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ABSTRACT

POLYCARBONATE BASED ZEOLITE 4A FILLED MIXED MATRIX
MEMBRANES: PREPARATION, CHARACTERIZATION AND
GAS SEPARATION PERFORMANCES

Sen, Deder
Ph.D., Department of Chemical Engineering
Supervisor : Prof. Dr. Levent Yilmaz

Co-supervisor : Assoc. Prof. Dr. Halil Kalipgilar

February 2008, 183 pages

Developing new membrane morphologies and modifying the existing
membrane materials are required to obtain membranes with improved gas
separation performances. The incorporation of zeolites and low molecular-
weight additives (LMWA) into polymers are investigated as alternatives to
modify the permselective properties of polymer membranes. In this study,
these two alternatives were applied together to improve the separation
performance of a polymeric membrane. The polycarbonate (PC) chain
characteristics was altered by incorporating p-nitroaniline (pNA) as a LMWA
and the PC membrane morphology was modified by introducing zeolite 4A
particles as fillers. For this purpose, pure PC and PC/pNA dense homogenous
membranes, and PC/zeolite 4A and PC/pNA/zeolite 4A mixed matrix
membranes (MMM) were prepared by solvent-evaporation method using

dichloromethane as the solvent. The pNA and zeolite 4A concentrations in the



casting solutions were changed between 1-5% (w/w) and 5-30% (w/w),
respectively. Membranes were characterized by SEM, DSC, and single gas
permeability measurements of N,, H,, O,, CH; and CO,. They were also tested
for their binary gas separation performances with CO,/CH4;, CO,/N, and

H,/CH4 mixtures at different feed gas compositions.

DSC analysis of the membranes showed that, incorporation of zeolite 4A
particles into PC/pNA increased the glass transition temperatures, Ty, but
incorporation of them to pure PC had no effect on the T4, suggesting that pNA

was a necessary agent for interaction between zeolite 4A and PC matrix.

The ideal selectivities increased in the order of pure PC, PC/zeolite 4A MMMs
and PC/pNA/zeolite 4A MMMs despite a loss in the permeabilities with respect
to pure PC. A significant improvement was achieved in selectivities when the
PC/pNA/zeolite 4A MMMs were prepared with pNA concentrations of 1 % and
2 % (w/w) and with a zeolite loading of 20 % (w/w). The H,/CH4 and CO,/CH,
selectivities of PC/pNA (1%)/zeolite 4A (20%) membrane were 121.3 and
51.8, respectively, which were three times higher than those of pure PC

membrane.

Binary gas separation performance of the membranes showed that separation
selectivities of pure PC and PC/pNA homogenous membranes were nearly the
same as the ideal selectivities regardless of the feed gas composition. On the
other hand, for PC/zeolite 4A and PC/pNA/zeolite 4A MMMs, the separation
selectivities were always lower than the respective ideal selectivities for all
binary gas mixtures, and demonstrated a strong feed composition
dependency indicating the importance of gas-membrane matrix interactions in
MMMs. For CO,/CH,4 binary gas mixture, when the CO, concentration in the
feed increased to 50 %, the selectivities decreased from 31.9 to 23.2 and
48.5 to 22.2 for PC/zeolite 4A (20%) and PC/pNA (2%)/zeolite 4A (20%)
MMMs, respectively.

In conclusion, high performance PC based MMMs were prepared by blending

PC with small amounts of pNA and introducing zeolite 4A particles. The



prepared membranes showed promising results to separate industrially

important gas mixtures depending on the feed gas compositions.

Keywords: Gas Separation, Mixed Matrix Membrane, Polycarbonate, Zeolite

4A, p-nitroaniline, Feed Composition.
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POLIKARBONAT-ZEOLIT 4A KARISIK MATRISLI MEMBRANLARIN
HAZIRLANMASI, KARAKTERIZASYONU VE GAZ AYIRIM
PERFORMANSI

Sen, Deder
Doktora, Kimya Muhendisligi Bolumu
Tez Yoneticisi : Prof. Dr. Levent Yilmaz

Ortak Tez Yoneticisi : Dog. Dr. Halil Kalipgilar

Subat 2008, 183 sayfa

Yiksek gaz ayinm performans o6zelliklerine sahip membranlara olan
gereksinim, arastirmalari yeni membran morfolojilerinin ve membran
malzemelerinin gelistiriimesi yo6ninde yodunlastirmistir. Bu kapsamda,
polimerik membranlarin segici-gegirgen o0zelliklerini dedistirmek amaciyla,
polimere zeolit dolgu maddesinin katilmasi, polimerin distk molekll agirlikh
katki maddeleri (LMWA) ile karnistinlmasi yaygin uygulanan yodntemler
olmustur. Bu calismada, polimerik membranlarin gaz ayinm performansini
arttirmak igin bu iki yontem birlikte uygulanmistir. Polikarbonat (PC) polimer
zincir yapisi bir tir LMWA olan p-nitroanilin (pNA) katilmasiyla, PC membran
morfolojisi de dolgu maddesi olan zeolit 4A taneciklerinin katilmasiyla
dedistirilmistir. Bu amacla, yogun homojen vyapii saf PC ve PC/pNA
membranlari ile karisik matrisli PC/zeolit 4A ve PC/pNA/zeolit 4A membranlari

¢ozlcl-buharlastirma ydntemiyle, diklorometan c¢odzicisiyle hazirlanmistir.
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Membran dokim gozeltilerinde pNA derisimi % (adirlikca) 1-5, zeolit 4A
derisimi % (adirlikca) 5-30 arasinda degistirilmistir. Membranlar tarama
elektron mikroskobu (SEM), fark taramali kalorimetre (DSC) ve H,, CO,, O,
N, ve CH, gazlarinin tek gaz gecirgenlik dlgimleri ile karakterize edilmistir.
Ayrica membranlarin CO,/CH4, CO,/N, ve H,/CH,; gaz karisimlarini ayirma

performanslar farkh besleme gaz kompozisyonlari igin test edilmistir.

Membranlarin DSC analizleri PC/pNA membranlarin camsi gegis sicakliginin,
Ty, zeolit 4A ilavesiyle arttigini, saf PC membrana zeolit 4A ilavesinin ise Ty da
bir degisime neden olmadigini géstermistir. Bu gézlem, pNA ilavesiyle PC

matrisi ve zeolit 4A kristalleri arasinda bir etkilesimin varligini géstermistir.

Membranlarin ideal secicilikleri PC, PC/zeolit 4A, PC/pNA/zeolit 4A sirasiyla
artarken, saf PC membrana kiyasla gegirgenlikleri azalmistir. Agirlikga % 1-2
pNA ve % 20 =zeolit 4A iceren karisik matrisli membranlarin ideal
segiciliklerinde 6nemli dizeyde artis gozlenmistir. PC/pNA (1%)/zeolite 4A
(20%) membraninin H,/CH, ve CO,/CH, secicilikleri sirasiyla 121.3 ve 51.8

olup, saf PC membranin segicilik dederlerine kiyasla g kat artis saglanmistir.

Membranlarin ikili gaz ayirim performanslari, yogun homojen yapil saf PC ve
PC/pNA membranlari igin farkli besleme gaz kompozisyonlarinin membranlarin
ayirim performansini etkilemedigini ve ideal performans dederleriyle ayni
diizeyde oldugunu goOstermistir. Buna karsilik, PC/zeolite 4A ve PC/pNA/zeolite
4A karistk matrisli gaz ayirm membranlarinda performansin gaz
kompozisyonuna bagli olarak degistigi ve ikili gaz ayirm performans
dederlerinin ideal performans dederlerinden dustk oldugu go6zlenmistir.
Karisik matrisli membranlarin performansinin gaz kompozisyonuna baghlidi,
membran morfolojisinde gergeklestirilen dedisimin gaz-membran etkilesimini
dedistirmesi seklinde yorumlanmistir. PC/zeolit 4A (20%) ve PC/pNA
(2%)/zeolit 4A (20%) membranlarinin CO,/CH, ideal secicilikleri sirasiyla 31.9
ve 48.5 iken, 50 % CO, iceren CO,/CH, besleme karisimini ayirma secicilikleri

23.2 ve 22.2' ye dismustir.

Sonug olarak, PC membran morfolojisinin ve zincir yapisinin zeolit 4A ve gok
kiglUk derisimlerde pNA katilmasiyla degistiriimesi PC membranin gaz ayirim

performansini arttirmistir. Ayrica, gelistirilen membranlarin endUstriyel 6neme
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sahip gazlarin ayrnminda kullanimlarinin, besleme gaz kompozisyonunun etkisi

dikkate alindiginda yararlari olacagi anlasiimistir.

Anahtar sdzclikler: Gaz Ayirimi, Karisik Matrisli Membran, Polikarbonat, Zeolit

4A, p-nitroanilin, Besleme Kompozisyonu.
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CHAPTER 1

INTRODUCTION

Membrane based gas separation has become an important process in
chemical industry and competes with cryogenic separations, and pressure
swing adsorption [1-4]. The main advantages of membrane based gas
separation technology are; low energy consumption, adjustable membrane
properties, simple operation, separation under mild conditions, low
maintenance requirements, easy combination with other separation processes
and easy to scale-up [3, 4]. Many research groups have therefore
concentrated on the development of membranes with better gas separation
performances as well as understanding the gas transport through membranes
[5-9].

A membrane is a semipermeable barrier between two phases. It allows the
passage of some molecules, called permeate, and reject the others, called
retentate with the aid of a driving force such as pressure or concentration
difference [3, 4]. The membrane performance depends on the physical and
chemical properties of the membrane material and the permeating
components. The permeability or flux through a membrane and the selectivity
of the membrane to a component over another are the key parameters to

evaluate the performance of a membrane [3, 4].

Membranes can be categorized regarding their material of construction,
morphology and structure; for instance, biological vs. synthetic, organic vs.

inorganic, homogenous vs. composite, symmetric vs. asymmetric and porous



vS. non-porous membranes. In gas separation applications attention has been
focused on non-porous membranes [10-12]. Polymers are the commonly used
membrane materials. Cellulose acetates, polysulfones, polycarbonates and
polyimides are the most important conventional polymers for gas separation
membranes [3, 10-12].

The polymeric membranes made of conventional polymers are known to have
a trade-off between permeability and selectivity as shown in upper bound
curves developed by Robeson [12]. Theoretical studies have also showed that
permeability-selectivity trade-off is unlikely to be surpassed by further
improvements of chemistries of conventional membrane polymers [13, 14].
Developing new membrane morphologies [15-18], and blending with low
molecular-weight additives [8, 19, 20] may be promising alternatives to

increase the polymeric membrane performances.

Membrane morphology may determine the transport mechanism and
therefore, affects the separation performance strongly [3, 4]. The membranes
usually have three types of morphologies: dense, asymmetric and composite.
Dense membranes are homogenous films of a single polymer layer, whereas
the asymmetric and composite membranes consist of a dense top layer
supported by a porous sublayer [3]. In composite membranes, both layers

may originate from different materials.

Mixed matrix membranes (MMM) have recently emerged as a promising
alternative morphology to overcome the performance limitation of
conventional polymeric membranes for gas separation. They are obtained by
embedding a filler material, such as zeolites [15, 16, 21, 22], silica [23],
carbon molecular sieves [15, 24] or conductive polymers [17, 25] into a
polymer matrix. MMMs are expected to combine the processability and
separation property of polymers with the high separation property of fillers to
obtain membranes with better separation performances than pure polymeric
membranes. A significant effort has been devoted to prepare MMMs using
zeolites as filler due to their molecular sieving properties and glassy polymers
as the polymer matrix due to their rigidities and higher intrinsic selectivities

[26-32]. The separation performance of zeolite filled MMMs strongly depends



on the polymer and zeolite types, and concentration of zeolite in the

membrane.

Nevertheless, most MMMs were reported to suffer from poor interaction
between zeolite particles and glassy polymer chains, which may cause non-
selective voids at the polymer-zeolite interface and be the reason for
insufficient improvement of membrane performance [21, 22, 26-32]. A
number of methods have been investigated to improve the interaction
between polymer and zeolite. These methods can be categorized in two
classes; first one is to promote flexibility of polymer during membrane
formation, and the other one is to improve the compatibility between zeolite
and polymer. The flexibility promotion in the matrix polymer during
membrane formation was achieved either by annealing the membrane above
the glass transition temperature of polymer [22, 28, 29] or by adding a
plasticizer into membrane formulation [28]. It was thought that polymer
chains may cover zeolite crystals more compactly during flexibility promotion.
However, MMMs prepared with these methods generally showed lower gas
separation performances in comparison to their pure polymer counterparts
[22, 29]. Yet, it was also difficult to find an appropriate polymer-solvent-

plasticizer system for these methods [28].

External surface of zeolite crystals was modified by silane-coupling agents to
make them more compatible with the organic polymer phase [7, 22, 33, 34].
A little gain in performance properties of MMMs were observed despite
indications of good compatibility between silylated zeolite crystals and
polymer chains with SEM micrographs [22, 33]. This may be due to the
difficulty in selecting a suitable silane-coupling agent, which can completely
modify the external surface of zeolites. It is also possible that most of the
zeolite pores may be blocked by the use of coupling agents [22]. As an
alternative to silane-coupling agents, use of low molecular-weight additives
(LMWA) with multifunctional groups were suggested [27]. These compounds
are expected to interact both with polymer and zeolite, thus, they act as a
compatibilizer between polymer and zeolite. Although it is also difficult to find

such an additive in MMM preparation, the incorporation of these compounds



into membrane matrices are expected to eliminate the interfacial voids and

improve the performance of MMMs.

The low molecular-weight additives were also used to prepare high
performance glassy polymer/LMWA blend membranes in the absence of
zeolites [19, 20, 35, 36]. Achieving an improved combination of permeability
and selectivity in polymer/LMWA blend membranes hinges on the optimal
selection of the additive and the polymer to be modified. A polymer/LMWA
blend membrane is desired to have a homogenous morphology with non-
porous and dense structure. In other words, LMWA should be miscible with
the polymer matrix to investigate the effect of type and concentration of
LMWA on permselective properties of different polymers [8, 19, 35]. In
addition to provision of miscibility of additive and polymer, interaction
capability of additives with polymers should also be considered for
compatibility between selected compounds [19, 36]. Therefore, systematic
evaluation of the additive should be carried out to find an appropriate

polymer-additive system.

A number of studies have been conducted to investigate the effects of
different additives on the structure and performance of polymeric membranes.
Long aliphatic and polyaromatic based compounds containing polar atoms,
rigid and planar structure are usually used as LMWAs [19, 35, 36]. The
incorporation of these additives at high concentrations (10-30% w/w) into the
membrane decreased the gas permeabilities and increased the selectivities [8,
19, 35]. The influence of LMWAs on membrane performances was explained
by antiplasticization of polymer matrix, which was described as the increasing
stiffness of the polymer matrix due to reduced rate of segmental motions in
polymer chains [19, 20, 35, 36]. Thus, antiplasticization effect of such
additives has been examined as a route to obtain better trade-off between
permeability and selectivity of polymeric membranes. Additives with
multifunctional groups that are capable of interacting with polymer can be
more efficient to improve performance of polymeric membranes.
Multifunctionality of the additives may allow them to be introduced at small
concentrations into membrane blends, and this may lead them to be real

additives instead of being a major component of the membrane [20].



The low molecular-weight additives can therefore be assessed as potential
modifiers to change the structure and performance properties of polymeric
membranes, and to improve the compatibility between polymer chains and
zeolite particles in MMMs, if they can be efficient at small concentrations and
have functional groups that may interact both with polymer and zeolite. Yet,
this entails understanding of the influence of those additives on the structural
and performance properties of zeolite filled MMMs. The focus of this work is to
develop such mixed matrix gas separation membranes by introducing zeolite
as filler and low molecular-weight compound as additive into glassy polymer

matrix to obtain MMMs with high separation performances.

Several families of glassy polymers have attracted considerable interest for
application as gas separation membranes. Certain polyimides, polyesters,
polysulfones and polyamides have been shown to offer high permeabilities
and selectivities. Among these polymers, polycarbonates constitute an
important group used in gas permeation measurements. Poly(bisphenol-A-
)carbonate (PC) is generally chosen in the permeability measurements since it
is commercially available and provides the necessary backbone rigidity for
good thermal resistance and mechanical behavior while allowing relatively fast
gas permeation rates [20, 25, 37-42]. It has a glass transition temperature of
150 °C and is thus a glassy polymer at preparation and application
temperatures. Several groups worked on the gas permeation characteristics of
PC, and they showed that PC is an efficient membrane material for gas
separation since its high permeabilities and selectivities in comparison to
many glassy polymer membranes [37-42]. The effect of membrane
preparation parameters, such as polymer concentration in solvent, type of
solvent, conditions of solvent evaporation and annealing, on the gas
separation performance of PC membranes were examined in detail [42]. In
addition, it was used to prepare MMMs with polypyrrole (PPy) as filler [17,
25], and found as an appropriate polymer for preparing MMMs. It was
reported that the incorporation of PPy fillers into PC matrix remarkably
improved the O,/N, and H,/N, selectivities of PC membrane. PC was also used
to prepare blend membranes with different LMWAs [20]. The additives with
functional groups were selected to increase the probability of interaction

between PC and the additive. In their selection the main factor was their



possession of amine-, nitro-, and hydroxyl- functional groups. Since PC has
strong hydrogen bonding capability through its carbonyl groups, selected
LMWAs can interact with PC through their functional groups. Those additives
were cathecol, p-nitroaniline (pNA), 4-amino 3-nitro phenol (ANP) and 2-
hydroxy 5-methyl aniline (HMA) and their concentrations in the
membrane were changed between 1 and 10 % (w/w). The blend membranes
prepared with PC and very small amount of LMWAs showed Ilower
permeabilities for H,, N,, O,, CO, but higher selectivities than pure PC
membranes since LMWAs antiplasticized the PC membranes. Among them,
pNA was the most effective antiplasticizing additive, which provided the

highest selectivity.

In this study, high performance engineering thermoplastic PC was used as the
membrane polymer, and the preparation of PC/zeolite 4A and PC/pNA/zeolite
4A mixed matrix membranes was proposed as new gas separation
membranes. The effects of pNA and zeolite 4A concentrations on the structure
and gas permeation properties of membranes were investigated. For this
purpose, pure PC, PC/pNA, PC/zeolite 4A and PC/pNA/zeolite 4A membranes
were prepared and characterized by scanning electron microscopy (SEM) and
differential scanning calorimetry (DSC). The gas permeation properties of
those membranes were compared by measuring single gas permeabilities of
H,, CO,, Oz, N, and CHa,.

The majority of literature on zeolite filled MMMs is based on the permeability
studies with single gases, a comprehensive study with multicomponent gas
mixtures is lacking. However, it was found that the performance of gas
separation membranes can be severely affected by the presence of other
components, and this may cause unanticipated changes in the performance of
membranes [9, 43, 44]. The possible reasons for the performance changes
are the competition in sorption and diffusion among the penetrants [9, 45],
the plasticization induced by some components which can strongly interact
with membrane matrix such as CO, and/or organic vapors [46], the
concentration polarization [47] and the non-ideal gas behavior [45].
Therefore, the multicomponent gas permeability measurements are highly

recommended to obtain true membrane separation performance in industrial



applications and to choose a correct membrane type in a certain industrial gas

separation application.

Especially with the widespread usage of the natural gas as a primary energy
source throughout the world, the membrane based gas separation studies
have mainly focused on natural gas purification [44-47, 48]. Although the
composition of natural gas varies from one location to another, it mainly
contains methane, carbon dioxide, nitrogen, higher hydrocarbons, and small
amounts of hydrogen sulfide, helium, oxygen, argon and water vapor [48].
Most commonly, carbon dioxide is the major component that must be
removed from natural gas, since it can form carbonic acid, leading to
corrosion of pipelines. Therefore, the membrane based gas separation studies
have mainly focused on separation of CO,/CH, binary gas mixtures. In
addition to natural gas purification, gas separation membranes have also been
used in the production of oxygen enriched air [1, 49-51], purification of H,
[52], separation of CO, from flue gases [43, 53] and recovery of vapours from

vent gases [1, 51].

In this study, the membranes, which have showed the highest ideal
selectivities in single gas permeation measurements were also used to
separate binary gas mixtures of CO,/CH,4, H,/CH; and CO,/N,. The effect of
feed composition on permeability and selectivity of the membranes was
investigated in detail. Therefore, both the applicability of these membranes
for the separation of industrially important gas pairs could be determined, and
the transport mechanism through each membrane type could be enlightened
by mechanistic explanations on deviations from single gas permeability

measurements of the membranes.



CHAPTER 2

LITERATURE SURVEY

2.1 Polymeric Gas Separation Membranes

Membranes are selective barriers between two phases and allow the
preferential transport of certain molecules under the influence of a gradient in
pressure or concentration [3, 4]. The molecules which transport faster
through the membrane is called the permeate, whereas the molecules which
transport slower is called the retentate. The physical and chemical properties
of both the membrane material and the permeating components determine
the membrane performance. The performance of a membrane is determined

by two parameters, permeability and selectivity [3, 4].

For gas separation membranes, permeability is defined as the flux of a
permeate gas through a membrane per unit transmembrane driving force

multiplied by membrane thickness and is expressed as,

%
PZ—J d (2.1)
Py—Pp

where J is flux of gas through the membrane, pr and p, are the partial
pressures of the gas on the feed and permeate side, respectively; and Jis the

thickness of the membrane. The conventional unit for expressing



permeability, P, is Barrers, where 1 Barrer is equal to 10'° cm? (STP).cm /

cm?.s.cm-Hg.

Selectivity is a measurement of a membrane’s ability to separate the
components of a mixture. Ideal selectivity is the ratio of permeabilities of

single gases and is defined by the relation,
o, =2 (2.2)
AB PB .

For binary gas mixtures, separation selectivity is defined by eqn. (2.3) [3, 4,
91,

Qg =

(2.3)

here, y, and yg are the mole fractions of components A and B in the gas
mixture at the permeate side and x, and xz are the mole fractions of these

components at the feed side of the membrane.

Polymers providing a broad range of properties are very common membrane
materials [10-12]. They exhibit a good separation performance for many gas
mixtures. They can be easily processed into membranes and easily
implemented into the membrane modules because of their flexibility. They are
usually cheaper than the alternative membrane materials such as ceramics,

zeolites and palladium alloys.

