figure 7.6
(D).
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9.3 Dispose of Chemicals

All the chemicals used in this study are listed in table 9.3.1. They were disposed
carefully according to their hazard codes in the appropriate containers.

Table 9.3.1 Hazardous chemicals used in this study and their safety data. *

Chemical substance

Hazard codes Risk phrases

Safety phrases

Hexamethyldisilazane

Chlorotriethylsilane

Chlorotri-iso-
propylsilane

1, 3-dimethyl-1, 1, 3, 3-
tetrgphenyldisilazane

Triethylamine
N,N-dimethylacetamide
Cyclohexane

Dioctylphthalate

Dimethyl sulfoxide

Hexane

Acetone

M ethanol

Toluene
THF

Chloroform

Ethylcellulose

F,C

C

C

Xi

F.C

T

F, Xn, N

Xi

F, Xn, N

FT

F, Xn
F, Xi

Xn

Xi

11-20/21/22-34

10-14-22-35

34

36/37/38

11-20/21/22-35

61-20/21

11-38-50/53-65-67

60-61
36-37-38

11-38-48/20-
51/53- 62-65-67

11

11-23/24/25-
39/23/24/25

47-11-20

11-19-36/37

22-38-40-
48/20/22

36/37/38

16-26-36/37/39-
45

16-26-36/37/39-43-
45

26-27-36/37/39

26

3-16-26-29-
36/37/39-45

53-45

9-16-25-33-60-61-
62

53-45
26-37-39

9-16-29-33-36/37-
61-62
9-16-23-33

7-16-36/37-45

53-16-25-29-33
16-29-33

36/37

26-36

* The Hazard codes, risk phrase, and safety phrase data are collected from Sigma-

Aldrich.
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