Non-porous polymer membranes are usually applied in gas separation [1-4,
10-12]. The term non-porous is rather ambiguous because pores are present
on a molecular level in order to allow transport even in such membranes. The
existence of these "“molecular pores” can be described in terms of free
volume. The non-porous structure of the polymer is therefore related to the

non-continuous gaps, called free volumes, present in the polymer chain



matrix [3, 10, 54, 55]. The diffusion of a penetrant is based on its movement
through these gaps. Because of the movement of the polymer chains, a
channel between gaps can be formed allowing gas molecules to “jump” from
one gap to another (Figure 2.1) [55]. Through this jumping motion, gas
molecules can effectively diffuse through the membrane structure. Large
channels will allow faster diffusion of gases through a membrane at the cost
of less selectivity between different gases; smaller channels will allow a much
greater selectivity at the cost of lower permeabilities. The intrinsic properties
of the polymeric material, the effects of penetrant activity (driving force) and
operating conditions then play an important role in governing the gas

transport rate of the membrane [54, 55].

9zIS 8|0y

jump length A

Figure 2.1 Movement of a gas molecule through the cavities of a polymeric

membrane (from reference [55]).

A non-porous polymer with a high glass transition temperature (Ty), high
melting point, and/or high crystallinity is generally preferred as membrane
material in gas separation applications [3, 10, 54]. Glassy polymers have
stiffer backbones and/or more restricted segmental motions because of the
strong binding forces between molecular segments of the polymer, and
therefore have higher selectivities as compared to rubbery polymers [12-14,

17-29]. Due to their higher selectivities, glassy polymers are more commonly
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used as gas separation membrane materials. Polycarbonates, polyesters,
polysulfones, polyimides and polypyrrolones are some of the glassy polymers

that are often used to prepare gas separation membranes [3, 4, 10].

Gas permeation through non-porous polymer membranes is explained by the
solution-diffusion model. The solution-diffusion model involves three steps [3,
51, 54, 55]: (1) sorption of a molecule into the membrane, (2) diffusion
across the membrane through the gaps (free volume) between the polymeric
chains, and (3) desorption from the membrane. Both sorption/desorption and
diffusion steps in solution-diffusion model depends on the characteristics of
the membrane material and gases. This model can be expressed in terms
of the sorption and diffusion coefficients for the individual polymer and gas,
and the permeability coefficients can be defined as a product of a diffusion

coefficient and a solubility coefficient.

A considerable amount of data has been available for many years on
permeabilities and selectivities of large variety of polymeric membranes to
different gases. A rather general trade-off relation has been recognized
between permeability and selectivity. Polymeric membranes that are more
permeable are generally less selective and the membranes that are more
selective are less permeable. This relationship between the permeability and
selectivity is presented in a well-known trade-off curve by plotting

performance data of the polymeric membranes (Figure 2.2) [12].

Figures 2.2a and 2.2b present O,/N, selectivity versus O, permeability and
CO,/CH, selectivity versus CO, permeability for many polymers on log-log
scale. The same trade-off curve was drawn for different gas pairs like Hy/N,,
CO,/N, and H,/CH,4. Glassy polymers are generally concentrated near to upper
bound line, whereas rubbery polymers are usually away from the upper
bound line. Materials with the high permeability and selectivity combinations
would be in the upper right hand corner of these curves (cross-hatched
regions in figures). However, materials with permeability/selectivity
combinations above and to the rig of the line drawn in these figures are

exceptionally rare. This line defines the so called upper-bound combinations of

11
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particular gas pair [12].are the performance properties of the filler and

polymer material used in this work (see section 3.2).
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permeability and selectivity of polymeric membrane materials for a particular

gas pair [12].

The upper bound performance characteristics of polymeric membranes were

described by the following equation in theoretical studies [13, 14]:

Ina,,,=mnpg,,—4,,nP, (2.4)

P, and «,,, are the permeability and selectivity of the polymeric membrane,
respectively. A,,, is an empirical parameter depending on the size of gas
molecule, f,,, is also an empirical parameter depending on A,,, and

solubility of the gas in polymer. The slope of the upper bound line, 4,,;, is

independent of the type and structure of polymer, it is constant for a given

gas pair and a given polymer class (i.e. rubbery or glassy). On the other

hand, the intercept, f,,,, can be adjusted by manipulating the polymer

structure. This implies that upper bound line cannot be exceeded by further

improvements of chemistries of conventional membrane polymers [13, 14].

In recent studies introducing fillers such as zeolite, carbon molecular sieves
and conducting polymers into polymer matrix has been shown as a promising
way to exceed the upper bound curve [5, 49, 50]. The performance properties
of these materials lie well above the upper bound line. Combining this
property of these materials with easy processability and performance
properties of polymers may increase the separation performance of polymeric

membranes. This is the origin of mixed matrix membrane idea.

Another alternative to increase the gas separation performance of polymeric
membranes is blending polymers with low molecular-weight additives
(LMWASs). The incorporation of certain types of LMWAs at modest levels (10-
30 weight % of polymer) into glassy polymers leads to an increase in stiffness
because of the reduced rates of segmental motions in the polymer chain, and
has been termed ‘“antiplasticization” [8, 19, 20]. The extent of

antiplasticization depends on some characteristics of the additives, such as
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size, shape, stiffness and concentration in the polymer, and on the polymer’s
characteristics, as well as on the degree of interaction between the additive
and the polymer [36]. In the membrane area, antiplasticization has been
shown to provide a possible way to increase selectivities at the expense of
permeabilities via a reduction in polymer free volume. The incorporation of
LMWAs, like phthalates, sebacates, naphtylamines and fluorenes, into glassy
polymers, like polysulfones, polyimides and polycarbonates, modifies the
structural and performance characteristics of polymeric gas separation
membranes, and results in better separation performances [8, 20, 35, 36].
Therefore, if the polymer-additive pair is selected judiciously, blending
polymers with LMWAs can be examined as a route to tailor the permeability-

selectivity balance of polymeric gas separation membranes.

2.2 Mixed Matrix Membranes

Mixed matrix membranes (MMM) are composed of two interpenetrating
matrices of different materials as shown in Figure 2.3 [49, 50]. In MMMs the
continuous phase can be a rubbery or glassy polymer, and the dispersed
phase are fillers, such as zeolites, carbon molecular sieves (CMSs) and

conductive polymers.

. continuous phase:
polymer matrix

. dispersed phase:
" fillers

Figure 2.3 Schematic drawing of a mixed matrix membrane.



The fillers may provide higher selectivity to polymeric membranes due to their
well defined pore size, specific sorption and shape selective properties.
Therefore, MMMs are expected to combine the separation properties of
polymers with those of fillers to obtain membranes with better separation

performances than pure polymeric membranes.

In MMMs, two of the key challenges are selecting the suitable polymer-filler
combination to separate a given gas pair [5, 26, 56] and overcoming
problems occurring at polymer-filler interfaces within the membrane [26, 28,
30, 56]. Selecting appropriate polymer-filler combinations is complicated
because the properties of each phase are potentially affected by the presence
of the other and possibly by components of the feed gases. Tailoring
interfacial morphology is a difficult problem frequently encountered in
composite materials, but it is especially challenging for membranes since
small changes in interfacial morphology can lead to dramatic changes in
transport properties [26, 28, 30-32].

2.3 Zeolite Filled Mixed Matrix Membranes

Most of the mixed matrix membrane studies in literature employ zeolites as
the filler materials due to their well-defined pore size and their ability to
discriminate between molecules of different sizes and shapes [15, 16, 26-32].
The size and shape selective property of the zeolites would be expected to
generate precise molecular-sieving discrimination by permitting smaller-sized
gas penetrants to diffuse at much higher rates than larger-sized penetrants.
Therefore, the incorporation of zeolites into polymers may enhance the
separation performance of the conventionally employed polymeric membranes
due to their high selectivities in comparison to polymers. In addition, the facts
that many different types of zeolites exist and the properties of a significant
number of them may be adjusted (i.e. by changing Si/Al ratio, by ion-
exchange) make the zeolites more preferable filler materials in MMMs [6, 15,
57, 58].

Early work with zeolite filled MMMs predominantly used elastomeric or rubbery

polymers as the continuous matrix phase. Poly(dimethylsiloxane), PDMS, was
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the commonly studied rubbery polymer matrix [15, 16, 59, 60]. Zeolite-filled
rubbery polymer membranes were first introduced by Hennepe et al. for
pervaporation and gas separation purposes [59, 60]. The pervaporation
measurements with ethanol/water mixtures showed that the addition of
silicalite-1, NaX and AgX type zeolites into PDMS increased both the ethanol
permeability and selectivity of the PDMS membrane. The ethane and ethylene
gas permeation results of the same membranes also showed an increase in
permeability and selectivity of the membranes. They proposed that the
increase in selectivity resulted from a longer pathway for the largest
component around the zeolite particle and a shorter pathway for the smallest
component through the zeolite pores. This effect was described as molecular-

sieving property of zeolites.

Jia et al. [16] studied with silicalite-1 filed PDMS membranes. The
permeabilities of He, H,, O, and CO, increased, while those of N,, CH,; and
C4Hio decreased. They concluded that silicalite-1 behaved as a molecular
sieve, and facilitated the permeation of smaller molecules, yet hindered the
permeation of larger molecules. 0,/N, and CO,/CH,; selectivities increased
from 2.15 to 2.50 and 3.45 to 5.67 for 50 % (w/w) silicalite addition,

respectively.

Duval et al. [15] examined the effect of different zeolites (5A, silicalite, 13X
and KY) and commercial carbon molecular sieves on the performance of a
range of rubbery polymers (PDMS, ethylene-propylene rubber, EPDM, and
nitrile-butadiene rubber, NBR). They observed significant improvement in
CO,/CH,4 selectivity from 13.5 to 35 for a MMM prepared with NBR and 46
vol% zeolite KY. They also reported slight enhancement for O,/N, selectivity,
such as from 3.0 to 4.7 for an EPDM rubber MMM with 53 vol% silicalite.
However, they found no improvement with zeolite 5A filled MMMs, and they
attributed this to either adsorbed water in the pores of zeolite 5A or strong
adsorption in 5A such that permeation is very slow. They also showed that
MMMs prepared from CMSs demonstrated no improvement in performance
properties of rubbery polymers attributed to the dead end porous nature of
CMSs.
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Tantekin-Ersolmaz et al. [57] examined the permeabilities of various gases
including, O,, N, and CO,, with the PDMS/silicalite MMMs and investigated the
effect of zeolite particle size on the performance of MMMs. They observed that
the permeability values corresponding to the PDMS/silicalite MMMs exceeded
those pertaining to the pure PDMS polymer membrane and permeabilities
increased with increasing particle size of the silicalite crystallites. They also
reported slight enhancement in the CO,/N,, 0,/N, and CO,/0, ideal

selectivities with the incorporation of silicalite particles into PDMS matrix.

Above mentioned studies show that early work with MMMs in literature
employ rubbery polymers as matrix polymers to combine easy processability
and high permeabilities of rubbery polymers with high selectivities of zeolites
and because of compatibility of rubbery polymers with zeolitic fillers. The
results of these studies performed with MMMs, which used elastomeric and
rubbery polymers as the continuous phase, were plotted in Figure 2.4 with

reference to the CO,/CH,4 upper bound trade-off line.

It can be observed that some success has been achieved with the
incorporation of zeolites into rubbery polymer matrices, increased
permeabilities with slight increase in selectivities. However, the reported
performance properties of those MMMs do not exhibit the anticipated
performance enhancements necessary for commercial applications, because of
the poor intrinsic separation performances of the pure rubbery polymer
membranes. As compared to rubbery polymers, glassy polymer membranes
offer enhanced separation performances due to the more restricted segmental
motions in these polymers and hence their higher intrinsic selectivities [24-
32]. Therefore, their usage as the matrix polymer in zeolite filled MMMs can
be advantageous. For example, polyethersulfone (PES) and polycarbonate
(PC) are glassy polymers and they have high separation performances. The
CO,/CH4 selectivities of PES and PC membranes are 50.0 and 26.7,
respectively, and their CO, permeabilities are 3.4 and 10.0 Barrers,
respectively [21, 29]. It is expected that MMMs prepared with the
incorporation of zeolites into such glassy polymers can show higher gas

separation performances than the MMMs prepared from rubbery polymers.
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Figure 2.4 CO,/CH,; performance properties of MMMs based on rubbery
polymer matrices [adopted from reference 56]. The unfilled shapes denote
pure rubbery polymer matrices, and the filled shapes denote zeolite filled
rubbery polymer MMMs. The zeolite loading, %(w/w) is noted next to each

data point.

Thus, the researchers have focused on a way to prepare zeolite filled MMMs

with glassy polymers.

Table 2.1 summarizes the gas separation performances of zeolite filled glassy
polymer based MMMs. The performances of pure polymeric membranes are
also given for comparison with their MMMs. The effect of zeolite type and
loading on membrane performance is the parameters investigated. Zeolite
loading is usually changed in the range of 15 and 50 weight % of the polymer.
When the zeolite content of the membranes was increased, the selectivities
usually increased and permeabilities usually decreased regardless of the type

of the glassy polymer. At high zeolite loadings, for instance, 50 % (w/w),
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however, a loss in selectivities with an increase in permeabilities can be
observed as in the case of PI/zeolite 4A (20 vol%) and PEI/silicalite (50 %
w/w) membranes shown in Table 2.1. The separation performance of MMMs
strongly depends on the type and concentration of the zeolite in the

membrane.

In most of the studies with zeolite filled glassy polymer MMMs, examination of
MMM morphology by SEM images revealed the presence of voids at the
polymer-zeolite interface, which are likely to arise from the poor interaction
between zeolite particles and glassy polymer chains. The term “sieve-in-a-
cage” has been coined to describe polymer-zeolite morphologies with voids at
the interface [30, 61]. Figure 2.5 shows a SEM image of a zeolite 4A filled
polysulfone MMM, which has a sieve in-a-cage morphology [49]. This
morphology is undesirable since the void can be much more permeable than
zeolite. Especially, at high zeolite loadings these voids may combine in the
matrix and they may form a channel network. This structure may lead to
permeabilities greater than and selectivities lower than the matrix polymer.
Therefore, the interfacial voids may decrease the separation performance of
MMMs.

In addition to void formation, polymer matrix rigidification, which is described
as the inhibition of polymer chain mobility near the polymer-zeolite interface,
may occur at the interface [30, 31]. In such a case, the interface reduced the
permeability of a MMM and lower permeabilities than pure glassy polymer
membranes can be observed. The effect of a rigidified polymer region around
zeolite particles on the performance properties of MMMs has been
demonstrated in different systems, such as =zeolite 4A dispersed in
polyethersulfone (PES) [31] and in polyvinylacetate (PVAc) [56]. In these
systems, increased glass transition temperatures was taken as a confirmation
of rigidified polymeric regions in the membrane matrix. Li et al. [31] observed
such a trend in PES-zeolite 4A MMM system. They reported an increment in Ty
of PES with increasing zeolite 4A loading. The T4 of PES increased from 215 to
217°C and 219°C with the addition of 30 % and 50 % (w/w) zeolite 4A,
respectively. They also reported a decrease in the H,;, O, and N,

permeabilities of PES membrane with the addition of zeolite 4A particles.
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Figure 2.5 (a) Cross sectional SEM image of a polysulfone-zeolite 4A MMM,
“sieve in-a-cage” morphology [56]; (b) Schematic representation of an

undesirable void between the polymer matrix and zeolite [30, 49].

Therefore, changes in zeolite filled glassy polymer MMM performance are not
only due to the intrinsic properties of zeolite particles and polymer matrix, but
also depend on the final morphology of the polymer-zeolite MMMs, including
the polymer-zeolite interface morphology. Several methods have been
proposed to improve the performance characteristics of polymer-zeolite
interface region. Table 2.2 summarizes these methods, which are used to
improve the polymer-zeolite interaction hence to avoid non-selective voids,

and their effect on the gas separation performance of MMMs.

Polymer chain flexibility was maintained during membrane preparation either
by annealing the membranes above glass transition temperature of polymer
or by adding a plasticizer into the membrane formulation so that polymer
chains may cover zeolite crystals more compactly. In a study of

Kulprathipanja et al. [32] zeolite 4A filled PES membranes were prepared by
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evaporating the solvent used to prepare polymer solutions above the T4 of
PES during membrane formation. Although they observed an improvement in
the contact between PES and zeolite 4A from SEM micrographs, selectivities
for O,/N, decreased or remained unchanged. In another study, Mahajan et al.
[28] added a plasticizer to decrease the T4 of polymer for maintaining polymer
chain flexibility during membrane formation. Di-butyl phthalate (DBP) and 4-
hydroxy benzophenone (HBP) were used as plasticizers with a
plasticizer/polyimide ratio of 25/75 (w/w) in PI/zeolite 4A MMMs. Although
this modification improved the adhesion between polymer and zeolite,
separation performance was worse than the results obtained with the MMMs

prepared without any modification (Table 2.2).

Another method to promote the adhesion between zeolite and glassy polymer
is the modification of the external surface of zeolites with silane-coupling
agents. Many MMM studies have been performed with this method,
and aminopropylsilane is the commonly used silane-coupling agent in these
studies [7, 18, 22, 33, 63]. Zeolite particles treated with a silane-coupling
agents promoted the adhesion between zeolite and glassy polymer, however,
membrane performances did not show any improvement. MMMs prepared
with modified and unmodified zeolites had similar selectivities, and the
selectivities of pure glassy polymeric membranes were generally higher than
the selectivities of MMMs prepared by this modification method as shown in
Table 2.2.

The methods, external surface modification of zeolite and polymer chain
flexibility maintenance during membrane formation, were also combined to
prepare high performance zeolite filled glassy polymer MMMs [29, 34].
Mahajan et al. [34] prepared such a membrane with polyimide and zeolite 4A.
The resulting membranes had much higher 0O,/N, selectivity than pure

polymeric membrane (Table 2.2).

In another study, a different strategy was used to improve polymer-zeolite
contact. Mahajan et al. [29, 34] used polymer matrices with specific groups
that react with the zeolites which were called reactive polymers. The polymer

was a fluorinated polyimide with a reactive group of carboxylic acid, which
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provided a hydrogen bonding or covalently bondable site for interaction with
the zeolite surface. As shown in Table 2.2 that the O,/N, selectivity of pure
reactive polymer increased from 4.2 to 4.5 with the addition of 15 % (w/w)

zeolite 4A, whereas the O, permeability decreased from 22.0 to 14.0 Barrer.

The other method is to use of nano-sized zeolite particles in the preparation of
MMMs. Wang et al. [62] reported that selectivity increased with the use of
nanocrystals of zeolite 4A in polysulfone (Table 2.2), and they suggested that
the nano-sized particles may alter the polymer chain packing in a different
way compared to large zeolite particles, which in turn, may improve the
permeability/selectivity properties of the MMMs without introducing interfacial

voids.

Alternatively, Yong et al. [27] suggested adding a low molecular-weight
organic compound, which is likely to link the polymer chain to the zeolite
crystals, to the membrane formulation as a third component. These
compounds may interact both with polymer and zeolite, thus, they act as
“compatibilizer” between polymer and zeolite. They suggested 2,4,6-
triaminopyrimidine (TAP) as a compatibilizer. The PI/zeolite 4A MMMs
containing 21 % (w/w) TAP showed lower permeabilities but higher
selectivities than PI/zeolite 4A MMMs as shown in Table 2.2. They concluded
that TAP enhanced the contact between the zeolite particles and polymer
chains presumably by forming hydrogen bonding between them and increased
the separation performance of MMMs. However, the TAP concentration in the
membrane matrix was so high that TAP was indeed one of the main
components in the membrane rather than an additive and decreased the

permeabilities considerably.

The aforementioned studies imply that zeolite filled glassy polymer MMMs can
be appreciated as a favorable way to prepare high permeability and high
selectivity gas separation membranes. However, the poor interaction between
glassy polymers and zeolite particles is a continuing problem to obtain high

performance MMMs.
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2.4 Polymer/LMWA Blend Membranes

The incorporation of low molecular-weight additives (LMWA) into polymer
matrices has also been examined as a promising way to modify the structure
and performance properties of polymeric gas separation membranes. The
addition of certain types of LMWAs into glassy polymers causes an increase in
stiffness because of the reduced rates of segmental motions in the polymer
chains. This phenomenon is known as antiplasticization and the LMWAs which
cause this phenomenon are known as antiplasticizers in the polymer literature
[64-67]. These additives also decrease the glass transition temperatures of
the antiplasticised polymers because of their low glass transition
temperatures, Ty, in comparison to polymers [35, 36, 64-67], but the
magnitude of these Ty depressions generated by antiplasticizers is much
smaller than those generated by neutral compounds or by plasticizers [3, 35,
36]. In the membrane area, this antiplasticization effect has been shown to
appear by a decrease in the permeability of gases and by an increase in the

selectivity of a membrane [19, 20, 68].

The LMWAs are expected to be miscible and to interact with the polymer
matrix to modify the polymer chain characteristics [8, 19, 69]. Therefore, a
polymer/LMWA blend membrane is desired to have a homogenous
morphology with non-porous and dense structure to investigate the effect of
type and concentration of LMWA on the structure and performance properties
of different polymeric membranes [8, 19, 69]. Several studies have been
performed to investigate the effects of different additives on the structure and
performance of polymeric membranes. Usually long aliphatic and polyaromatic
based compounds are incorporated into glassy polymers to prepare high
performance blend membranes [8, 19, 35, 36, 68-70]. These additives
generally have a rigid and planar structure and they contain polar atoms such

as halogens, nitrogen and oxygen [8, 65].

Robeson [68] evaluated the effects of the addition of 4,4'-
dichlorodiphenylsulfone (DDS) as a LMWA on the glass transition temperature
and carbon dioxide permeability of polysulfone membrane. He found that the

permeability value of CO, decreased from 5.76 to 2.16 with the addition of
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10 % (w/w) DDS into PSF matrix. He suggested that DDS filled the free
volume of polymer and reduced permeability. He also measured only a 5 °C
decrease in the Ty of PSF membrane with DDS addition. These changes in
membrane performance and structure was explained by antiplasticization
effect of DDS on PSF matrix.

Maeda and Paul [35] prepared dense and homogenous polysulfone (PSF), and
poly(phenyleneoxide) (PPO) membranes by introducing sebacate-, phthalate-,
phosphate-, amine- and sulfone- based compounds as additives. Their
concentrations in the membrane ranged between 10 and 30 % by weight.
Although additives decreased the permeabilities of all gases studied, He, CO,
and CH,, the selectivities of membranes for He/CH, and He/CO, increased
significantly. The change in membrane performance was explained by
antiplasticization effect of additives on polymer matrices. N-phenyl-2-
naphthylamine was the most effective antiplasticizing additive, which provided
the highest selectivity for PSF membranes. They concluded that achieving an
improved combination of selectivity and permeability depended on the type of
additive and the polymer to be modified. They also measured T, of these
blends and observed a decrease in Tgs. For PSF, this reduction was from 185
°C to 50 °C with the addition of 30 % (w/w) additive as antiplasticizer. They
claimed that there was a relation between reduction in Ty and

antiplasticization effect.

Ruiz-Trevifio and Paul [8, 19] examined the effect of various naphthalene-,
bisphenol-, and fluorine-, based additives on performance properties of
the membranes with bisphenol A polysulfone. The additives were selected
based on their interaction capability with the PSF through their functional
groups. They speculated that the compounds which have hydroxyl groups and
polar atoms in their structure showed strong interactions with PSF and this led
to reduction in free volume by bringing the polymer chains closer, which in
turn restricted the diffusion of gas molecules through modified PSF
membranes, called antiplasticization effect. These additives increased
selectivity and reduced permeability of PSF membrane when incorporated at
the concentration range of 10-30 % (w/w). They observed that the highest

increase in selectivities was caused by the additives that cause the highest
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reductions in free volume of the polymer. They also concluded that the
decrease in permeabilities, caused by antiplasticization, in polysulfone was
quantitatively well correlated with the polymers’ decreased free volume

following the incorporation of additives.

Ruiz-Trevifio and Paul also measured the Tgs of the PSF/LMWA blend
membranes. They found that all additives decreased the T, and the
magnitude of Ty decrease changed with the amount and type of additive. They
used the Gordon-Taylor equation to determine the T, of polymer/additive
blends and to relate the extent of Ty depression by the additive content and
the T,s’ of additives. Gordon-Taylor equation is a model relating the T, of a
blend to the weight fractions and Tgs of pure components when

antiplasticization occurs (eqn. 2.5) [8, 19].

a’ ga

w[T,, +KwT
= A (2.5)

8
w, +Kw,

In this equation, the subscripts a and p stand for LMWA and polymer,
respectively, and w is the weight fraction of the species in the membrane. K is
an adjustable parameter that depends on the types of the polymer and LMWA
and the extent of interaction between them. According to this equation
compounds with low T4 decreases the glass transition temperature of polymer
depending on the extent of interaction between polymer and additive. Ruiz-
Trevifio and Paul found that the measured Tys of PSF/LMWA membranes fitted

well with the Gordon-Taylor antiplasticization model equation.

Larocca and Pessan [36] prepared polyetherimide (PEI) membranes
containing 5 to 40 % by mol halogen containing polyaromatic additives. They
chose the additives according to some important characteristics that are
assumed to strongly affect the degree of antiplasticization, namely, the size
and stiffness of the additive molecule, and its level of interaction with the PEI
chains. They evaluated the interaction between polymer and additives by a
solubility parameter based approach. They claimed that as the difference
between solubility parameters of PEI and additive decreased the level of

interaction between polymer and additive or in other words the level of
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antiplasticization of polymer increased. They observed the antiplasticization
effect of those additives, which decreased gas permeabilities of the polymer.
The incorporation of those additives at 20 % by mol into PEI matrix resulted
only in a 10 to 20°C decrease in T4 of pure PEL. The additives decreased the
permeabilities of oxygen and carbon dioxide by 50-60 %. They concluded that
the extent of antiplasticization depended on the degree of interaction between
the additive and the polymer as well as the concentration of additive in the

matrix.

Pant et al. [70] studied the antiplasticization effect of a liquid-crystalline azo
compound on polystyrene membranes at low concentrations changing from 1
to 10 % by weight. The additive decreased the permeabilities of nitrogen and
carbon dioxide by 30-40 %, indicating that antiplasticization can be achieved

at low concentrations of additive as well.

Sen et al. [20] prepared polycarbonate (PC)/LMWA blend membranes to
examine the effect of different LMWAs with functional groups on the structure
and performance of pure PC membrane. The additives with functional groups
were selected to increase the probability of interaction between PC and the
additive. In their selection the main factor was their possession of amine-,
nitro-, and hydroxyl- functional groups, through which they could interact
with PC matrix. Those additives were cathecol, p-nitroaniline (pNA), 4-amino
3-nitro phenol (ANP) and 2-hydroxy 5-methyl aniline (HMA) and their
concentrations in the membrane were changed between 1 and 10 % (w/w),
which was significantly low as opposed to the LMWA concentration applied in
the above mentioned studies. The blend membranes showed lower
permeabilities for H,, N,, O,, CO, but higher selectivities than pure PC
membranes since LMWAs antiplasticized the membranes. In addition to that,
all LMWAs decreased the T4 of PC membranes. The largest shift from the Ty of
pure PC was observed for PC/catechol blend membrane, where the T4 of PC
decreased from 146 °C to 130 °C, despite cathecol had the highest pure
substance substance T, of -54 °C. On the other hand, ANP, with the lowest
pure substance Ty of -93 °C, gave rise to the smallest shift in T4 of PC. These
results indicated that the extent of shift from the T, of pure PC depended on
both the T4 of pure LMWA and the degree of interaction between LMWA and
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PC. The interaction between PC chains and LMWAs was apparent in FTIR
spectra of membranes. Among the LMWAs, pNA was the most effective
antiplasticizing additive, which provided the highest selectivity and lowest T,

reduction.

The above mentioned studies imply that the incorporation of additives into a
polymer may improve the permeability-selectivity properties of gas separation
membranes if polymer-additive pair is selected judiciously. Moderately high
molecular-weight additives are generally introduced to modify the polymer at
concentrations of 10-30 % by weight. The interaction between polymer and
additive seems to be an important factor in the preparation of high
performance blend membranes. Additives with multifunctional groups that are
capable of interacting with polymer were found to be more efficient to
improve performance of polymeric membranes. Multifunctionality of the
additives allowed them to be introduced at small concentrations into blend
membranes, and led them to be real additives instead of being a major
component of the membrane. It can be concluded that the introduction of
LMWAs with multifunctional groups into glassy polymers can be used as a tool
to tailor the structure and performance properties of the polymeric
membranes. In addition, such additives can be used to prepare better
performing zeolite filled mixed matrix membranes by improving the

interaction between polymer and zeolite.

2.5 Separation of Binary Gas Mixtures with Polymeric Membranes

Polymeric membranes have been successfully used in many industrial gas
separation applications because of their low energy consumption, ease of
installation and operation, low maintenance requirements and high process
flexibility [48, 51-53, 55]. Understanding the transport behavior of the target
gases through polymeric membranes is thus of fundamental and practical
interest for effective separation of gaseous mixture and selecting the

appropriate feed conditions.

A great deal of experimental data and basic knowledge have been collected on

membrane based gas separation, and almost all is obtained from single gas
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permeability measurements of the membranes [12, 51-53, 55]. Single gas
permeability measurement is a commonly used technique to provide an
indication of possible performance of membranes under ideal conditions.
However, the use of single gas permeation data to estimate the performance
properties of membranes for a gas mixture may lead to erroneous results.
The transport behavior of a component in gas mixture through membrane can
be affected by the presence of other penetrants so that it may deviate from
that of the single gas [9, 43, 44, 71]. This, in turn, may affect the correct
choice of membrane for a certain industrial gas separation application. Thus,
in recent studies, the requirement of multicomponent gas mixture permeation
measurements are commonly emphasized, which can also be helpful to
acquire a better understanding on transport mechanism of penetrants through

membranes in molecular level.

The multicomponent gas mixture permeation measurement studies are mostly
concentrated on the CO,/CH,4 binary gas mixture because of the importance of
removal of CO, from natural gas [9, 41, 45, 72-78]. Table 2.3 shows the
CO,/CH4 binary gas separation performances of different types of polymeric
membranes, and compares the differences between binary and single gas
separation performances of the membranes. The comparison was based
on the typical membrane matrix because of its polarizable nature, is highly
soluble and/or preferentially sorped in most of the membranes [9, 72, 75].
This interactive nature of CO, generally leads to differences in the gas
permeability and membrane selectivity when its binary gas mixture and single
gas permeation measurements are compared. Especially in MMMs, which
contain fillers with specific sorption properties, like zeolite 4A in
PES/zeolite 4A membranes [75], the sorption of CO, in the membrane
matrix increases due to the availability of more sorption sites in the
membrane matrices for interaction with the CO,, and this in turn may give
rise in deviation between binary and single gas permeability measurements.
On the other hand, for PDMS [9], PI (Matrimid) [46] and PES [75]
membranes the competition in sorption among CO, and CH,; may not be
effective to change the separation performances for CO,/CH; binary

gas mixture. Apparently, the type of polymer matrix and the membrane
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morphology are the most important factors that influence in deviation

between binary and single gas permeation measurements.

The effect of feed gas composition and pressure on the CO,/CH, binary gas
mixture permeabilities and selectivities of the above mentioned membranes
were also investigated. At low feed pressures, an increase in CO, feed
concentration generally leads to an increase in permeabilities, while the
selectivities may decrease, increase or stay constant depending on the
interaction strength between CO, and membrane matrix [9, 73, 75]. At high
feed pressures and/or at high CO, feed concentrations, the plasticization
effect of CO,, which refers to the situation where the permeabilities of the
penetrants are accelerated because of the swelling of the polymer matrix due
to the strong interaction of CO, with polymers, greatly influences the
permeation through membranes and leads to a decrease in separation
performance of the membranes [74, 76, 77]. Therefore, operating parameters
can substantially alter the membrane performance and different type of
membranes may have better performance characteristics at different feed

compositions and pressures.

Table 2.4 summarizes the binary gas separation performances of different
type of polymeric membranes for different binary gas pairs and gives some
explanations about permeation mechanisms. When none of the gas
components has a possibility of strong interaction with the membrane matrix,
as in the case of H,/CH,, He/CH,; and N,/CH,; binaries, the permeation
mechanism across the membranes is related to the molecular size difference
of gas components, called competitive diffusion [75, 79-81]. If the molecular
size difference is high (H,/CH,; and He/CH,), increasing concentration of the
smallest gas molecule in the feed and increasing temperature result in
increase in selectivities and permeabilities, while if this difference is small
(N,/CH4) separation performances generally decreases. Battal et al. [75]
reported that, for the H,/CH4 binary gas mixtures, higher H, concentration in
the feed caused higher selectivity values which were below the ideal
selectivity of PES/zeolite 4A MMM. For example, the H,/CH, separation
selectivity of the MMMs increased from 46.0 to 95.0 as the H, concentration

in the feed increased from 10 % to 70 % (mol/mol). This means that,
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approximately 50 % increase in selectivity was observed in comparison
to the lowest CO, concentration in the feed. Peterson et al. [79] also showed
that the He/CH,; separation selectivity of the dense homogenous
polyphosphazene membranes increased from 3.1 to 3.8 with an increase in
temperature from 50 to 100 °C for the feed mixtures containing 34 %

(mol/mol) He.

On the other hand, the presence of an interactive type gas component, such
as CO,, SO, and/or H,S, in the gas mixture, leads permeation mechanism to
deviate from the permeability-size correlation. In such a case, the sorption
of gas components becomes an important factor in the transport of gas
mixtures, called competitive sorption [72, 75, 80, 81]. Depending on the
interaction strength between gas component and membrane matrix, the
separation performance of a membrane may increase or decrease. Sridhar et
al. [73] investigated the separation of CO,/CH, binary gas mixtures through
poly(phenylene oxide) (PPO)/heteropolyacid (HPA) blend membranes by
varying the CO, feed concentration between 5 and 40 mol % at a
constant pressure. They observed that the permeability and selectivity data
obtained for the binary gas mixtures were lower than those obtained with
single gases, which was explained by the reduced partial pressure of each
gaseous component in the mixture. They also observed an increase in
separation selectivity with an increase in CO, concentration due to the
increasing sorption of the CO, gas in the membrane matrix. The CO,/CH,4
separation selectivity of PPO/HPA membrane increased from 2.1 to 5.8 as the
CO, concentration in the feed increased from 5 to 40 mol %. On the contrary,
Battal et al. [75] reported a decrease in the CO,/CH, separation selectivity of
PES/zeolite 4A MMMs with CO, feed concentration. They observed
approximately 50 % decrease in CO,/CH, selectivities of PES/zeolite 4A
MMMs, when the CO, concentration in the feed was increased from 10 % to
60 % (mol/mol).

The studies mentioned in Table 2.3 and Table 2.4 imply that single gas
permeability measurements and ideal selectivities may not be enough to
evaluate the separation performance of a membrane. There may be some

differences between single and binary gas permeation properties of the
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membranes, and this is especially true for MMMs at which more deviation
from their ideal performance is observed. The properties of the gas
components and membrane, gas-membrane matrix and gas-gas-membrane
matrix interactions as well as the feed conditions seem to be important factors
that affect the separation performance of a membrane for a gas mixture. It is
also important to note that, most of the studies about dependence of
separation performance of membranes to operating parameters were done by
changing the temperature and pressure. Whereas the composition
dependence of permeability and selectivity has not been substantially studied.
Therefore, increasing the number of studies on this subject can be helpful to
determine at which feed gas composition the prepared membranes are best
performing in industrial gas separation applications, and at the same time
more mechanistic information can be gathered on permeation through

membranes.
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CHAPTER 3

EXPERIMENTAL

3.1 Synthesis of Zeolite 4A Crystals

Zeolite 4A crystals were synthesized hydrothermally from a hydrogel with a
molar composition of 2.5Na,0:Al,05:1.7Si0,:150H,0 [82]. The materials used
to prepare synthesis gel were sodium silicate solution (7.5-8.5% Na,0, 25.5-
28.5% Si0O,, 63-67% H,0, Merck), aluminum hydroxide (AI(OH)s;, Merck),
sodium hydroxide (97% NaOH, Merck) and distilled water.

The synthesis gel was formed by mixing sodium silicate and sodium aluminate
solutions which were prepared separately in polypropylene cups. Sodium
silicate solution was diluted with the half of the total distilled water required
for crystallization. Sodium aluminate solution was prepared by the addition of
Al(OH);3 to sodium hydroxide solution, and it was heated with stirring until a
clear solution was obtained. The amount of water lost during heating was
added to the solution. Then, the sodium silicate solution was added on the
sodium aluminate solution to form a hydrogel, and the hydrogel was stirred
vigorously for 24 h on a magnetic stirrer at room temperature for

homogeneity.
The synthesis gel was transferred to stainless steel autoclaves with PTFE

inserts, and the crystallization was carried out at 80 °C for 24 h. The solid

product was recovered by filtration and washed with distilled water till the pH
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of filtrate reduced nearly to 8. The solid product was then dried at 80 °C for

24 h and powdered in a ceramic mortar.

The powder was analyzed with Philips PW 1840 X-Ray diffractometer (XRD)
using Cu-Ka tube with Ni filter at a voltage of 30 kV and a current of 24 mA.
The XRD patterns were taken between 5° and 40° Bragg angles with a speed
of 0.1 °/s. A commercial zeolite 4A (Acros) was used as an external standard.
Existence of zeolite 4A was checked by comparing the positions of peaks of
sample with those of standard. A typical XRD pattern of synthesized zeolite 4A
powder and that of external standard were shown in Appendix A. The XRD
patterns showed that the synthesized samples were highly crystalline zeolite
4A.

The shape of the crystals and their average particle size were determined with
an optical microscope. The crystals were in a cubic shape with a particle size

of less than 5 um.

3.2 Preparation of Membranes

3.2.1 Materials

The polymeric material used for membrane preparation was analytical grade
poly(bisphenol-A-carbonate), PC, which was purchased from Aldrich. The
polymer has a weight-averaged molecular weight of 64,000 and glass
transition temperature, Ty, of about 150 °C. Figure 3.1a shows the repeating

unit of the poly(bisphenol-A-carbonate).

Analytical grade dichloromethane, DCM, (Aldrich) was used as solvent. It has

the chemical formula of CH,Cl, and the boiling point of 40 °C.

The filler material was home-made zeolite 4A crystals. They were dried at

300 °C for 20 h before using in membrane preparation.

The low molecular weight-additive was p-nitroaniline, pNA, (Acros, M,=
138.1) with a chemical formula of CgH4(NH,)(NO;), which has -amine and
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-nitro functional groups. The solubility of pNA in DCM is 2 % (w/v) [20, 83],
and its melting point is 148.5 °C [84]. Figure 3.1b shows the chemical

structure of p-nitroaniline.

T ]
CHs n
(a) (b)

Figure 3.1 The repeating unit of poly(bisphenol-A-)carbonate (a), and the

structure of p-nitroaniline (b).

3.2.2 Membrane Preparation Methodology

Membranes were prepared by solvent-evaporation method [17, 20, 25]. The
flowchart of the membrane preparation methodology of PC/pNA/zeolite 4A
membranes was shown in Figure 3.2. pNA was dissolved in DCM, and then
zeolite 4A was added into this solution. The mixture was ultrasonicated
(Branson 2510, 40 kHz) for 40 min to improve the dispersion of zeolite
particles in the mixture. Zeolite 4A particles were then primed by adding
approximately 15 w % of total amount of PC, which was suggested to
increase the compatibility between zeolite and polymer, and to minimize the

aggregation of zeolite particles [24, 85, 86].

The mixture was stirred overnight on a magnetic stirrer and ultrasonicated for
40 min more to enhance the homogeneity. The remaining PC was added, and
the final mixture was mixed for 4 h and then ultrasonicated for 40 min. The

concentration of PC in DCM was 12 % (w/v). The concentrations of pNA in PC
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Polymer
PC “priming” of 4A particles
(15 w % of total) by stirring overnight
* . Polymer
ultrasonic mixing P PC
for 40 min (remaining)

v

magnetic stirring
for4 h

v
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for 40 min

'

casting solution

v

blade casting
at room temperature in air
(450-500 pm)

v

solvent evaporation
at 0.6 atm, 50°C in N, atm for 24 h

v

membrane peeling

v

annealing
at 0.6 atm, 80°C in N, atm for 24 h
at 0.9 atm, 90°C in N, atm for 48 h

Figure 3.2 Flowchart of the preparation methodology of PC/pNA/zeolite 4A

membranes.
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and the zeolite 4A in PC were varied between 1-5 % (w/w) and 5-30 % (w/w)

on solvent-free basis, respectively.

The mixture was blade cast on a glass plate at room temperature in air using
a stainless steel film applicator (Automatic Film Applicator, Sheen 1133) with
a casting knife of 500 uym clearness. The film was dried at 50°C and 0.6 bar
for 24 h in nitrogen. The membrane that was detached from the glass plate
was annealed for 24 h at 80°C and then for 48 h at 90°C in nitrogen at

0.9 bar to remove the residual solvent.

The same procedure was also applied to prepare pure PC, PC/pNA and
PC/zeolite 4A membranes. All type of membranes were tested with gas
permeation as soon as after their preparation and they were kept in vacuum

desiccator for later use.

The thicknesses of all membranes were measured with a micrometer and
those of several membranes were measured from SEM micrographs. The

thicknesses were in the range of 35-95 um.

3.3 Membrane Characterization

3.3.1 Thermal Characterization

Membranes were analyzed to determine the glass transition temperatures by
Perkin-Elmer Diamond Differential Scanning Calorimeter (DSC). A small piece
of membrane was heated at a heating rate of 10 °C/min from 20 to 200 °C in
nitrogen with a flow rate of 20 ml/min. The sample was then cooled down to
20 °C and heated again to 200 °C with the same procedure for a second scan.
The second scan thermogram was used to determine the glass transition

temperature (Tg4) of the membrane.

Membranes were also analyzed by a Perkin Elmer Pyris Thermal Gravimetry
Analyzer and Fourier Transform Infrared Spectrometry (TGA-FTIR). The
samples were heated at a rate of 5 °C/min in N, atmosphere. The nitrogen

flow rate was 70 ml/min.
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3.3.2 Scanning Electron Microscopy (SEM) Characterization

Membrane morphology was determined by Scanning Electron Microscopy
(SEM) on a JEOL JSM-6400. Membranes were fractured in liquid nitrogen to
obtain a clean break and a smooth section for micrography. The samples were
then stuck vertically on to a circular aluminum sample holder to observe the
cross sectional morphology. The samples were coated with gold in order to
provide an electrically conductive layer, to minimize radiation damage, and to
increase electron emission [87]. After coating, the membranes were analyzed
at a magnification of 1500x, 5000x and 10,000x.

3.4 Gas Permeability Measurements

3.4.1 Single Gas Permeability Measurements

Figure 3.3 shows the schematic drawing of the experimental set-up used to
measure single gas permeabilities. It was previously designated and used by
our research group [83, 88, 89]. The set-up consists of a home-made
membrane cell, a pressure transducer, a gas tank and a vacuum pump. The

membrane cell was located in a constant temperature silicone oil bath.

The membrane cell consists of two horizontal stainless steel flanges which are
10 cm in diameter and 1.5 cm thick (Figure 3.4). Circular depressions
were machined in each flange, so that a cylindrical cavity was formed when
the flanges were superimposed with the depression facing one another.
The membrane that was placed in the membrane cell was supported by
several sheets of filter paper (Whatman 41, 125 mm Dia, No: 144125) and
clamped between two flanges by means of six equally spaced bolts. Filter
papers were cut to fit the circular depressions in the lower and upper flanges.
Synthetic rubber gaskets were used to ensure a pressure-tight seal between
the membrane and flanges. The effective membrane area was 19.6 cm?. The
dead volume of the set-up, which is described as the volume between
permeate side of the membrane cell and the pressure transducer, was

measured as 6 cm® [83, 88, 89].
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Figure 3.3 Schematic drawing of the single gas permeability measurement
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Figure 3.4 Schematic representation of the home-made membrane cell.
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Single gas permeabilities of nitrogen, methane, hydrogen, oxygen and carbon
dioxide were measured at room temperature. The gases were purchased from
local companies (Oksan) and their purities were higher than 99%. The
measurements always began with N, and ended up with CO, as a precaution

for the possibility of plasticization of membrane by carbon dioxide.

Before each permeation measurement, both sides of the membrane were
evacuated to less than 0.1 bar by a 2-stage mechanical vacuum pump (Model
E2M5, Edwards High Vacuum Pump). The membrane was kept in vacuum for
1.5-2 h between two runs carried out with the same gas, and for 2-2.5 h

before switching to another gas.

The experimental measurements were performed by constant volume-variable
pressure technique at room temperature as described previously in detail [21,
88-90]. The penetrant gas was sent to the gas tank after passing through the
dehumidifier, which was filled with zeolite 4A. The pressure was 3.7 bar in the
gas chamber. Then, the gas was fed to the permeation cell at this pressure
(the feed side). The initial transmembrane pressure difference was 2.8

bar.

Since this is a dead-end system with no outlet for the feed except through
the membrane, the pressure rise at the other side of the membrane (the
permeate side) was monitored to calculate the permeability. The pressure was
measured by a pressure transducer (Data Instruments, Model SA, 0-100 psia
pressure range) with a sensitivity of 0.01 psia. The permeability of each gas

through a membrane was measured at least twice.

3.4.2 Single Gas Permeability Calculations

Permeability of a single gas through a membrane can be calculated from

Equation 3.1,

p=— (3.1)
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where,
P = permeability (Barrer), 1Barrer = 107° cm?® (STP).cm / cm®.s.cmHg

v = volumetric flow rate of the permeate gas through the membrane (cm?/s)
A = effective membrane area (cm?)
O = thickness of the membrane (cm)

Ap = transmembrane pressure difference (cmHg)

The volumetric flow rate of the permeate gas can be found by,

V= (@}M (lj (3.2)
dt P

where dn/dt is the molar flow rate of the permeate gas, p is the density of

the permeate gas and M is the molecular weight of the gas. Density of

permeate gas is calculated by assuming ideal gas law (eqn. 3.3).

_rM

3.3
RT (3.3)

Yol

where p is taken as the average of initial and final pressures at the permeate

side.

By using the ideal gas law, the molar flow rate of the gas can be expressed

as;

-8
dt dt )\ RT

In this equation dp/dt is the slope of pressure versus time graph. The slope
was taken on the region, where the pressure rises steadily in the permeate
side. V4 is the dead volume and T is the absolute temperature. Pressure vs.
time data points were fit to a straight line by linear regression method. The
slope of this line (dp/dt) was used for calculation of permeabilities. The

algorithm for single gas permeability calculations was given in Appendix B.
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The ideal selectivity of a membrane for a gas over another was defined as the

ratio of single gas permeabilities, which can be expressed as;

a; =P /P, (3.5)

3.4.3 Separation of Binary Gas Mixtures
3.4.3.1 Experimental Set-up

A new gas permeation set-up which was used to separate binary gas mixtures
was constructed. It was connected on-line to gas chromatograph to provide a
leak proof way of transferring binary gas mixtures for concentration analysis.
The schematic diagram of the set-up for separation of binary gas mixtures is

shown in Figure 3.5.

Besides allowing binary gas permeation experiments, the same set-up can be
used to carry out single gas permeation experiments. The basic infrastructure
of the set-up is similar to the single gas permeability measurement set-up
described in Section 3.4.1. The differences are in (1) the type of membrane
cell used, (2) the type of pressure transducer used, (3) the valves and fittings
used, (4) the ability to measure permeability in high vacuum, and (5) the
ability to analyze feed and permeate side gas streams with a gas
chromatograph. The set-up was constructed with 316 stainless steel tubings,

Swagelok ultra-torr vacuum fittings and vacuum sealed valves.

The membrane cell was a stainless steel Millipore filter holder (Millipore, part
no.XX45 047 00) with a double Viton O-ring seal. The membrane that was
placed in the membrane cell was supported by a filter paper on the top of a
porous metal screen. The effective membrane area was 9.6 cm?. The dead
volume of the set-up, which is the volume occupied by the permeate gas
from permeate side of the membrane cell to pressure transducer and gas
chromatograph, was measured as 22 cm?®. Measurement of dead volume of

the set-up was given in detail in Appendix C.
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A pressure transducer (MKS Baratron, 0-100 Torr) with a sensitivity of 0.1
Torr was used to monitor the pressure increase at the permeate side of the
permeation cell. The feed and permeate gas streams were analyzed by a
online gas chromatograph (GC, Varian CP-3800) equipped with a Chromosorp
102 column (80-100 mesh) and a thermal conductivity detector (TCD). The
GC was connected to the permeate section of the permeation cell and the
vacuum pump through the six-port injection valve. The sample inlet and
outlet to the six-port valve was controlled by valves V1 and V2, respectively.
The sample loop of GC has a total volume of 100 pl (0.1 cm?).

3.4.3.2 Experimental Procedure

The membranes were evaluated by their separation performances of CO,/CHy,,
H,/CH, and CO,/N, binary gas mixtures. For CO,/CH, binary, the feed gas
mixture composition was changed between 5-95 % (mol/mol) CO,. For
CO,/N, and H,/CH, binaries, three different feed gas mixture compositions,
20, 50 and 80 % (mol/mol) CO, and/or H, were studied, respectively.
Measurements were performed by constant volume-variable pressure

technique at room temperature.

The experimental measurements were conducted in two consecutive steps. In
the first step, a binary gas mixture was prepared in the feed tank by using the
pressure gauge at the inlet, and kept at 3 bar. To obtain the desired
proportion, one of the gases is fed to the tank up to the corresponding
pressure and the other is allowed to the tank to final pressure. Then, this
mixture was fed to the membrane cell, while the permeate side was held at
vacuum (1.32x107° bar). The pressure rise at the permeate side of the
membrane was monitored to calculate the permeability of mixture. In the
second step, after the permeation was terminated, the permeate gas stream
was analyzed online by GC. The feed gas stream was also analyzed by GC
before and after gas permeation experiment to be sure that the feed side gas
composition remained constant during permeation. Permeate and feed gas

stream compositions were used to calculate the selectivity of a membrane.
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After the permeation of any gas mixture through a membrane, both feed and
permeate sides of the membrane were evacuated to 1.32x10° bar and kept in
vacuum for 2 h in order to return the membrane material to its original state.
The permeability of a gas mixture through a membrane was measured at
least twice for reproducibility.

3.4.3.3 Analysis with GC

Various steps involved during analyzing the permeate and feed gas
concentrations by GC (Figure 3.6). Starting with a completely degassed
sample loop of GC, the GC outlet valve, V2, was closed and the GC inlet
valve, V1, opened for 3 s to introduce a sample of the permeate or feed gas
mixture into the sample loop.

Carrier gas Carrier gas

He He
To GC To GC
column 1 column

Sample loading or Sample injection
Sample evacuation

Figure 3.6 Procedure for injecting gas samples into the GC using the six-port

injection valve.
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Valve V1 was then closed and the sample was automatically injected into the
GC column. When the injection sequence of the six-port valve was completed,
V2 was opened to degas the sample loop. Thus, the cyclic procedure was
reinitialized for another sampling, with the whole procedure repeated at

least two times to confirm permeate and feed gas concentrations.

For the quantitative analysis of feed and permeate gas mixtures, GC was
calibrated with the CO,, CH4, H, and N, gases, separately. For each gas, a
calibration curve was constructed by relating the chromatographic peak area
to the measured amount of a gas, under fixed operating conditions of GC. The
same operating conditions (Table 3.1) were then maintained during the
binary gas permeation experiment, and the amount of each gas in the binary
gas mixtures was determined from the chromatogram since for each single
gas area corresponding to a known amount was previously determined. The

calibration curves for GC were given in Appendix D.

Table 3.1 Operating conditions of gas chromatograph.

Column Chromosorp 102, 80-100 mesh
Column temperature 80 °C

Valve temperature 80 °C

Detector TCD

Detector temperature 100 °C

Sample flow rate 50 ml/min

Reference gas and flow rate He, 30 ml/min

Column pressure 50 psi

3.4.3.4 Permeability and Selectivity Calculations

The permeability of a binary gas mixture through a membrane was calculated

similar to the single gas permeability calculations given in Section 3.4.2. On
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the other hand, the permeability of each component in the binary gas mixture

was calculated based on the feed and permeate gas stream concentrations as
follows,

B v.y,.0
(pﬁzed "xi - ppermeate 'yi )A

i

(3.6)

where,

P. = permeability of component i in the binary gas mixture (Barrer),

x;,¥,= mol fraction of component i in the feed and permeate sides,

respectively,

P jeed» P permeare = Pressures of feed and permeate sides, respectively (cmHg).

The separation selectivity was defined as the ratio of mol fractions of

components in the permeate and feed side. It can be expressed as,

(yi /yj)permeate (37)
(X /X)) jeea

i

The calculation of the permeability of each component in the binary gas

mixture and the separation selectivity is shown in more detail in Appendix E.
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CHAPTER 4

MEMBRANE PREPARATION AND CHARACTERIZATION

4.1 Selection of Membrane Preparation Materials

Polymer/zeolite mixed matrix membranes and polymer/additive blend
membranes have potential for efficient separation of gas mixtures. In this
study, the incorporation of zeolites, blending with multifunctional low
molecular-weight additives and their combination were investigated as
alternatives for modifying the permeability and selectivity properties of a

polymeric membrane.

A glassy polymer with high glass transition temperature poly(bisphenol-
A)carbonate, PC, was used as the polymer matrix. PC is an attractive
commercially available polymer to prepare gas separation membranes since it
allows fast gas permeation rates with reasonable selectivities [17, 25, 37-42,
91-93]. The permeability and selectivity values of PC near the upper bound
line on the middle region of Robeson’s plot, which is usually applied to
evaluate the performance of polymeric membranes. For example, it shows H,
and CO, permeabilities of 12.0 and 7.5 Barrer, respectively, with H,/CH, and
CO,/CH, selectivities of 37.5 and 23.4. PC was also used to prepare MMMs
with polypyrrole as filler and to prepare blend membranes with different low
molecular-weight additives [17, 20, 25]. It was found that PC could be
an appropriate polymer to prepare both MMMs and blend membranes. In
addition to these, the effect of membrane preparation parameters, such as

polymer concentration, type of solvent, conditions of solvent evaporation and
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annealing, on the gas separation performance of pure PC membranes was
investigated in detail [42]. Due to these reasons, PC was selected as the

matrix polymer in this study.

Hacarlioglu et al. [42] studied the effect of type of solvent and the conditions
of solvent evaporation and annealing on the gas separation performance of
dense homogenous PC membranes. They found that the solvent
dichloromethane, DCM, can be easily removed from the PC matrix, and the PC
membranes prepared with DCM exhibit good separation performances.

Therefore, DCM was used as the solvent.

Sen et al. [20] used PC to prepare blend membranes with different low
molecular-weight additives. The following criteria were taken into account in
the selection of additives: have multifunctional groups capable of interacting
both with polymer and zeolite, be soluble in DCM which is used to make
polymer solution, have high melting point to produce stable membrane
structures, and have low molecular-weight to interact simultaneously with
polymer and zeolite. According to these criteria, cathecol, p-nitroaniline
(pNA), 4-amino 3-nitro phenol (ANP) and 2-hydroxy 5-methyl aniline (HMA)
were selected as additives. Their concentrations in the membrane were
changed between 1 % and 10 % (w/w). The blend membranes showed lower
permeabilities for H,, 0,, CO,, N, but higher selectivities than pure PC
membranes since the additives antiplasticized the membranes. Among them,
pNA, was the most effective antiplasticizing additive, which provided the
highest selectivity. Therefore, pNA was used as additive in the preparation of
zeolite filled PC based MMMs.

Zeolite 4A was used as the filler in the preparation of MMMs. It is the most
frequently used commercially available zeolite in the preparation of mixed
matrix gas separation membranes [18, 21, 27]. It can be synthesized easily
with a narrow particle size distribution, since its synthesis is widely studied
and therefore well-known [82, 94]. The pore size of zeolite 4A is comparable
with the kinetic diameter of industrially important gases, and the test gases
used in this study. In addition, the three-dimensional pore structure of zeolite

4A is ideally suited to the MMMs, since it is unnecessary to orient the pores to
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achieve enhanced transport properties [56]. Because of these reasons, zeolite

4A was selected as a filler in this study.

4.2 Development of Membrane Preparation Methodology

The solvent-evaporation method was used to prepare PC based dense
homogenous membranes and zeolite 4A filled MMMs. Basic steps of the
membrane preparation procedure are, i) preparation of casting solution, ii)
casting the film and evaporating the solvent, iii) annealing the membrane.
The major difficulties in the preparation of MMMs are incompatibility between
zeolite and the polymeric material, and the non-homogenous dispersion of
zeolite crystals in the polymer matrix. Therefore, in order to solve these
difficulties, solvent-evaporation method was modified and adopted to our

polymer-zeolite system in the following main steps:

1. Preparation of zeolite 4A crystals

Commercial zeolite 4A crystals when used as received in the preparation of
membranes led to formation of large agglomerates in the PC membrane
matrix. These agglomerates prevented the homogenous dispersion of zeolite
crystals in the membrane matrix and increased the incompatibility between
zeolite and the polymer matrix. The SEM images of these MMMs showed large
voids around the zeolite agglomerates which is undesirable in gas separation
applications since such a structure may cause lower selectivities relative to
the pure polymeric membrane. These agglomerates also led to formation of
pinholes in films that prevents their function as permselective membranes and
meaningful permeability measurements cannot be carried out. Therefore, in
order to eliminate the agglomerate formation in MMMs and to obtain
permselective self-supporting membranes, home-made zeolite 4A crystals
were used as filler in the preparation of membranes. It was supposed that
synthesizing zeolite 4A crystals in laboratory under strict control of
preparation conditions can produce crystals with more uniform particle size
distribution and the membranes prepared from these zeolite 4A crystals may

not contain large agglomerates.
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2. Preparation of casting mixture

The membranes were prepared from casting solutions with a PC concentration
of 12 % (w/v). In our previous study, casting solutions with a PC
concentration of 7 % (w/v) was used when PC/LMWA blend membranes were
prepared by drop casting method [20]. It was observed that blade casting
method was not a suitable method for the PC concentrations of lower than 12
% (w/v) due to the less viscous behavior of the casting solution. At lower PC
concentrations, the solution spread over the glass plate so rapidly that there
was no time to apply blade casting to the casting solution. Therefore, the
concentration of PC in DCM was increased to 12 % (w/v) so as to increase the
viscosity of casting solution that makes blade casting easier and more efficient

in the casting of zeolite filled MMMs.

After initial dispersion of synthesized zeolite 4A crystals in DCM by ultrasonic
mixing, adding the entire polymer to the mixture made the resulting mixture
very viscous and difficult to mix with the ultrasonic bath. Therefore,
approximately 15 wt% of total amount of PC was first added into the zeolite
4A-DCM mixture. Mixing the zeolite suspension with a small amount of
polymer was likely to increase the compatibility between zeolite and polymer,

and minimize the aggregation of zeolite particles.

3. Casting the film

Membranes were cast by blade-casting method at a speed of 5 cm/s. In this
method, since a shear is applied on the casting solution by a blade zeolite
particles can be dispersed uniformly through the film without settling and

more uniform MMM structures can be obtained.

4. Solvent evaporation and annealing

Solvent evaporation and membrane annealing steps were carried out for long
duration times at temperatures below the Ty of PC in order to remove any

residual solvent in the membrane matrix and to produce stable membrane

structures.
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4.3 Thermal Characterization of Membranes

4.3.1 TGA Experiments

A solvent residue in the resulting membrane matrix is not desired since it may
interact with the membrane matrix and affect the gas separation performance
of the membranes [42, 95-97]. Low levels of residual solvents can reduce the
mobility of polymer chains, which is known as antiplasticization effect of
solvents on polymer matrices [56, 97]. The antiplasticization effect of residual
solvent on the membrane matrix typically results in lower permeabilities and
higher selectivities than the membranes without residual solvents. On the
other hand, in the presence of higher solvent concentrations, the membrane
may plasticize as the polymer chains loosen, allowing faster permeation and
lower selectivities [28, 97]. Therefore, in order to investigate whether or not
any solvent remained in the membrane after evaporation and annealing
periods of the membranes, TGA measurements were performed for several

membranes.

Thermograms of the samples were taken in the temperature range of 30-200
°C in N, atmosphere at a heating rate of 5 °C/min. Thermograms of four
different type of PC based membranes, namely, pure PC, PC/pNA (2%),
PC/zeolite 4A (20%) and PC/pNA (2%)/zeolite 4A (20%), were compared in
Figure 4.1.

No weight loss was observed in pure PC and PC/pNA (2% ) membranes in the
examined temperature range. In PC/zeolite 4A (20%) and PC/pNA
(2%)/zeolite 4A (20%) MMMs, the samples lost 3.4% and 4.2% of their
weight approximately between 80-180 °C. The solvent used in this study was
dichloromethane and it has a boiling point of 40 °C. Therefore, there was no
solvent loss in the MMM samples in the examined temperature range. This
implies that our samples can be considered as solvent free. Since most of the
weight loss occurred in between 80-180 °C, water may be trapped in the
membrane matrix during the membrane preparation period and water vapor
may be evolved during TGA measurements. It is also probable that after

160 °C, the additive pNA may leave the membrane matrix, since its melting
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Figure 4.1 Comparison of TGA graphs of pure PC, PC/pNA (2%), PC/4A
(20%) and PC/pNA (2%)/4A (20%) membranes.

point, ~ 150°C, would have been exceeded during TGA measurements, and
the membranes may start to decompose after that temperature. These
situations could not be a problem during gas permeation measurements
through membranes, since the measurements were performed at room
temperature which was well below the melting temperature of pNA. The TGA

thermograms of the other membranes are given in Appendix F.

4.3.2 DSC Experiments

One of the most important properties of a polymeric material is its glass
transition temperature. The glass transition temperature (Ty) provides an

indirect measurement of the degree of flexibility and/or rigidity of polymeric
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materials at room temperature; the lower the T, the more flexible the
material and the higher the T, the more rigid the material [28]. Therefore, T,
measurement was very useful to compare the polymer chain rigidity of pure
polymeric membranes with those of blend membranes at different additive
types and amounts, and with mixed matrix membranes at different zeolite
types and loadings. It can also be used to analyze the strength of interaction

between phases in the membrane matrix [30, 75, 98].

In this study, pure PC, PC/pNA dense homogenous membranes and PC/zeolite
4A, PC/pNA/zeolite 4A MMMs were prepared, and the glass transition
temperatures of them were determined from the second scan DSC
thermograms of the membranes. In the membranes, the concentrations of
zeolite 4A and pNA were changed between 5 % and 30 % (w/w), and 1 %
and 5 % (w/w), respectively. For a particular membrane formulation, two
membranes cast from two different casting solutions were analyzed by DSC.
Therefore, reproducibility in the preparation and analyzing of membranes with

complex heterogenous structures could be determined.

Table 4.1 lists the reproducibility results of Tg's of different type of
membranes. For all type of membranes, whether homogenous or mixed
matrix membrane, the relative standard deviation between Ty measurements
changed between 0.7-1.4 %, which is in the sensitivity range of DSC, +1-2 °C,
used in the experiments. These results are similar to the standard deviations
reported in DSC analysis of the membranes [30, 31] and confirm that the
membrane preparation and analyzing methods are reproducible. Table 4.1
also lists the average T4 values of the membranes. All interpretations and
the discussions in the text were made based on the average Ty values of the

membranes.

Typical second scan DSC thermograms of pure PC, PC/pNA membranes, and
PC/zeolite 4A and PC/pNA/zeolite 4A MMMs are depicted in Figure 4.2. For all
type of membranes, in the studied concentration ranges, a distinctive single
T, was observed, indicating the existence of a single homogenous polymer
phase in the membranes [3, 20, 69, 99]. The second scan DSC thermograms

of some of the membranes were given in Appendix G.
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Figure 4.2 DSC graphs of different type of PC based membranes.

Figure 4.3a and b show the effects of pNA and zeolite 4A contents on the T, of
membranes, respectively. The T4 of PC/pNA membranes decreased as the pNA
concentration of the membranes increased, and they were related to the pNA
content by Gordon-Taylor model equation [8, 19, 20]. Gordon-Taylor equation
is a model relating the T, of a blend to the weight fractions and Tgs of pure
components when antiplasticization occurs [19, 20, 36]. As it fits well with the
measured Tgs of PC/pNA membranes, we may speculate that an

antiplasticization type interaction occurs between pNA and PC.

The Gordon-Taylor equation was applied to our PC/pNA system to determine
the adjustable parameter K in the equation. For this purpose, the Tg4s of
PC/pNA blend membranes at different pNA contents and the Tgs of additive
pNA, which was measured as -72°C [20], were used. The value of K for
PC/pNA membranes was found as 0.28 by nonlinear regression analysis
(Appendix H), which is similar to the K values reported for polysulfone

(PSF)/naphthalene membranes, where PSF matrix was antiplasticized by
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naphthalene [19]. Therefore, it can be concluded that the effect of pNA on Tq4
of PC membrane is similar to the effect of antiplasticizers on glassy
polymers. That means, pNA acted as an antiplasticizer in the PC membrane
matrix. It is also important to note that, the Ty was altered using pNA at very
low concentrations, such as 1-5 % in the membranes, unlike many blend
membranes reported in literature, in which similar effects were observed with

additive concentrations of greater than 10 % (w/w) [19, 35, 36].

No change on the Ty, was seen with increasing zeolite content of the
membranes in the absence of pNA (Figure 4.3), suggesting that there is no
significant interaction between PC chains and zeolite 4A particles. A similar
conclusion was also reached previously for zeolite 4A filled polyethersulfone
(PES) MMMs [75]. On the other hand, Moore and Koros [30] reported an
increase in Ty of polyimide (PI) membranes with the addition of zeolite
4A particles. This observation was explained as the restricted segmental
motion of the polymer chain because of PI-zeolite 4A interactions. Apparently,
one of the factors that influence in the interaction between the polymer

matrix and the zeolite is the type of polymer matrix.

The PC/pNA/zeolite 4A membranes had lower glass transition temperatures
with respect to PC/zeolite 4A membranes but higher glass transition
temperatures with respect to PC/pNA blend membranes. The increment in
the T4 of PC/pNA blends with the incorporation of zeolite 4A particles is likely
to be resulted from the polymer chain rigidification, which was often
attributed to an interaction between the filler material like zeolites and the
polymer matrix [24 30, 61, 100, 101] .

Therefore, higher T, of PC/pNA/zeolite 4A membranes with reference to
PC/pNA membranes indicates an interaction between the PC chains and the
zeolite particles in the presence of pNA [102]. The pNA acts as a facilitator to
provide the interaction and is essential in order zeolite to affect the PC matrix.
The extent of shift from the T, of PC/pNA blends can also be related to the
degree of interaction between the polymer chain and zeolite 4A particles, so
that the higher the shift in Ty is, the stronger the interaction between

phases.
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Figure 4.3 Effect of pNA concentration (Panel a) and zeolite 4A loading (Panel
b) on the glass transition temperature of PC based membranes. The filled
symbols represent PC/pNA blend membranes with increasing concentration of
pNA.
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On the other hand, after a certain amount of zeolite incorporation glass
transition temperature of PC/pNA/zeolite 4A membranes did not increase with
further increases of zeolite amount, demonstrating that due to heterogenous
nature of mixed matrix membrane morphology, only a limited amount of

zeolite particles may act as chain rigidification agents [101].

4.4 Morphological Characterization of Membranes

The SEM images of the cross-sections of pure PC membrane and PC/pNA
blend membranes with respect to increasing pNA concentration are shown in
Figure 4.4. The membranes have dense and homogenous structures, and no
pores were observed at these magnifications. Additive pNA formed
homogenous compatible blends with PC polymer matrix at all pNA
concentrations investigated. Membrane thicknesses increased with pNA

content, and they were in the range of 30-65 pm.

In contrast to the pure PC and PC/pNA membranes, the PC/zeolite 4A MMMs
have heterogenous structures, where the cubic particles are zeolite 4A
crystals, and the continuous phase is PC (Figure 4.5). Zeolite 4A particles
homogenously distributed in the PC membrane matrix without forming
large agglomerates except the membrane with zeolite 4A loading of 5 %
(w/w). At this loading, zeolite particles could not be distributed uniformly
(Figure 4.5a). Therefore, this percentage was taken as the lower limit in
PC/zeolite 4A MMM preparation. On the other hand, at zeolite 4A loadings of
higher than 30 % (w/w), workable membranes could not be prepared due to
the lack of mechanical stability of the membranes. Therefore, the maximum
zeolite 4A loading in PC/zeolite 4A MMMs was taken as 30 % (w/w).
Membrane thicknesses increased with zeolite 4A loading, and they were in the

range of 30-90 um.

The cross-sectional SEM images of the PC/zeolite 4A MMMs were illustrated in
Figure 4.6 at higher magnification (x3500 and x10,000). As can be seen from
the figures, the dark area between the zeolite 4A crystals and PC matrix is

considered as an empty space (interfacial void). The voids appeared around
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Figure 4.4 Cross-sectional SEM images of (a) pure PC, (b) PC/pNA (1%),
(c) PC/pNA (2%) and (c) PC/pNA (5%) membranes. (PC/DCM= 12% w/v).

zeolite 4A crystals were probably formed because of low adhesion between
the glassy polymer matrix and zeolite crystals [18, 21, 27-32]. This is
undesirable since such a structure may cause lower selectivities relative to
pure polymeric membranes [18, 21]. As the zeolite content increases,
the void spaces that are formed around the zeolite crystals may combine
to give a channel network, this may increase the permeabilities and
decrease the selectivities [21]. On the other hand, the increase of the free
volume at the zeolitic locations with the increase in the zeolite content may

cause an increase in the packing density of the polymer at the polymer-zeolite
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Figure 4.5 Cross-sectional SEM images of PC/zeolite 4A MMMs with respect to
increasing zeolite 4A loading (a) 5 % (w/w), (b) 10 % (w/w), (c) 20 % (w/w),
(d) 30 % (w/w), (e) 35 % (w/w) and (f) 40 % (w/w). (PC/DCM= 12 % w/v).
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Figure 4.6 Cross-sectional SEM images of PC/zeolite 4A MMMs at higher
magnifications x3500 (a) PC/zeolite 4A (20%) MMM and (b) PC/zeolite 4A
(30%) MMM.

interface, called “polymer chain rigidification”, and this may restrict the
diffusion of gases and lower the permeabilities [30, 31]. Therefore, the final
morphology of the zeolite filled mixed matrix membranes has an important
effect on the separation performance of MMMs. Figure 4.7 shows the cross-
sectional SEM images of PC/pNA/zeolite 4A MMMs at a constant zeolite 4A
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Figure 4.7 Cross-sectional SEM images of PC/pNA (x%)/zeolite 4A (20%)
MMMs (a) x= 1%, (b) x= 2% and (c) x= 5%.
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loading of 20 % (w/w) with respect to increasing pNA concentration. Zeolite
4A particles were distributed uniformly throughout the membrane matrix as in
the case of pNA free PC/zeolite 4A MMMs. However, a somewhat different
morphology compared to PC/zeolite 4A MMMs was observed when the pNA
was introduced to the PC/zeolite 4A matrix. Although the interfacial voids
could not be eliminated completely, the PC/zeolite 4A structure was slightly
intensified and fewer voids remained with the addition of pNA. Therefore,
LMWAs like pNA can enhance the compatibility between zeolite 4A particles
and PC chains, and this can be achieved with the incorporation of very small

amount of LMWAs into PC matrix.
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CHAPTER 5

SINGLE GAS PERMEATION STUDIES

5.1 Single Gas Permeability Measurements

The PC based membranes prepared at different pNA and zeolite 4A
concentrations were tested by measuring the single gas permeabilities of H,,
0,, CO,, N, and CH,4 in a dead-end system described in Section 3.4.1 at room
temperature. The feed side pressure was always kept at 3.7 bar, and the
permeate side pressure was initially at atmospheric pressure (~ 0.9 bar). The
pressure rise at the permeate side with time was shown in Figure 5.1 for pure

PC membrane.

Permeability measurements always began with hydrogen and ended with
carbon dioxide as a precaution for the possibility of plasticization of PC
membranes by carbon dioxide [103, 104]. The permeate side pressure
increased steadily for all gases. For pure PC and PC/zeolite 4A membranes,
the pressure reached 0.98 bar in approximately 15 min during the hydrogen
permeation, in 45 min during the carbon dioxide permeation, and in 160 min
during the oxygen permeation, however, this period was 620 min and 1800
min for methane and nitrogen, respectively. On the other hand, for PC/pNA
and PC/pNA/zeolite 4A membranes methane permeation period was longer

than the nitrogen permeation period.

Permeabilities were calculated by fitting all pressure-time data on a straight

line by linear regression method. The slope of this line was used to find
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Figure 5.1 Permeate side pressure-time data for pure PC membrane.

membrane’s permeability as described in Section 3.4.2 and shown in

Appendix B.

5.2 Reproducibility in Permeability Measurements and Membrane

Preparation

Reproducibility is a substantial issue in the preparation and testing of
membranes with complex heterogenous structures, since it shows the
robustness of the membrane preparation methodology [17, 20, 21, 31].
Therefore, a series of reproducibility experiments were carried out with the
prepared membranes. For a particular membrane formulation, at least two
membranes, which were prepared in different times with similar conditions,
were tested by gas permeation measurements. For some of the membranes,
two membranes from the same film were also tested. The permeability of
each gas through a given membrane was measured at least twice. Therefore,

both the repeatability of permeability measurements and the reproducibility of
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membrane preparation were examined. The reproducibility experiment results
of the membranes were tabulated in Appendix I. The averages of all
permeability measurements for each gas and membrane were reported in the

text.

The relative standard deviation was found as 7.0% for CH4 and 6.5% for N,
which are the slowly permeating gases, 4.6% for O,, 3.3% for CO, and 2.6%
for H,, which are the fast permeating gases. These results are similar to the
standard deviations reported in the membrane literature [17, 20, 21, 31], and

confirm that the membrane preparation and testing methods are reproducible.

The permeabilities through some of the membranes were measured again 1
year after their preparation to investigate the effect of aging. During this
period of time, membranes were kept in vacuum at room temperature. Table
5.1 compares the CO, and CH, single gas permeabilities and CO,/CH, ideal

selectivities of dense homogenous membranes and some of the MMMs.

Table 5.1 The effect of aging on single gas permeabilities and ideal

selectivities of the membranes.

P(CO,) P(CH,) Selectivity

(Barrer) (Barrer) CO,/CH,4
Membrane type fresh* old* fresh old fresh old
PC 9.25 9.02 0.374 0.321 24.8 28.1
PC/4A (20%) 7.66 8.51 0.232 0.280 33.0 30.4
PC/4A (30%) 6.86 7.09 0.195 0.200 35.2 35.5
PC/pNA (2%)/4A
(20%) 3.97 4.24 0.078 0.091 50.9 46.6

PC/PNA (2%)/4A
(30%) 438 5.13 0.104 0.125 42.1  41.0

* fresh: right after preparation, old: 1 year later.
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The single gas permeability and ideal selectivity values of the membranes,
which were tested right after preparation, were slightly different from the
ones that were tested 1 year later. For pure PC membranes, slight decrease in
permeabilities and increase in ideal selectivities were observed. On the other
hand, for MMMs, an increase in permeabilities (up to 20%) was observed with
a slight decrease in selectivities (up to 9%). The changes in performance
properties of membranes with aging were not significant in comparison to the
performance changes reported in the membrane literature, indicating that the

membranes have preserved their structure.

5.3 Single Gas Permeability Results of the PC Based Membranes

5.3.1 PC/pNA Blend Membranes

Membrane preparation parameters; such as solvent type, polymer
composition, the surface on which the membrane is cast (glass, steel, Teflon
etc.), the casting techniques (drop casting, blade casting), the casting
temperature, evaporation and annealing conditions were stated to be
important factors that may affect the membrane morphology and separation
performance [42, 95, 105]. These parameters were fixed in the preparation of
PC based dense homogenous membranes and zeolite filled mixed matrix

membranes throughout this study for comparison purposes.

Sen et al. [20] prepared PC membranes by drop-casting method from
solutions with a PC concentration of 7 % (w/v), and showed that it is an
appropriate concentration to prepare workable and permselective PC and
PC/pNA membranes [17, 20, 25]. In this study, the concentration of PC
was increased to 12 % (w/v) to increase the viscosity of the casting solution
that makes blade casting easier and more efficient, and to obtain workable
membranes. Tables 5.2 and 5.3 show the single gas permeability and ideal
selectivity results of pure PC and PC/pNA membranes prepared with that

higher polymer concentration.
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Table 5.2 Single gas permeabilities of PC/pNA blend membranes at different

pNA weight percentages, measured at room temperature, feed side pressure

was 3.7 bar.
% weight of pNA Permeability (Barrer)
H, Co, 0, N, CH,
0 15.3 8.8 1.81 0.267 0.374
1 10.0 4.2 1.31 0.147 0.104
2 9.3 4.0 1.00 0.128 0.077
5 7.2 3.9 0.85 0.079 0.073

Table 5.3 Ideal selectivities of PC/pNA blend membranes at different pNA

weight percentages.

% weight of pNA Ideal Selectivity
Ha/N> 0,/N, CO,/N, Hy/CHs  CO,/CHy
0 57.2 6.8 33.00 40.9 23.6
1 68.0 8.9 28.40 96.2 40.1
2 72.5 7.9 31.30 120.5 51.9
5 91.1 10.8 49.40 98.6 53.4

The permeabilities of all gases decreased with increasing pNA concentration.
The largest decrease was observed in CH, and N, permeabilities. In contrast,
the smallest decrease was observed in H, and O, permeabilities. As opposed
to the permeabilities, ideal selectivities of PC/pNA blend membranes,
calculated relative to the slow gases like N, and CH,4;, were higher than the
selectivities of pure PC membranes. The highest increase was observed for
H,/CH, and CO,/CH,4 selectivities. The increase in H,/N, selectivity follows
these pairs and the lowest increase was observed for O,/N, and CO,/N, gas
pairs. The increase in the selectivities were very fast up to 2 % (w/w) pNA for
H,/CH, and CO,/CH, selectivities, above that concentration the rate of

increase in selectivities was slow for these pairs. In contrast, the selectivity
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increase was gradual up to 2 % (w/w) pNA concentration, and sharp at 5 %

(w/w) pNA concentration for H,/N,, O,/N, and CO,/N, gas pairs.

These trends of permeabilities and selectivities were very similar to the trends
observed with the membranes prepared with a PC concentration of 7 % (w/v),
which was reported by Sen et al. [20], and the effect of pNA on PC matrix was
explained as antiplasticization. Antiplasticization is defined as decreasing
flexibility (or increasing stiffening) of polymers with the addition of a low
molecular-weight compound due to reduced rates of segmental motions in the
polymer chain and hence reduced the free volume in the polymer [64-70].
This effect has been shown to appear by a decrease in permeabilities of gases
and increase in selectivities [35, 36]. The pNA caused the gas permeabilities
to decrease, as antiplasticizers do, therefore, it can be concluded that pNA
acted as an antiplasticizer in the PC membrane matrix. It is important to note
that, this antiplasticization effect of pNA was found to be effective at very

small amounts of pNA in the membrane matrix.

5.3.2 PC/Zeolite 4A Mixed Matrix Membranes

Effect of zeolite loading on the performance of PC/zeolite 4A membranes were
investigated in detail by preparing membranes with broadly varying
zeolite amounts. The single gas permeabilities and ideal selectivities of
PC/zeolite 4A MMMs were presented in Tables 5.4 and 5.5. Highest loading at
which a self-supporting pinhole free permselective MMM can be produced was
30 % (w/w).

The permeabilities through PC/zeolite 4A MMMs were lower than those
through pure PC membrane, except O,, which remained nearly the same until
the zeolite 4A loading was increased to 30%. The most noticeable decrease
was in the permeability of CH4, whereas the smallest decrease was observed

in the H, permeability. Permeabilities also decreased with zeolite loading.

The decreasing trend of permeabilities with the addition of zeolites into glassy

polymer matrices has been similarly reported in many studies [21, 26-32]. In
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Table 5.4 Permeabilities of PC/zeolite 4A mixed matrix membranes at different
zeolite 4A weight percentages, measured at room temperature, feed side

pressure was 3.7 bar.

% weight of zeolite 4A Permeability (Barrer)
H, Co, O, N, CH,4
0 15.3 8.80 1.81 0.267 0.374
14.1 8.40 1.77 0.249 0.266
10 13.6 8.20 1.79 0.211 0.250
20 13.4 7.80 1.77 0.202 0.240
30 13.1 7.00 1.55 0.179 0.186

Table 5.5 Ideal selectivities of PC/zeolite 4A mixed matrix membranes at

different zeolite 4A weight percentages.

% weight of zeolite 4A Selectivity
Ha/N2  Oy/N; ~ COy/N, Hy/CHs  CO,/CH4
0 57.2 6.8 33.0 40.9 23.6
56.6 7.1 33.7 53.0 31.6
10 64.5 8.5 38.9 54.4 32.8
20 66.3 8.8 38.6 55.8 32.5
30 73.2 8.7 39.1 70.4 37.6

most of these studies the maximum zeolite loading at which a workable MMM
can be produced was 20 % (w/w). In the study of Sler et al. [21], who
prepared zeolite 4A filled polyethersulfone (PES) mixed matrix membranes,
the maximum zeolite loading employed in MMMs was 50 % (w/w). This
concentration is very high compared to the maximum zeolite 4A concentration
examined in this study. They reported that the permeabilities of N,, O, H;
and CO, through PES/zeolite 4A MMMs decreased up to a zeolite loading of
33.3 % (w/w), which was similarly observed with PC/zeolite 4A MMMs in this

study. They also reported an increase in permeabilities above 33.3 % (w/w)
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zeolite 4A loading which was continued up to 50 % (w/w) zeolite 4A loading.
They claimed that as the percentage of zeolite in the matrix increases, the
interfacial voids around the zeolites may connect and provide alternate path
for gas molecules, and this may lead to increases in the permeation rates of
gas molecules. Apparently, the matrix polymer type and the amount of zeolite
are the most important factors that influence in the gas separation

performance of zeolite filled MMMs.

As opposed to the permeabilities, selectivities of PC/zeolite 4A MMMs,
calculated relative to the slow gases like N, and CH,4, were higher than the
selectivities of pure PC membranes (Table 5.5). The improvement in the
selectivities with the addition of zeolites into the glassy polymer membranes
had also been previously reported [6, 18, 28]. In these studies, the zeolite
loading was usually 20 % or 30 %. Similarly, our membranes showed a
significant improvement in the selectivities by adding 30 % (w/w) zeolite 4A
into the membrane formulation. Moreover, the selectivities in this study were

reasonably raised even at low zeolite loadings such as 5 % and 10 % (w/w).

The decreasing behavior of permeabilities and the increasing behavior of
selectivities of PC membranes with the addition of zeolite 4A particles can be
explained by different mechanistic speculations; the zeolite particles can act
as molecular sieves altering the permeability and selectivity in relation to
molecular size of the penetrants, the zeolite particles can disrupt the polymer
matrix resulting in microcavities and hence change the permeabilities and
selectivities, or they can extend the diffusion pathways of the penetrants
through the membrane and reduce the permeability. Therefore, it can be
concluded that the zeolites that are of molecular sieving properties decrease
the permeabilities and increase the selectivities of PC membrane either
because of their intrinsic properties or by modifying the membrane

morphology.

Similar conclusions were also reached previously for different glassy polymer-
zeolite MMM systems. Huang et al. [32] stated that enhancement in
selectivities of polymeric membranes with the incorporation of zeolites might

be due to the molecular-sieving effects of zeolite crystals. On the other hand,
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Sler et al. [21] claimed that improvement in selectivities might not only be
due to the molecular sieving effect of zeolite crystals, but also depend on the
complex heterogenous micromorphology of the MMMs, including lack or

presence of voids around zeolite crystals in the membrane matrix.

Several other studies have also considered different possible hypotheses for
the change in performance properties of polymeric membranes with zeolite
addition. One of them is the inhibition of the polymer chain mobility near the
polymer-zeolite interface; in other words, the presence of zeolite seems to
rigidify polymeric chains, which in turn leads to reduced permeabilities and
increased glass transition temperatures [30, 31]. This hypothesis might not
be true for our PC/zeolite 4A MMMs, since the glass transition temperature of
PC did not change with zeolite 4A addition. The other hypothesis is the
partial pore blockage of zeolites by polymer chains [31]. Even though polymer
chains can hardly enter into the zeolite pores, they may obstruct a part of
pores, hindering gas permeation [31]. The combined effect of polymer chain
rigidification and partial pore blockage of zeolites, is also considered [31].
Therefore, depending on the resulting performance of zeolite filled MMMs
different possible mechanisms can be considered as reasons for the changes

in polymeric membrane performances with the inclusion of zeolite particles.

Permeability and selectivity results clearly showed that successful mixed
matrix membranes were obtained with the addition of zeolite 4A into PC
membrane matrix. The separation performances of PC/zeolite 4A MMMs were
shown in Figures 5.2 to 5.5 with reference to the upper bound lines for
H,/CH,4;, CO,/CH,4, H>/N, and O,/N,, respectively. The region of improved
permeability-selectivity trade-off was defined as the above or to the right of
the upper bound lines [12]. General trend observed is in agreement with the
literature [30, 52]. Selectivity improvement was especially remarkable for
H,/CH,4 pair. Since the kinetic diameter of H, was much smaller than that of
CH,4, its permeability might be influenced to a lesser extent from the
incorporation of zeolite particles into the PC matrix. The membrane
performance approached the upper bound line with increasing amount of
zeolite 4A. Even for O,/N, pair, PC/zeolite 4A MMMs showed the permeation

characteristics located over the upper bound line. Although the performance
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Figure 5.2 H,/CH, selectivity and H, permeability of PC/zeolite 4A MMMs on a

Robeson’s upper bound trade-off curve.

100 Robeson's
upper bound
SO%A
‘ )\ 10%

> increasing 20% A
> zeolite 4A loading PC
S
Q<
2 10t

~
I
<
Q
&)

1 .
10 100

CO, permeability (Barrer)

Figure 5.3 CO,/CH, selectivity and CO, permeability of PC/zeolite 4A MMMs on

a Robeson’s upper bound trade-off curve.

77



1000
Robeson's

upper bound

>
S 100 ¢ 30% 5 20%
3] 0 24
<o increasing \10/° PC
% zeolite 4A loading
2
~ 10 ¢

1 Il

1 10 100

H, permeability (Barrer)
Figure 5.4 H,/N, selectivity and H, permeability of PC/zeolite 4A MMMs on a

Robeson’s upper bound trade-off curve.

100
Robeson's
upper bound
2 I
=
© 20%
[0} %
o 10¢ 30% A 10%
N . . N A
=z [ increasing PC
R zeolite 4A loading
@)
1 N N N N N P N N N N N PR
0.1 1 10

O, permeability (Barrer)

Figure 5.5 O,/N, selectivity and O, permeability of PC/zeolite 4A MMMs on a

Robeson’s upper bound trade-off curve.

78



values for PC/zeolite 4A MMMs were still under the Robeson’s upper bound for
H,/CH,4, CO,/CH4 and H,/N, gas pairs, the addition of zeolite 4A produced
steeper slopes, therefore, a better trade-off between permeability and
selectivity than the pure PC membrane, indicating the potential of
mixed matrix membranes. The performance of PC/zeolite 4A membranes can
be further developed by blending with a low molecular-weight additive, which

has also potential to increase the separation performance of PC membranes.

5.3.3 PC/pNA/Zeolite 4A Mixed Matrix Membranes

The permeabilities of H,, CO,, O,, N, and CH, gases through PC/pNA/zeolite
4A MMMs were presented in Table 5.6. The permeabilities of all gases through
PC/pNA/zeolite 4A MMMs were lower than those through pure PC membrane.
As the pNA concentration was increased for a given zeolite content, the extent
of decrease in permeabilities increased. Similarly, when the zeolite content
was increased at a constant pNA concentration, the extent of decrease in the
permeabilities increased. The changes in permeabilities can be correlated with
the kinetic diameter of the permeating gas. The largest decrease was in the
permeability of CH,, and the lowest decreases were in the permeabilities of O,
and H..

In Figures 5.6 and 5.7, the N, and H, single gas permeabilities through
PC/zeolite 4A and PC/pNA/zeolite 4A MMMs were compared. The
permeabilities through PC/zeolite 4A membranes exhibited a continuous
decrease with zeolite loading whereas the permeabilities through
PC/pNA/zeolite 4A membranes showed a maximum at approximately 5-10 %
(w/w) zeolite 4A loadings. Similar trends were also observed for other gases
tested. This shows that the existence of pNA as a low molecular-weight
antiplasticizer, alters strongly the character of polymer matrix in zeolite filled
MMMs.

Table 5.7 shows the selectivities of PC/pNA/zeolite 4A membranes for
industrially important gas pairs. The selectivities increased with increasing
pNA and zeolite 4A concentrations in the membrane formulation. A significant

improvement was achieved in selectivities when the PC/pNA/zeolite 4A MMMs

79



"BHWO s ,wd/wWd(d1S) Wd ;0T =4alleg T
'saseb palpnis ayj Jo si91awWelp d1_uly ,

wL0°0 STT0 08’0 S '8 0

FEFO SCE0 6’0 Ty g 0c

9110 StT0 ¥6'0 [4: 05 9'g ]!

Teto ISTO 66'0 Ty 9'6 S g

FOT'0 0ET0 96’0 8t 0’6 £

8.0°0 P10 60T 6'C S0t 0¢

£CT0 0810 TT'T Ty S'6 ]!

6CT0 910 SE'T LTS 90T S €

180°0 BET0 180 FPOC L8 £

680°0 T+T°0 90°'T T9'v 80T 0¢

TTT°0 86T'0 £ o8’y £oT 0T

P10 £Te0 SS'T €09 81T S T

FLEOD L£9¢°0 187 08'8 £5T 0] 0
(wu 0gc0) (Wu $9c o) (Wwu gpc0) (wuoego) =(wuegz o) A X

"HD N 0 0D H

g(d21reg) Aypgeswzg SUBIJLUS LW Y 9%A f'yNd 2%/ Dd

Jeq /'€ ainssald apis pasy ‘adnjeladwal WOOJ 1B palnseawl ‘suoi3eliuaduod

Vi 931109z pue yYNd juaiayip 18 SWINW V¥ 931109z/¥yNd/Dd ybnoiyy saseb jo sanijiqesw.ad seb 3|buls 9°G d|qel

80



N, permeability (Barrer)

PC/4A
PC/ pNA (1%)/ 4A
PC/ pNA (2%)/ 4A
PC/ pNA (5%)/ 4A

opoe

5 10 15 20
zeolite loading (% w/w)

25

Figure 5.6 Effect of zeolite 4A loading on the N, permeability of PC/zeolite 4A
and PC/pNA/zeolite 4A MMMs.
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Figure 5.7 Effect of zeolite 4A loading on the H, permeability of PC/zeolite 4A
and PC/pNA/zeolite 4A MMMs.
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were prepared with pNA concentrations of 1 % and 2 % (w/w) and with a
zeolite loading of 20 % (w/w). The Hy/CH, selectivity of PC/pNA (1%)/zeolite
4A (20%) membrane was 121.3 which is three times higher than that of pure
PC membrane and twice as high as that of PC/zeolite 4A (20%) membrane.
Similarly, the CO,/CH,; selectivity of PC/pNA (1%)/zeolite 4A (20%)
membrane was twice as high as the one for pure PC. The N,/CH,4 selectivities
for all membranes were lower than two. The pure PC and PC/zeolite 4A
membranes were selective for CH; over N,, interestingly, the membranes

became N, selective with the integration of pNA.

The comparison of permeabilities and selectivities of pure PC, PC/pNA,
PC/zeolite 4A and PC/pNA/zeolite 4A membranes indicates the strong effect of
pNA on the membrane matrix, and suggests that the use of zeolite 4A and
pNA together in the PC membrane has more contribution to the membrane
performance than their individual use in the membranes. The complex micro
morphological structure of the PC/pNA/zeolite 4A MMMs, which is expected to
have different characteristics than PC and PC/zeolite 4A membranes, can

therefore strongly influence the membrane performance.

Besides, Yong et al. [27] compared the performance of polyimide (PI)
membranes containing 43 % (w/w) zeolite 4A and 21 % (w/w) 2,4,6-
triaminopyrimidine (TAP) with the performance of pure polyimide membranes.
The permeabilities of CO, and CH,; through PI/TAP/zeolite 4A membranes
were lower but the selectivity for CO, over CH; was higher than pure PI
membrane. The changes in membrane performance were attributed to the
elimination of interfacial voids due to the improvement in the adhesion
between the polymer and zeolite. A similar conclusion was made based on
SEM micrographs by Pechar et al. [7] and Mahajan and Koros [18, 28], who
prepared polyimide membranes using zeolites where silane-coupling agents
were used to enhance the adhesion between polymer and zeolite phases. The
pNA may have similar effect even at very small concentrations as suggested
by gas permeation results and the changes in glass transition temperatures.
Because of the functional groups that the pNA has, it may induce an
interaction between zeolite particles and PC chains in this ternary compound

membrane system besides modifying the polymer matrix itself. In addition,
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the presence of pNA may lead to a polymer chain rigidification since the Tq4 of
PC/pNA/4A MMMs were higher than PC/pNA membranes.

The permeabilities and selectivities of H,/CH; and CO,/CH,; gas pairs are
shown in Figure 5.8 for PC/pNA and PC/pNA/zeolite 4A membranes. The
selectivities for both gas pairs and the permeabilities of fast permeating
gases, H, and CO,, increased but the permeability of slowly permeating gas,
CH,4, decreased with the addition of zeolite 4A. These results suggest that, as
opposed to the general inversely proportional relationship between
permeability and selectivity, both the selectivity and permeability of desired
gases can be increased by proper formulation of ternary component
membranes, which may enable the production of much better performing

membranes.
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CHAPTER 6

BINARY GAS PERMEATION STUDIES

6.1 Binary Gas Permeation Measurements

The pNA and zeolite 4A compositions of the membranes used in the
separation of binary gas mixtures were listed in Table 6.1 with their
membrane codes and CO,/CH,; ideal selectivities. These membranes, which
exhibited highest ideal selectivities of its own type, were selected for the
separation of CO,/CH,4, H,/CH; and CO,/N, binary gas mixtures. The effect of
feed gas composition on the separation performance of these membranes was
also investigated in detail. For CO,/CH, binary, CO, feed gas composition
range as wide as possible, 5-95%, was studied. For other binary gas pairs,
three different feed gas compositions, namely, 20%, 50% and 80% CO,

and/or H, were studied.

The binary gas permeation experiments have a similar operational procedure
as the single gas permeation experiments described in Section 5.1. The
permeabilities of the binary gas mixtures through the membranes were
measured by using a constant volume-variable pressure technique at room
temperature. The feed side pressure was kept at 3.0 bar and the permeate
side was initially at high vacuum, 0.01 Torr (1.33x10 bar). Therefore, the
total transmembrane pressure difference in the separation of binary gas
mixtures was initially the same as the transmembrane pressure difference

in single gas permeability measurements. The pressure increase in the
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Table 6.1 The pNA and zeolite 4A compositions of the PC based membranes

used in the separation of binary gas mixtures and their CO,/CH, ideal

selectivities.
Membrane code Composition CO,/CHy, ideal
(w/wW)% of the PC selectivity
pNA/PC zeolite 4A/PC
PC - - 23.6
PC/pNA (2%) 2 - 51.9
PC/4A (20%) - 20 32.5
PC/4A (30%) - 30 37.6
PC/pNA (2%)/4A (20%) 2 20 51.3
PC/pNA (2%)/4A (30%) 2 30 42.2

permeate side at constant volume was recorded by a pressure transducer
(MKS Baratron, 0-100 Torr), and plotted as a function of time for permeability
calculations. Prior to binary gas permeation experiments, feed gases were
analyzed online at least two times in the gas chromatograph. After the
permeation was completed, the permeate and feed side gas streams were
analyzed online by the same way. During these measurements, it was
observed that, the feed side gas compositions remained constant throughout

the permeation.

Binary gas permeation experiments showed that, the analysis of the permeate
gas stream by GC during permeation at different time intervals disturbed our
composition and permeation measurements probably because of the changing
pressure differences and possible air leaks to the permeate side. In addition,
it was difficult to quantitatively measure the gas composition from the gas
chromatogram at the beginning of the permeation process, since the
permeate concentration at the start of any permeation experiment was very

low. Therefore, it was decided that permeate analysis with GC should be done
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after the permeation was terminated when the amount of gas in the permeate
side of the membrane reached to a measurable level. The duration of the
permeation experiment, which was needed to obtain a measurable level,
changed with the type of membrane, gas pairs, and their compositions.
Generally, the permeation measurement times for CO,/CH4, H,/CH, and

CO,/N, binary gas mixtures were between 8 to 12 hours.

6.2 Evaluation of Pressure-Time Data for Permeability Calculations in

Binary Gas Permeation

Binary gas permeabilities were calculated by fitting the pressure-time data on
a straight line by linear regression method as in the case of single gas
permeability calculations described in Section 3.4.2 and Appendix B. Only the
dead-end volume of the system, which is 22 cm?, and the effective membrane

area, which is 9.6 cm?, were different in the calculations.

The data were also used to calculate the individual permeabilities of
component gases. Figure 6.1 shows the pressure-time data of CO,/CH, binary
gas mixture through a pure PC membrane. This data was split into individual
gas pressure-time data based on the permeate concentration of the gas
mixture. Each data point was multiplied by the mole fractions of each gas in
the permeate side, and the obtained pressure-time data were drawn for each
gaseous component separately. With the knowledge of partial feed pressure of
the gases and the pressure-time data of each gas, the curve fitting method

was then used to estimate the permeabilities of individual gases.

In Figure 6.1, for a feed composition of 25% CO,-75%CH,, the permeability
of CO,/CH4 binary gas mixture was calculated as 2.02 Barrer, and the
permeabilities of CO, and CH, in the binary gas mixture were found as,
7.50 and 0.311 Barrer, respectively. Thus, the mixture permeability were
lower than the permeability of CO,, and higher than the permeability of CH,.
It could not be calculated by summing the individual permeabilities of each
gaseous component in the mixture. This might be attributed to the different
partial pressures of each gaseous component in the permeate and feed side,

and in turn different driving forces applied for each gaseous component in the
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Figure 6.1 Permeate side pressure-time data of CO,/CH, binary gas mixture
through pure PC membrane, and pressure-time data splitting technique based

on the permeate compositions of CO, and CHy,.

mixture. A sample calculation for the individual permeabilities of gas

components in a gas mixture was given in Appendix E.

6.3 Evaluation of Permeate and Feed Side Compositions for Selectivity

Calculations in Binary Gas Permeation

The separation selectivities of the membranes were calculated from the ratio
of permeate and feed side compositions of the binary gas mixtures as
described in Section 3.4.3.4 and Appendix E. Feed side and permeate side gas
stream compositions were measured by gas chromatograph connected on-line

to the gas permeation set-up.

In the case of CH4 and/or N, containing binary gas mixtures, the analysis of

gas mixtures with GC at low CH, and/or N, concentrations, i.e. smaller than

89



1%, may cause difficulties because of low sensitivity of TCD of GC in He
carrier gas. As an illustration, in the case of 80 % (mol/mol) or higher CO,
containing feed gas mixtures, the final CO, permeate gas concentration is
generally 99% (mol/mol) and higher independent from the type of membrane
used in permeation experiments. Such high concentration of CO, in the
permeate may limit the accuracy of CH,4 concentration measurements because
of the limitations in detection sensitivity. These limitations may then affect the
separation selectivity calculations. In order to check the separation
selectivities calculated from the analysis of each gaseous component in GC, a
semi-empirical curve fitting method was developed. This method could also be
used as an extrapolation technique to find the permeate gas compositions and
separation selectivities of the membranes at feed compositions which are
difficult to prepare. The application of this method was explained in detail for

CO,/CH,4 binary gas mixture in two consecutive steps as follows.

In the first step, experimentally measured feed and permeate side CO,
concentrations were plotted and the best fit curve was passed through the
points (Figure 6.2a). The fitted equation was then used to calculate the
permeate side CO, and CH,4 concentrations (= 1-yo2)) for small constant feed
gas composition intervals. Calculated data was given in Appendix J. In the
second step, based on the calculated permeate concentrations, separation
selectivities werecalculated and plotted against to CO, feed concentration
(Figure 6.2b). Separation selectivity data calculated from experimentally
determined permeate compositions were also plotted on the same graph for
comparison. It was found that the separation selectivities calculated from
experimental data were in agreement with the separation selectivity
calculations based on semi-empirical curve fitting method. Thus, this method
can be used safely to calculate the separation selectivities of membranes at
extreme feed gas compositions and at feed gas compositions which are

difficult to prepare.

6.4 Reproducibility in Permeabilities and Selectivities

In order to obtain reliable results, reproducibility in permeability

measurements and selectivities have a great importance. Therefore, a series
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of reproducibility experiments were carried out in binary gas permeation
measurements of the membranes. The permeability of each gas mixture
through a particular membrane was measured at least two times, called
reproducibility between runs. Additionally, for a particular membrane
formulation, two membranes from the same film, and two membranes from
two casting solutions were also tested by binary gas permeation experiments.
Thus, the reproducibility in permeability measurements and membrane
preparation were examined for different membranes in a same cast
(reproducibility between the parts of the same membrane), and for different
membrane in a different cast (reproducibility between membranes prepared
at different times). The relative standard deviations between the results of
reproducibility measurements were summarized in Table 6.2. The
reproducibility experiment results of the membranes were tabulated in
Appendix K. The averages of all permeabilities, selectivities, feed and

permeate side compositions for each gas mixture were reported in the text.

Table 6.2 Reproducibility experiments and relative standard deviations in

permeabilities and selectivities.

Relative standard deviations, %
Reproducibility experiment in permeabilities in selectivities

between runs % 2.0 - 3.2 % 2.4 -6.1

between parts % 4.0 - % 5.6 % 4.1 - % 16.9
of the same membrane
between membranes

. . % 3.4 - 8.6 % 7.3 - % 22.9
prepared at different times

Table 6.2 shows that the reproducibility in binary gas permeability
measurements and membrane preparation was very high. The higher

standard deviations for selectivities may be the result of lower precision of
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GC measurements at very low and high concentrations of gaseous

components in the binary mixtures.

Based on these results, it can be concluded that the binary gas permeation
system and methodology to measure permeabilities and selectivities were
reliable. The results also showed that the procedure developed to prepare
membranes is successful and yields reproducible membranes, which had also

been confirmed by single gas permeability measurements.

6.5 Binary Gas Permeation Studies

In literature, most of the studies about the separation performance of
homogenous and mixed matrix membranes were restricted to single gas
permeability measurements. Ideal selectivities were reported as selectivities
assuming that the presence of a more than one gaseous component and
composition variations of gas mixtures will not affect the separation
performance of the membranes. However, these factors may have a primary
importance since the interactions between components in the feed stream and
the membrane can substantially alter the membrane performance. Selection
of the proper membranes for gas separations requires the consideration of

these alterations.

The membrane literature lacks studies about the effect of feed composition on
the separation performance of membranes. Especially for MMMs very few
studies investigated the effect of feed composition on membrane
performances. Therefore, in this part of the study, binary gas studies were
planned in order to verify the improved single gas performance results of the
newly developed membranes, and to observe the effect of feed composition

on the separation performance of membranes.

6.5.1 Binary Gas Permeation Studies through Dense Homogenous PC
and PC/pNA Membranes

Effect of feed gas composition on the separation performance of dense

homogenous PC membranes and PC/pNA blend membranes were investigated
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with CO,/CH, binary gas mixture for a feed gas composition changing
between 5 and 95 % (mol/mol) CO,. Tables 6.3-6.4 and Figure 6.3 show the
CO,/CH,4 binary gas permeabilities and separation selectivities of pure PC
and PC/pNA membranes. The single gas permeabilities and ideal selectivities

of the membranes are also presented.

The mixture permeabilities were always between the permeabilities of pure
CO, and CH,4. With increasing concentration of CO, in the feed, the mixture
permeability increased linearly (Figure 6.3). On the other hand, the CO,/CH,4
separation selectivities of the membranes, which remained nearly constant,
was around the ideal selectivity of each membrane. Thus, the presence of a
second component did not change the separation performance of the PC and

PC/pNA membranes.

The independent behavior of the selectivities of pure PC and PC/pNA
membranes on feed gas composition may point to the non-interactive
nature of gas permeation through these membranes. That means, the gas
phase non-idealities and competition in sorption and diffusion among CO, and
CH, in the membrane matrix (solubility and diffusion coupling) because of the
gas- membrane matrix and gas-gas-membrane matrix interactions cannot
affect the gas permeation through PC and PC/pNA membranes appreciably,

and leave the selectivities unaffected.

Similar conclusions were also made previously for membranes made from a
glassy polymer of polyethersulfone (PES) [75] and from a rubbery polymer of
poly(dimetilsiloxane) (PDMS) [9]. In these studies, the absence of deviation
between separation selectivities and ideal selectivities were explained by the
dense homogenous morphologies of the membranes. Dense homogenous
membrane morphologies were stated as a reason of the absence of gas-
membrane matrix and gas-gas-membrane matrix interactions through the
membranes. On the other hand, Dhingra et al. [9] reported an increase in the
CO,/CH, separation selectivities of dense homogenous pure polyimide (PI)
membranes with increasing concentration of CO, in the feed mixture. This
observation was explained as the presence of gas component-membrane

matrix interactions in the PI matrix. Apparently, the type of the polymer
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matrix has high influence on the separation of binary gas mixtures and
depending on the matrix polymer type the separation performances of dense
homogenous polymer membranes may be either affected from the feed gas

compositions or not.

The constant selectivity observation with feed composition is especially
important for PC/pNA blend membranes, since the incorporation of pNA
changed the structure and performance properties of the PC membranes due
to its antiplasticization effect on PC matrix as demonstrated with single gas
permeability and T, measurement results [20]. The explanation of
composition independency of selectivities for PC/pNA membranes may be
based on the dense homogenous morphology of these membranes. They may
behave as if a newly developed single pure polymer membranes for binary

gas mixture separations.

6.5.2 Binary Gas Permeation Studies through PC/4A and PC/pNA/4A

Mixed Matrix Membranes

Effect of feed gas composition on the permeabilities and selectivities of the
PC/4A and PC/pNA/4A MMMs were also investigated by using CO,/CH,4 binary
gas mixture. Figure 6.4 shows the influence of CO, feed concentration on
CO,/CH4 mixture permeabilities through MMMs prepared at different zeolite 4A
loadings. As in the case of homogenous PC and PC/pNA membranes, with the
increase of CO, feed concentration, the permeability of CO,/CH4; binary
mixture through MMMs increased and the permeability values located between

those of each single gas (CO, and CH,).

The increase in permeability with CO, feed concentration was almost linear for
PC/4A MMMs. The slope of this line decreased with increasing zeolite 4A
content of the membranes and the presence of pNA in the membrane matrix.
For PC/pNA/4A MMMs, the increase in permeability with CO, feed
concentration was not linear, the presence of pNA gave a slight curvature in
PC/pNA (2%)/4A (30%) MMMs, while this curvature became apparent in
PC/pNA (2%)/4A (20%) MMMs. This may show that the existence of pNA as

a low molecular-weight antiplasticizer, alters the character of PC matrix in
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Figure 6.4 Effect of feed composition on the CO,/CH, binary gas mixture
permeabilities through PC/4A and PC/pNA/4A MMMs.

zeolite filled MMMs, and influences the gas transport across the membrane in
a different way compared to dense homogenous PC based membranes and
PC/zeolite 4A MMMs.

Figures 6.5 and 6.6 show the CO,/CH, selectivities of PC/4A and PC/pNA/4A
MMMs with respect to increasing CO, concentration in the feed gas. As
opposed to the selectivities of pure PC and PC/pNA membranes, selectivities
of MMMs indicated a strong feed concentration dependency as shown in
figures. Higher CO, concentrations in the feed caused appreciably lower
selectivity values which are below the ideal selectivity values of the MMMs.
The selectivity decrease was gradual with increasing CO, (selectively

permeating component) feed concentration for PC/4A MMMs, whereas

98



35
O
30C}*k76 77777777777777777777777777777
Fy O
>
3 25¢ O
& O
Iﬁ'
O
S 207 © 0
o O
&)
15+
O  PC/4A (20%) MMM
——- ideal selectivity a
10 : : : : : : : : :
0 20 40 60 80 100
CO, concentration in the feed gas, %(mol/mol)
40
B
JANRRVAN
2 30}
: A
ko A A
Q 25r¢
IV
< 20
) I A
3 A A
15+
/A PC/4A (30%) MMM
——- ideal selectivity b
10 ‘ ‘ : :
0 20 40 60 80 100

CO, concentration in the feed gas, %(mol/mol)

Figure 6.5 Effect of feed composition on the selectivity of CO,/CH,4 through
PC/4A (20%) MMMs (Panel a) and PC/4A (30%) MMMs (Panel b).

99



55

50[} ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

45 ¢
>
zZ 40 O g
o]
FU')) 35+ 0
-
T 307
O
=
o 257t
o o O

20 1 0 -

15 I O PC/pNA (2%)/4A (20%) MMM

——- ideal selectivity a
10 L L L L L L " L
0 20 40 60 80 100
CO, concentration in the feed gas, %(mol/mol)
45
40 > 77777777777777777777777777777777
&
Z 357 O
>
o 30 &
(]
(7]
- 25}
= &
O 0t &
© &
&
151 & PC/pNA (2%)/4A (30%) MMM
——- ideal selectivity
10 L L L L L L " L " b
0 20 40 60 80 100

CO, concentration in the feed gas, %(mol/mol)
Figure 6.6 Effect of feed composition on the selectivity of CO,/CH,4 through

PC/pNA (2%)/4A (20%) MMMs (Panel a) and PC/pNA (2%)/4A (30%) MMMs
(Panel b).

100



there was a sharper decrease in the selectivity of PC/pNA/4A MMMs. For
example, when the CO, concentration in the feed increased to 50 %
(mol/mol), approximately 20% and 50% decrease in selectivities were
observed in comparison to the ideal selectivities of the PC/4A (20%) and
PC/pNA (2%)/4A (20%) MMMs, respectively. In addition to these, when the
zeolite content of the PC/4A MMMs was increased from 20 % to 30 % (w/w),
the extent of decrease in selectivities with feed gas composition increased.
On the other hand, this trend was not observed for PC/pNA/4A MMMs. As the
zeolite concentration of the PC/pNA/4A MMMs was increased for a given pNA
content, the extent of decrease in selectivities with feed gas composition did
not change much. That means, the presence of pNA might change the effect

of zeolite 4A on the performance of MMMs.

In order to investigate the effect of different gas systems on the performance
of zeolite filled PC based MMMs, the separation of CO,/N, and H,/CH4 binary
gas systems were also studied at different feed gas compositions. Tables 6.5
and 6.6 show the effects of CO, and/or H, feed concentration on the CO,/N,
and H,/CH, permeabilities and selectivities for PC/4A and PC/pNA/4A MMMs.
For the CO,/N, binary gas mixture, the behavior of the MMMs was similar to
CO,/CH4 mixture separation. With increasing concentration of CO, in the feed,
which is the selectively permeating component in CO,/N, separation, the
permeability of the CO,/N, mixture through the membranes increased while
the CO,/N, selectivity of the membranes decreased. The percent reduction in
CO,/N, selectivities with feed gas composition was close to that of CO,/CH,4

selectivities.

In the case of Hy/CH4 mixture, similar to the cases with CO,/CH4 and CO,/N,
binary gas mixtures, the separation selectivities of the MMMs were lower than
the respective ideal selectivities at each feed gas composition. However, in
this case, as opposed to the cases with CO,/CH4 and CO,/N,, increasing the
concentration of the selectively permeating component, which is H,, in the
feed gas mixture increased the H,/CH, separation selectivities of MMMs and
the selectivity values approached the ideal selectivity values of the MMMs.
When the H, concentration in the feed increased from 15 % to 85 %
(mol/mol), the H,/CH, separation selectivities of PC/4A and PC/pNA/4A MMMs
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Table 6.5 Effect of feed composition on permeabilities and selectivities of
CO,/N, binary gas mixture through PC/4A (20%) and PC/pNA (2%)/4A(20%)

MMMs (measured at room temperature, feed side pressure was 3.0 bar).

Membrane: PC/4A (20%) MMM?
CO, concentration in the feed (% mol/mol)

0 21.3 52.5 83.9 100
Permeability (Barrer) 0.261  0.899 3.33 5.96 8.24
Selectivity (CO/N,) - 29.6 23.2 15.8 -

Membrane: PC/pNA (2%)/4A (20%) MMMP
CO, concentration in the feed (% mol/mol)

0 20.9 52.5 82.7 100
Permeability (Barrer) 0.132 0.8 1.84 2.8 4.07
Selectivity (CO,/N>) - 25.9 20.5 13.4 -

@ CO,/N; ideal selectivity is 31.6.
b CO,/N, ideal selectivity is 30.8.

increased from 26.1 to 60.8 and 24.1 to 94.2, respectively (Table 6.6). Thus,
approximately 60% and 80% increase in selectivities were observed in
comparison to the selectivities at the lowest H, concentration in the feed for
PC/4A and PC/pNA/4A MMMs, respectively.

Apparently, the permeabilities and selectivities of zeolite filled PC based MMMs
were changed significantly in binary gas permeation experiments. The feed
gas composition had a strong effect on their gas separation performances.
The strong concentration dependency of permeabilities and selectivities was
observed and discussed previously in many studies with different type of
membranes [43-47, 71-81]. For instance, in a study of Battal et al. [75]
zeolite 4A filled polyethersulfone MMMs were prepared and the binary gas
permeation results of the MMMs indicated similar changes in membrane
performances as in PC/4A and PC/pNA/4A MMMs with feed gas composition.

The changes in membrane performances with feed gas composition was
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Table 6.6 Effect of feed composition on permeabilities and selectivities of
H,/CH4 binary gas mixture through PC/4A (20%) and PC/pNA (2%)/4A (20%)

MMMs (measured at room temperature, feed side pressure was 3.0 bar).

Membrane: PC/4A (20%) MMM?

H, concentration in the feed (% mol/mol)

0 17.8 51.8 84.3 100
Permeability (Barrer) 0.245 2.2 7.7 11.8 15
Selectivity (Hy/CH,) - 26.1 37.9 60.8 -

Membrane: PC/pNA (2%)/4A (20%) MMMP

H, concentration in the feed (% mol/mol)

0 16.8 51.3 84.3 100
Permeability (Barrer) 0.084 2.08 6.48 9.05 11.8
Selectivity (Hy/CH,) - 24.1 47.6 94.2 -

@ H,/CH, ideal selectivity is 61.4.
® H,/CH, ideal selectivity is 140.5.

explained by the competition of penetrants for the sorption sites and the
associated diffusion pathways in the membrane matrices. It was claimed
that any speculation about the composition dependency of separation
performances should consider the membrane morphology since the
competition of penetrants because of interaction of gas molecules with the
membrane matrix is strongly affected by the membrane morphology.
Therefore, for zeolite filled MMMs the change in separation performances with
feed gas composition can be explained with the complex heterogenous

morphology of the membranes.

Previous SEM studies with zeolite filled MMMs showed that the addition of
zeolite particles induce a porous structure in membrane matrix because of the
interfacial voids appear around zeolite particles [29, 31-33]. In this
morphology, different alternative transport pathways for gas molecules

may exist; they may pass through the polymer matrix, they may flow through

103



the interfacial voids formed around zeolite crystals, and they may be
transported through zeolitic surfaces by interacting with it [21, 29, 31, 32].
The availability and dominance of one of these pathways for a gas may mainly
depend on its size, polarity and interaction potential with the membrane
matrix (in other words affinity of a gas to membrane). However, in the case of
gas mixtures the existence of another gaseous component may strongly affect
the transport behavior of one component through membrane. Therefore,
some arguments about the change in selectivities of the PC/4A and
PC/pNA/4A MMMs can be made based on this morphology of MMMs.

For CO, containing binary gas mixtures, the CO, molecules may saturate the
sorption sites of PC and the active sites of zeolite 4A crystals more quickly
than the CH,; and/or N, molecules, since the CO, gas has higher affinity
toward zeolite 4A crystals and PC matrix than the CH,; and/or N, due to its
higher heat of adsorption on zeolite 4A and higher solubility in PC matrix [37,
94, 103-107]. With increasing CO, feed concentration, the interaction
potential of CO, with the membrane matrix may be reduced because the
sorption sites in the membrane matrix may not be sufficient for interaction
with the more number of CO, molecules. This may lead to self-inhibition of
CO, and the priority for CO, to permeate through the membrane may no

longer be effective. Thus, the CO,/CH,4 and CO,/N, selectivities are decreased.

It may be concluded that, when the faster permeating component of a
mixture has a strong interaction possibility with the membrane matrix (CO,),
selectivities decrease with increasing concentration of this component
independent from the type of the relatively less-interactive component (CH,4
and/or N,) in the mixture, indicating the importance of competitive sorption
among penetrants. A similar conclusion was also reached previously in the
examination of CO,/CH,; and CO,/Ar separation performance properties of
PES/zeolite 4A MMMs [75]. On the other hand, Sridhar et al. [73] reported an
increase in CO,/CH4 selectivities of poly(phenyleneoxide)
(PPO)/heteropolyacid (HPA) blend membranes with CO, concentration. They
claimed that the permeation of CH; may be impeded due to increasing
polarization of CO, molecules near the membrane surface, and this may

increase the selectivities at high CO, concentrations. Therefore, depending on
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the gas-membrane matrix interactions binary gas separation performance of

the membranes can show different behaviors with feed composition.

For H,/CH,4 binary gas system, since none of the gas components has strong
interaction potential with the membrane matrix as in the case of CO,, the
molecular size difference of gas components may be considered to explain the
selectivity dependence to the feed composition. CH,; as a relatively larger
molecule may hinder the permeation of small molecule H, by blocking and/or
occupying the narrow regions and voids in the membrane matrix, resulting in
lower selectivity values for CH4 rich feed mixtures. Similar arguments were
also reported by Battal et al. [75] and Krystal et al. [108, 109] based on the
H,/CH, separation performances of PES/zeolite 4A MMMs and heterogenous
zeolite-based membranes with polymeric binder. They concluded that when
the component with a high permeability transport faster because of its size,

selectivities decrease with increasing composition of larger component.

The comparison of the effect of feed gas composition on the permeabilities
and selectivities of PC/4A and PC/pNA/4A membranes indicated that the feed
gas composition has pronounced effect on the separation performances of
PC/pNA/4A MMMs. The decrease in selectivities with an increase in CO, feed
concentration, and the increase in selectivities with an increase in H, feed
concentration were higher for PC/pNA/4A MMMs. This suggests that the use of
zeolite 4A and pNA together in the PC membrane has a different contribution
to the membrane separation performance than their individual use in the
membranes. This different behavior of PC/pNA/4A MMMs compared to PC/4A
MMMs was observed previously in their SEM, DSC characterization and single
gas permeability measurement results [102]. The additive pNA decreased the
free volume of PC and restricts the diffusion of gas molecules through the
membrane due to its antiplasticization effect on PC matrix [20]. In addition,
pNA enhanced the compatibility between zeolite crystals and PC matrix by
inducing an interaction between polymer chains and zeolite particles, and this
may also decrease the permeation of gas molecules. Thus, the pNA modified
the MMM morphology, and changed the interaction potential of gas molecules
with the membrane matrix. This may lead to sharp changes in separation

performances of PC/pNA/4A MMMs with feed concentration.
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6.5.3 General Performance Evaluation of Membranes

The CO,/CH; separation performance of different type of PC based
membranes demonstrated that the permeability and selectivity of membranes
depend strongly on membrane morphology and feed composition.
Additionally, the CO,/N, and H,/CH, separation performance of the MMMs
indicated that the dependence of performance properties on membrane
morphology and feed composition can also change with the binary gas

systems studied.

Previous single gas permeation studies of the membranes showed that the
individual and combined addition of zeolite 4A and pNA into PC matrix
improved the PC membrane performance and the performance values of the
membranes approached to upper-bound line for industrially important gas
pairs. However, in the case of binary gas permeation experiments of the
membranes, it was observed that the gas separation performance of the
PC/4A and PC/pNA/4A MMMs deviate from the respective ideal separation
performances, and the permeability-selectivity trade-off relation of the
membranes alters with feed gas composition. It was observed that the binary
gas separation selectivities and the permeabilities of fast gases (CO, in
CO,/CH4 and CO,/N, binaries, H, in Hy/CH4 binary) in binary gas mixtures
were always lower than ideal selectivities and single gas permeabilities of the
MMMs. On the contrary, the binary gas separation performance of pure PC
and PC/pNA membranes did not deviate from their ideal performance values

with feed gas composition.

The CO,/CH4, COy/N, and H,/CH, binary gas separation performances of
dense homogenous PC membranes and zeolite 4A filled PC based MMMs were
compared in Figures 6.7-6.9 with reference to their upper bound lines,
respectively. This is the first report of making such a comparison between
membrane performance on Robeson’s upper bound trade-off graphs with
respect to feed composition. Single gas permeability and ideal selectivity of

the membranes were also shown on the graphs.
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As can be seen from the figures, different type of PC based membranes
results in a better trade-off relation between permeability and selectivity at
different feed compositions for different gas pairs. For CO,/CH,; and COy/N,
binary gas mixtures, PC/4A and PC/pNA/4A MMMs can be used to separate
mixtures containing low CO, concentrations, lower than 40%, while
homogenous PC and PC/pNA membranes can be more suitable for CO, rich
mixtures, higher than 50%. In addition, for H,/CH; mixtures, PC/4A and
PC/pNA/4A MMMs can show high separation performances at high H,
concentrations, higher than 50%, whereas homogenous PC and PC/pNA

membranes can be used for CH, rich mixtures.

Apparently, for CO, containing binary gas mixtures, MMMs preserved their
high performance characteristics at low feed concentrations, less than 40 %
(mol/mol), of selectively permeating component CO,, whereas for H,

containing binary gas mixtures, MMMs showed high performance
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characteristics at high feed concentrations, higher than 50 % (mol/mol), of
selectively permeating component H,. These are important results because
most of the industrially important gas separation studies, that remove CO,
from natural gas or flue gas and recover H, from off-gases, use gas mixtures
containing low CO, concentrations and/or high H, concentrations [52, 53, 72].
Therefore, the newly developed PC/4A and PC/pNA/4A MMMs can show
promising results to separate CO, from natural gas or flue gas and to recover

H, from off-gases at those feed composition ranges.

In conclusion, it can be said that in order to verify the improved separation
performances of the developed membranes and to make a correct choice of
membrane for a certain industrial gas separation application, the
multicomponent gas mixture permeability measurements should be performed
and the dependence of permeability and selectivity on feed gas compositions
must be taken into account in designing and evaluating a membrane

separation system.
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CHAPTER 7

CONCLUSIONS

In this study, mixed matrix membranes for use in gas separation were
prepared by blending polycarbonate with a multifunctional low molecular-
weight additive, pNA, and incorporating zeolite 4A particles as filler. During
the development of these membranes, PC and PC/pNA dense homogenous
membranes and PC/zeolite 4A mixed matrix membranes were prepared at the
intermediate stages. Thus, both the individual and combined effects of zeolite
4A and pNA on the structure and performance properties of polycarbonate gas

separation membranes were investigated in detail.

The following conclusions were drawn from this study :

1. The characterization and gas separation performance results of the
membranes showed that the methodology developed to prepare membranes
reproducibly vyields dense homogenous and mixed matrix PC based
membranes. Self-supporting permselective membranes were obtained with a
concentration of zeolite 4A between 5 % and 30 % (w/w) and of pNA between
1% and 5 % (w/w).

2. Single gas permeability measurements of the membranes demonstrated
that the PC/pNA/zeolite 4A MMMs showed generally higher ideal selectivities
than the PC/zeolite 4A MMMs and those showed higher ideal selectivities than
pure PC membranes despite a loss in the permeabilities with the addition of

pNA and zeolite 4A into the membrane formulation. The ideal selectivities of
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membranes increased because of modification of membrane morphology by
zeolite 4A particles and pNA. pNA even at very small concentrations (1-2 %

w/w) effectively changed the permselective properties of PC/zeolite 4A MMMs.

3. DSC analysis of the MMMs showed that, in the absence of pNA,
incorporation of zeolite 4A particles into PC matrix has no effect on the T4 of
PC, indicating the absence of interaction between phases. On the other hand,
the addition of very small concentration of pNA changed the T, of PC/zeolite
4A MMMs, which was considered as an indication of interaction between PC
and zeolite 4A particles. Therefore, in order zeolite to affect PC membrane

matrix the incorporation of pNA into membrane matrix is essential.

4. SEM images of the PC/zeolite 4A MMMs showed voids around the zeolite
crystals, pointing the incompatibility between PC chains and zeolite 4A
crystals. On the other hand, SEM images of the PC/pNA/zeolite 4A MMMs
showed that the interfacial voids were partially eliminated and fewer voids
remained with the addition of pNA, suggesting that low molecular-weight
additives like pNA may improve the compatibility between the zeolite particles

and PC matrix.

5. Characterization and single gas permeability results of the membranes
indicated that pNA acts as a facilitator for provision of better interaction
between rigid, glassy polymer PC and zeolite 4A particles, and consequently
improved the separation performances. It was concluded that the
incorporation of an additive with functional groups into zeolite filled MMMs can
be used as a tool to tailor the structure and performance properties of the

membranes.

6. Binary gas permeation results of the membranes demonstrated that for
dense homogenous PC and PC/pNA membranes, separation selectivities
remained nearly constant around the ideal selectivities of the membranes.
The absence of deviation between separation selectivities and ideal
selectivities of these membranes indicated that the penetrants competition

due to different gas-membrane matrix and gas-gas-membrane matrix
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interactions might not affect the gas permeation mechanism appreciably for

these type of membranes.

7. For PC/zeolite 4A and PC/pNA/zeolite 4A MMMs, separation performances
demonstrated a strong feed concentration dependency. Since the zeolite 4A
and pNA acted as morphology modifiers in the PC matrix, the different
morphologies of the MMMs compared to those of dense homogenous PC and
PC/pNA membranes were considered as an important factor in composition

dependency of separation performance of MMMs.

8. The dependence of separation performance on feed gas composition for the
MMMs was found to change with different binary gas systems. Depending on
the different molecular size of the gas molecules in the feed mixture and
different interaction potential of gas molecules with the membrane matrix,
MMMs demonstrated different trends in selectivity with feed composition. In
the case of CO, containing binary gas mixtures, selectivities decreased with
increasing CO, concentration in the feed because of its high sorption property
in membrane matrices, whereas in the case of H,/CH, mixture, selectivities
increased with increasing H, concentration in the feed because of its small
size in comparison to CH4. For all binary gas mixtures, the separation
selectivities of the MMMs were always lower than the respective ideal

selectivities.

9. It was concluded that the change in separation performances with feed gas
composition must be taken into account in designing and evaluating a
membrane separation system, especially in the case of MMMs. Different type
of membranes may have better performance characteristics at different
feed concentration ranges. The observed variations between binary and single
gas permeability measurements warrant the need for further studies with
different gas pair-membrane systems to make a correct choice of membrane

for a certain industrial gas separation application.
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CHAPTER 8

RECOMMENDATIONS

1. For PC/zeolite 4A MMMs, highest zeolite loading at which a workable
permselective MMMs can be produced was 30 % (w/w). High permeabilities
and selectivities can be obtained at high zeolite loadings therefore, new
polymers and zeolites should be searched and analyzed for the preparation of

MMMs that would be workable at higher zeolite loadings.

2. The effect of zeolite type and particle size on the structure and
performance of MMMs should be explored to understand the changes in

polymer membrane morphology and performance with these parameters.

3. The effect of different type of low molecular-weight additives, that
contain two or more functional groups and rigid structures, on the structure

and performance of MMMs should be investigated.

4., The effect of membrane preparation parameters, such as casting
solution preparation, evaporation and annealing temperatures, on the
structure and performance properties of ternary compound

polymer/additive/zeolite MMMs should be examined.

5. Studies which may ascertain our gas transport mechanism proposal
through PC based homogenous and MMMs should be planned and performed.
For example, sorption capacities of both homogenous and MMMs for different

gases should be measured.
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6. Separation studies of different gas mixtures, such as hydrogen/carbon
dioxide, hydrocarbon/methane, should be studied. Strong emphasis can be
given for the permeation and separation studies of gases such as Cl,, H,S,
S0,, CO.
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APPENDIX A

XRD PATTERN OF SYNTHESIZED ZEOLITE 4A POWDER

(2)

Relative intensity

5 10 15 20 25 30 35 40
Bragg angle, 2 theta

Figure A.1 XRD patterns of zeolite 4A crystals: (1) commercial zeolite 4A
(Acros), (2) synthesized zeolite 4A. The marked peaks are the characteristics

peaks of zeolite 4A.
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APPENDIX B

CALCULATION OF SINGLE GAS PERMEABILITIES

Pressure change with respect to time data points were taken with certain time
intervals. This time intervals were changed with respect to gases used. For
fast gases, hydrogen, oxygen and carbon dioxide this interval was in the
range of 15-200 minutes; for slow gases nitrogen and methane this interval
was 1000-2000 minutes. From the slope of pressure versus time graphs

permeabilities were calculated according to the algorithm given in Figure B.1.
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pressure (atm) & time (s)
data

v

Ap = pn = Po

po = pressure att =0
pn = pressure at n time

v

Ap vs. t graph
slope = Ap/At (atm/s)

v

An/At (mol/s) = [(Ap/At).V4] / R.T

Vq = 6 cm?®
T= 293.15K

v

AV/At (cm?/s) = [(An/At).M]/ p

M = molecular weight of the gas
p = density of the gas = pM / RT

v

J (cm®/cm?.s) = (Av/At) /A

A = effective membrane area = 19.64 cm?

'

P(barrer) = [(3.8)] /[pr —pp]

8 = membrane thickness
p: = feed side pressure (cmHg)
pp = permeate side pressure = (po + pn)/2 (cmHg)

Figure B.1 Algorithm for single gas permeability calculation.
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APPENDIX C

DETERMINATION OF DEAD VOLUME

Dead volume is the volume that the permeate gas stream occupies in the low
pressure side of the membrane cell. It includes the volume of the permeate
side of the membrane cell, and the volume of the tubings and valves up to
gas chromatograph and pressure gauge in the permeate side. Since the
calculated permeabilities are directly proportional to the dead volume, V4, any
error in its measurement affects all of the reported gas and/or gas mixture

permeabilities. Therefore, its precise measurement is very important.

Dead volume of the set-up was first determined by measuring and calculating
the volume of all parts, i.e. tubings and valves, of dead volume. Although the
dead volume created by the membrane and filter paper in the membrane cell
could not be included in this method, it gave an idea about the magnitude of
dead volume. The measured dead volume was in the range of 20 - 25 cm?.
Then, the measured values were confirmed by conducting single gas
permeability experiments in the set-up with standard membranes of known
permeabilities. Polycarbonate, PC, and polyethersulfone, PES, membranes
were used as standard test membranes. Their single gas permeabilities for N,
CH4, O,, H, and CH4, were previously measured in our single gas permeation
setup. By knowing the single gas permeability values of each gas through
these membranes, pressure-time data of each gas was collected in the set-up
and a reverse permeability calculation was performed to find the dead volume
of the set-up. Dead volume was found as 21 cm?® and 22 cm?® during the

permeability measurements with pure PC membrane and pure PES
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membrane, respectively. Thus, the average of all measurements, which was

22 cm?, was taken as dead volume in permeability calculations.
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APPENDIX D

CALIBRATION OF GC AND TYPICAL GAS
CHROMATOGRAMS FOR DIFFERENT BINARY GAS PAIRS

D.1 Calibration of GC

As mentioned in the experimental section, for the analysis of gas composition,
gas chromatograph was calibrated for CO,, CH4, N, and H, gases. For this
purpose, each gas was fed to the GC separately at several pressures, which
were varied between 0-100 Torr, and the corresponding area under the peaks
were recorded. For each gas, pressure versus area counts graphs were
plotted as pure gas calibration curves. From the chromatogram of the binary
gas mixtures, areas corresponding to each gas component were used to find
the partial pressures from these pure gas calibration curves. Pure gas
calibration curves for CO,, CH4, N, and H, are shown in Figures D.1.1 to
D.1.4.
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Figure D.1.1 Calibration plot of carbon dioxide for GC analysis.

80

70 1

40 |

30

20 r

y = 9.423E-05x
R? = 9.962E-01

0 100000 200000 300000 400000 500000 600000

Area counts for CHg

Figure D.1.2 Calibration plot of methane for GC analysis.
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Figure D.1.3 Calibration plot of nitrogen for GC analysis.
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Figure D.1.4 Calibration plot of hydrogen for GC analysis.
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D.2 Typical Gas Chromatograms

mivolt:
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Figure D.2.1 Sample GC output for carbon dioxide-methane mixture. First
peak (retention time is 1.559 min) corresponds to methane and the second

peak (retention time is 2.279 min) corresponds to carbon dioxide.

File 3800.44128.run B Asa R

hydrogen methane

Figure D.2.2 Sample GC output for hydrogen-methane mixture. First peak
(retention time is 1.548 min) corresponds to hydrogen and the second peak

(retention time is 2.198 min) corresponds to methane.
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Figure D.2.3 Sample GC output for hydrogen-carbon dioxide mixture. First
peak (retention time is 1.636 min) corresponds to hydrogen and the second

peak (retention time is 2.335 min) corresponds to carbon dioxide.
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Figure D.2.4 Sample GC output for nitrogen-carbon dioxide mixture. First
peak (retention time is 1.254 min) corresponds to nitrogen and the second

peak (retention time is 2.335 min) corresponds to carbon dioxide.
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APPENDIX E

A SAMPLE CALCULATION FOR THE DETERMINATION OF
PERMEABILITIES AND SELECTIVITIES OF
BINARY GAS MIXTURES

Membrane: PC/pNA (2%) blend membrane
Membrane thickness: 70 pm

Gas mixture: CO,-CH4 binary

Feed composition: 50/50

System temperature: 22 °C

Feed side analysis at 2353 mbar (1765.19 Torr) - 1% analysis

GC outputs:
Area counts for CH,= 8840805 Retention time for CHy;= 1.493 min.
Area counts for CO,= 14319726 Retention time for CO,= 2.112 min.

By using pure gas calibration curve equations;

Partial pressure of CO, = Fy,.,, = 0.00006509*(area counts of CO,)

Partial pressure of CHs = Py, ., = 0.00009423%*(area counts of CHy)

Prosjeed = 0.00006509%(14319726) = 932.07 Torr (E.1)
Pryys e = 0.00009423%(8840805) = 833.07 Torr (E.2)
Xco2 feed = (Pcozfeed ) / (feed pressure) (E.3)
XCH 4 foed = (PCHMM,) / (feed pressure) (E.4)
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Xco2ea = 932.07 / 1765.19 = 0.528 (52.8 %) (E.5)

Xertaped = 833.07 / 1765.19 = 0.472 (47.2 %) (E.6)

Feed side analysis at 2309 mbar (1731.74 Torr) - 2" analysis

GC outputs:

Area counts for CH,= 8675170 Retention time for CHs,= 1.485 min.

Area counts for CO,= 14045938 Retention time for CO,= 2.112 min.
Pcozfeed = 0.00006509*(14045938) = 914.25 Torr (E.7)
PCHMeed = 0.00009423*(8675170) = 817.46 Torr (E.8)
Xcorfeed = 914.25/1731.74 = 0.528 (52.8 %) (E.9)
XcHafoed = 817.46 / 1731.74 = 0.472 (47.2 %) (E.10)

Before permeation started,

Feed composition : CO,=52.8% , CH4= 47.2%
Feed side pressure : 2 barg (2.93 atm)
Permeate side pressure : high vacuum (0.02 Torr)

Permeate side analysis at 67.21 Torr — 1% analysis

GC outputs:
Area counts for CH,= 13951 Retention time for CHs,= 1.642 min.
Area counts for CO,= 1010747 Retention time for CO,= 2.323 min.

Pros permease = 0.00006509%(1010747) = 65.790 Torr (E.11)
Prytaromene = 0.00009423%(13951) = 1.315 Torr (E.12)
Xco2 pemeae = 65.790 / 67.21 = 0.979 (97.9%) (E.13)
Xertapomee = 1.315 / 67.21 = 0.019 (1.9%) (E.14)

normalized %CO, in permeate = (97.9/99.8) * 100 = 98.1%
normalized %CH, in permeate = (1.9/99.8) * 100 = 1.9%
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Permeate side analysis at 56.91 Torr - 2" analysis

GC outputs:

Area counts for CH,= 11777 Retention time for CHy= 1.641 min.

Area counts for CO,= 852650 Retention time for CO,= 2.327 min.
Pcozpﬂmm = 0.00006509*(852650) = 55.499 Torr (E.15)
Feyi 4 permeare = 0.00009423%(11777) = 1.110 Torr (E.16)
Xco2 permeare = 25:499 / 56.91 = 0.975 (97.5%) (E.17)
Xcr apermeare = 1-110 / 56.91 = 0.019 (1.9%) (E.18)

normalized %CO, in permeate = (97.5/99.4) * 100 = 98.09%
normalized %CH, in permeate = (1.9/99.4) * 100 = 1.91%

After permeation (20 hours),

Feed composition : CO,=52.8% , CH4= 47.2%
Permeate composition : CO,=98.1%, CH4= 1.9%
Feed side pressure : 2 barg (2.93 atm)
Permeate side pressure : 95 Torr

Separation selectivity is the ratio of mol fractions of gases in the permeate

and feed side;

aif = ((xi /xj)permeme /('xi /xj)_fged) (E 19)
Clpn)cns = [(0.98170.019)/(0.528/0.472)] (E.20)
Oprycps = 46.2 (E.21)

The permeability of each gas in binary gas mixture was calculated by using
the pressure versus time data of binary gas mixture. The slope of this graph,
dp/dt, was split into individual dp/dt data for each gas. In Figure E.1 pressure
vs. time graph of CO,-CH4 binary gas mixture through PC/pNA (2%) blend
membrane was illustrated. Table E.1 listed the feed and permeate side

conditions before and after permeation.
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Figure E.1 Pressure difference vs. time graph for CO,-CH,4 binary gas mixture
through PC/pNA (2%) blend membrane.

Table E.1 Feed and permeate side pressures and compositions.

Before permeation After permeation
Feed pressure 2 barg (2.91 atm) 2 barg (2.91 atm)
Permeate pressure 0.02 Torr (2.63*107 atm) | 95 Torr (0.125 atm)
Xco» =0.528 Xcor, =0.528
Feed composition
Xeya =0.472 Xeya =0.472
Yeor =0.981
Permeate composition | -
Yews =0.019
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(d_p =1.223*10" atm/min (E.22)

dt C0,-CH,

[d_p = (d_pJ * Yepr = 1.199%107* atm/min (E.23)
dt ) co, dt ) co,-cu,

[d_p = [d_pj * Yens = 2.324*%107° atm/min (E.24)
dt CH, dr CO,-CH,

Partial pressures of each component in the feed and permeate side were also
calculated;

Pcorecd = Poea " Xcon = 2.91 atm * 0.528 = 1.536 atm (E.25)

Peraeed = Pjeea ™ Xcpa =2.91 atm * 0.472 = 1.374 atm (E.26)

P o2 permeate = P permeate * Ycor = 2-63%107 atm * 0.981 = 2.58*107° atm (initial)
Pcorpermeate = P permeate * Yco2 = 0.125 atm * 0.981 = 0.123 atm (final)

P €02 permeate—average =(2.58%10° atm + 0.123 atm)/2 = 0.0615 atm (E.27)

Pctrapermeate = P permeate * Yena = 2.63%107 atm * 0.019 = 4.99*107 atm (initial)
Petrapermeate = P permeare ¥ Yens = 0-125 atm * 0.019 = 2.375*107 atm (final)

Pt a permeate—average = (4:99%107 atm + 2.375*107° atm)/2 = 1.188*107 atm

After calculation of the individual dp/dt data for each gas and their partial
pressures at the permeate and feed side, the permeability of each gas was
calculated according to the algorithm given in Appendix 2. Only the dead-end
volume of the system, which was measured as 22 cm? and the effective

membrane area, which was calculated as 9.6 cm? were different in the
algorithm.

At the last step permeability becomes,

Jeor 0
P.,,(Barrer) = L (E.28)

pCOZfeed - pCOZpermeate—avg
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Jens*0

P, ,(Barrer) = (E.29)
pCH4feed - pCH4permeate—avg

P.,, = 2.84 Barrer (E.30)

P.,, = 0.060 Barrer (E.31)
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APPENDIX F

THERMAL GRAVIMETRY ANALYSIS GRAPHS
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Figure F.1 The TGA graph for PC/pNA (5%) blend membrane.
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Figure F.2 The TGA graph for PC/zeolite 4A (10%) MMM.

93 - - - - - - -
40 60 80 100 120 140 160 180 200

Temperature (°C)

Figure F.3 The TGA graph for PC/zeolite 4A (30%) MMM.
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Figure F.5 The TGA graph for PC/pNA (5%)/zeolite 4A (20%) MMM.
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Figure F.6 The TGA graph for PC/pNA (5%)/zeolite 4A (30%) MMM.
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APPENDIX G

SAMPLE DSC THERMOGRAMS OF THE PREPARED
MEMBRANES
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Figure G.1 The DSC graph of PC/pNA (2%) membrane blend (2" scan).
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Figure G.2 The DSC graph of PC/pNA (5%) membrane blend (2" scan).
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Figure G.3 The DSC graph of PC/4A (10%) MMM (2" scan).
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Figure G.4 The DSC graph of PC/4A (30%) MMM (2" scan).
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Figure G.5 The DSC graph of PC/pNA (1%)/4A (20%) MMM (2" scan).
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Figure G.6 The DSC graph of PC/pNA (1%)/4A (30%) MMM (2" scan).
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Figure G.7 The DSC graph of PC/pNA (2%)/4A (20%) MMM (2" scan).
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Figure G.8 The DSC graph of PC/pNA (2%)/4A (30%) MMM (2" scan).
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Figure G.9 The DSC graph of PC/pNA (5%)/4A (10%) MMM (2" scan).
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APPENDIX H

DETERMINATION OF ADJUSTABLE PARAMETER K FOR
PC/pNA BLEND MEMBRANES WITH GORDON TAYLOR
ANTIPLASTICIZATION MODEL EQUATION

Gordon-Taylor antiplasticization model equation was applied to PC/pNA blend
membrane system in order to find adjustable parameter * K ”. The equation

describes the behavior of the T4 of a mixture with composition,

_ WaTga + Kprgp (H.1)
w, + Kw,

8

Ty: glass transition temperature of polymer-additive mixture (°C).

Tqa and Tyt glass transition temperatures of the additive and polymer,
respectively (°C).

W, and wp: weight fractions of the additive and polymer, respectively.

K: adjustable parameter.

In order to determine * K ” for the PC/pNA blend membrane system the

following T4 data and the Matlab nonlinear regression program were used:
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Table H.1 Experimental T4 values of PC/pNA blend membranes with respect to

weight fraction of additive pNA.

W, (Yow/w) T4 (°C)
0.0 (pure PC) 146
0.01 138
0.02 128
0.05 116
1.00 (pure pNA) -71

Table H.2 Matlab nonlinear regression program to determine the “K” value*.

function difference= myfuc(coeff);

x=[0 0.01 0.02 0.05];

y=[146 138 128 116];

al=-71;

a2=coeff(1);
ycalc=(al*x+a2*(1-x)*146)./(x+a2*(1-x));

difference=(y-ycalc).*sqrt(x);

function nonlinreg;

clc;

x=[0 0.01 0.02 0.05];

y=[146 138 128 116];

cf=[0.221];

[rstl,resnorm]=Isgnonlin(*myfuc’,cf);

fprintf(tinitial K =%15.10f \n’, cf(1));

fprintf("K =%15.10f \n’, rslt(1));

fprintf("Normalised SSQ of error =%12.10f\n’, resnorm);
xx=0:0.01:0.05

157



Table H.2 Matlab nonlinear regression program to determine the “K” value*
(cont’d).

plot(x,y, +b’,xx,ycalc,’-k’);
legend(‘Experimental data’,’Nonlinear regression result’) ;
xlabel(*w_d") ;

ylabel(*T_g’) ;

Optimization terminated successfully :

Relative function value changing by less than OPTIONS.TolFun
Initial K= 0.22100000

K= 0.28320384

Normalised SSQ of error= 0.0008643357

* x : weight fraction of pNA, y : T, of PC/pNA membranes at different pNA
concentrations, al: T4 of pure pNA, ycalc: calculated T4 of PC/pNA membranes
by Gordon-Taylor model.

After finding “K” value, the T, of PC/pNA membranes were calculated by using
Gordon-Taylor model equation. The calculated and experimental Ty values

were compared in Table H.3.

Table H.3 Comparison of calculated T4 values of PC/pNA blend membranes

with experimental T4 values.

W, (%ow/w) T4(°C) experimental T4(°C) calculated
0.00 146 146.0
0.01 138 138.4
0.02 128 131.0
0.05 116 112.7
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Table I.1 Reproducibility data for pure PC membrane.

APPENDIX I

REPRODUCIBILITY EXPERIMENTS FOR
SINGLE GAS PERMEABILITY MEASUREMENTS

Membrane Run Permeability (Barrer) Selectivity
Number Number H-> C02 02 N, CH4 H2/N2 Oz/Nz
M1 1 16.5 8.70 1.88 0.255 -
(45 pm) 2 16.6 8.87 1.87 0.261 -
avg. 16,5 8.79 1.88 0.258 - 64.0 7.3
M2 1 14.7 - - 0.251 -
(50 pm) 2 15.4 - - 0.259 -
avg. 15.0 - - 0.255 - 58.8 -
M3 1 15.2 8.29 1.72 0.269 -
(40 pm) 2 154 8.49 1.71 0.330 -
avg. 15.3 8.39 1.72 0.300 - 51.0 5.7
M4 1 14.2 9.70 1.84 0.258 0.395
(40 pm) 2 14,1 8.80 1.84 0.262 0.387
avg. 14,2 9.25 1.84 0.260 0.391 54.6 7.1
M5 1 15.7 - - 0.268 0.369
(33 um) 2 14.9 - - 0.258 0.345
avg. 15.3 - - 0.263 0.357 58.2 -
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APPENDIX J

SEPARATION SELECTIVITY DATA CALCULATED FROM
SEMI-EMPIRICAL CURVE FITTING METHOD

The permeate side concentrations and separation selectivity data calculated
from the semi-empirical curve fitting method described in Section 6.3 were
compared with the experimental data in Table J.1. The data is for CO,/CH,
binary gas mixture separation through PC/zeolite 4A (20%) MMMs.
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Table J.1 Comparison of calculated and experimental data for permeate side
compositions and separation selectivities of CO,/CH4; binary gas mixture
through PC/zeolite 4A (20%) MMMs.

Calculated Data* Experimental Data
(semi-empirical curve fitting method) (measured by gas chromatography)
X(CO2) x(CH4) y(CO2) Y(CH4) COy/CH4 X(CO2) V¥(COz) y(CH4) CO,/CHqy
0 100 0.0 100.0 31.2 0.0 0.0 100.0 31.9
5 95 61.3 38.7 30.1 6.4 68.0 32.1 31.8
10 90 76.8 23.2 29.7 11.8 81.3 18.5 29.8
15 85 83.8 16.2 29.4 13.3 88.0 17.9 29.4
20 80 87.8 12.2 28.9 20.7 91.8 12.3 27.9
25 75 90.5 9.5 28.4 23.1 89.5 10.3 28.9
30 70 92.3 7.7 27.9 31.3 95.8 8.3 24.9
35 65 93.6 6.4 27.3 38.7 94.2 5.5 27.6
40 60 94.7 5.3 26.7 51.8 96.9 4.2 22.2
45 55 95.5 4.5 26.0 52.2 96.4 3.7 24.2
50 50 96.2 3.8 25.1 60.3 98.9 2.1 20.9
55 45 96.7 3.3 24.2 76.3 98.2 1.7 18.6
60 40 97.2 2.8 23.1 80.8 98.9 1.2 20.3
65 35 97.6 2.4 21.9 100.0 100.0 0.0 -
70 30 97.9 2.1 20.4
75 25 98.2 1.8 18.6
80 20 98.5 1.5 16.5
85 15 98.7 1.3 13.8
90 10 99.0 1.0 10.5
95 5 99.1 0.9 6.1
100 0 99.3 0.7 -

* x and y indicate feed side and permeate side compositions of gas
components, respectively.
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APPENDIX K

REPRODUCIBILITY EXPERIMENTS FOR
BINARY GAS PERMEABILITY MEASUREMENTS

K.1 Reproducibility Data for CO,/CH,; Separation through pure PC
Membrane

Table K.1.1 Reproducibility data for CO,/CH4 mixture permeabilities through
pure PC membrane.

Membrane # 1 (55 pm) Membrane # 2 (60 pm)

% CO, Permeability (Barrer) % CO, Permeability (Barrer)
in feed ist run  2nd run avg infeed 1strun 2ndrun avg
100.0 9.26 - 9.26 100.0 8.99 9.05 9.02

95.7 7.98 7.63 7.81 - - - -

89.1 7.71 7.50 7.61 - - - -
78.9 6.03 5.82 5.93 81.1 7.53 - 7.53
74.5 5.68 - 5.68 76.0 6.85 6.45 6.65
60.1 5.30 4.84 5.07 60.6 4.98 5.36 5.17
49.7 4.09 4.15 4.12 50.5 3.92 4.29 4.11
39.7 3.34 3.19 3.27 40.6 2.97 2.98 2.98
25.2 2.02 - 2.02 24.7 1.93 2.06 2.00
15.3 1.33 1.19 1.26 15.3 1.09 1.17 1.13

- - - - 10.5 0.805 0.819 0.812
- - - - 6.0 0.510 0.606 0.558
0.0 0.360 - 0.360 0.0 0.315 0.326 0.321
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Table K.1.2 Reproducibility data for CO,/CH4

selectivities of pure PC

membrane.
Membrane # 1 (55 pym) Membrane # 2 (60 pm)
% CO> Selectivity % CO, Selectivity

in feed 1st 2nd avg in feed 1st 2nd avg
100* 25.6 - 25.6 100* 28.5 27.8 28.2

95.7 25.1 - 25.1 - - - -

89.1 23.1 24.9 24.0 - - - -
78.9 18.0 18.2 18.1 81.1 26.8 - 26.8
74.5 26.5 - 26.5 76.0 28.0 30.2 29.1
60.1 28.1 28.6 28.4 60.6 30.1 28 29.1
49.7 30.0 28.3 29.2 50.5 29.6 30.7 30.2
39.7 29.7 28.6 29.2 40.6 28.4 29.6 29.0
25.2 24.0 - 24.0 24.7 25.7 25.4 25.6
15.3 21.2 20.5 20.9 15.3 20.0 20.4 20.2
- - - - 10.5 20.1 18.5 19.3
- - - - 6.0 24.6 21.7 23.2

0.0 - - - 0.0 - - -

* selectivities given at 100% CO, indicate the ideal selectivities.

K.2 Reproducibility Data for CO,/CH,; Separation through PC/pNA
(2% ) Blend Membrane

Table K.2.1 Reproducibility data for CO,/CH; mixture permeabilities and

selectivities of PC/pNA (2%) blend membrane.

Membrane # 1 (75 pym)

% CO, Permeability (Barrer) Selectivity

in feed 1st run 2nd run  avg 1st run 2nd run avg
100* 4.10 3.92 4.01 47.7 49.0 48.4
78.9 3.48 3.38 3.43 51.4 47.4 49.4
61.8 2.32 2.41 2.37 51.6 47.5 49.6
53.2 2.08 2.05 2.07 49.4 45.9 47.7
28.3 1.51 1.56 1.54 52.8 54.4 53.6
21.5 1.34 1.31 1.33 53.6 53.4 53.5
12.1 1.19 1.17 1.18 54.9 55.2 55.1

0.0 0.086 0.080 0.083 - - -

* selectivities given at 100% CO, indicate the ideal selectivities.
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K.3 Reproducibility Data for CO,/CH,; Separation through PC/zeolite

4A MMMs

Table K.3.1 Reproducibility data for CO,/CH4 mixture permeabilities through

PC/zeolite 4A (20%) MMM.

Membrane # 1

Part # 1 (65 pm)

Part # 2 (70 pm)

% CO> Permeability (Barrer) % CO> Permeability (Barrer)
in feed 1st run 2nd run avg infeed 1strun  2ndrun avg
100.0 7.74 7.96 7.85 100.0 7.97 8.03 8.00
79.3 6.81 6.93 6.87 89.6 7.42 - 7.42
52.7 3.69 3.73 3.71 80.8 6.86 7.05 6.96
31.1 2.47 2.58 2.53 61.9 5.28 5.43 5.36
10.9 0.943 - 0.943 51.8 4.07 3.94 4.01
0.0 0.242 0.247 0.245 31.2 2.66 2.63 2.65
20.8 1.51 1.55 1.53
10.6 0.867 0.893 0.880
0.0 0.248 0.255 0.252
Membrane # 2
Part # 1 (65 pm) Part # 2 (60 pm)
% CO> Permeability (Barrer) % CO> Permeability (Barrer)
in feed 1st run 2nd run avg in feed 1strun 2ndrun avg
100.0 8.16 8.31 8.24 100.0 8.44 8.58 8.51
96.4 8.08 8.19 8.14 76.3 6.13 - 6.13
91.3 7.76 7.92 7.84 52.2 4.05 4.17 4.11
80.8 6.55 6.89 6.72 38.7 3.42 3.63 3.53
60.3 4.53 4.91 4.72 23.1 1.68 1.79 1.74
51.8 3.77 3.91 3.84 11.8 0.823 0.856 0.840
31.3 2.66 2.72 2.69 0.0 0.276 0.283 0.280
20.7 1.77 1.84 1.81
13.3 0.885 0.913 0.899
6.4 0.450 0.457 0.454
0.0 0.253 0.263 0.258
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Table K.3.2 Reproducibility data for CO,/CH, selectivities of PC/zeolite 4A

(20%) MMM.

Membrane # 1

Part # 1 (65 pm)

Part # 2 (70 pm)

% CO> Selectivity % CO, Selectivity
in feed 1st run 2nd run avg in feed 1st run  2nd run avg
100* 32.0 32.2 32.1 100* 31.7 31.7 31.7
79.3 24.4 24.3 24.4 89.6 19.6 - 19.6
52.7 26.8 26.4 26.6 80.8 18.5 16.6 17.6
31.1 27.3 25.9 26.6 61.9 23.2 24.2 23.7
10.9 23.2 - - 51.8 21.1 21.1 21.1
0.0 - - - 31.2 22.3 22.6 22.5
20.8 22.6 24.1 23.4
10.6 21.7 22.0 21.9
0.0 - - -
Membrane # 2
Part # 1 (65 pm) Part # 2 (60 pm)
% CO> Selectivity % CO, Selectivity
in feed 1st run 2nd run avg in feed 1st run  2nd run avg
100* 32.3 31.6 32.0 100* 30.4 30.4 30.4
96.4 19.6 19.6 19.6 76.3 18.6 - 18.6
91.3 19.5 17.9 18.7 52.2 25.2 23.2 24.2
80.8 19.4 21.1 20.3 38.7 27.7 27.5 27.6
60.3 20.9 20.8 20.9 23.1 29.8 28.2 28.9
51.8 22.4 21.9 22.2 11.8 30.3 29.2 29.8
31.3 24.3 25.4 24.9 0.0 - - -
20.7 28.5 27.3 27.9
13.3 28.4 30.3 29.4
6.4 31.8 31.8 31.8
0.0 - - -

* selectivities given at 100% CO, indicate the
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Table K.3.3 Reproducibility data for CO,/CH; mixture permeabilities through
PC/zeolite 4A (30%) MMM.

Membrane # 1 (70 pm) Membrane # 2 (70 pm)
% CO> Permeability (Barrer) % CO> Permeability (Barrer)
in feed 1st run 2nd run avg in feed 1st run 2nd run avg
100.0 6.64 6.96 6.80 100.0 6.98 7.20 7.09
89.8 6.11 6.03 6.07 74.6 5.28 5.42 5.35
79.4 5.43 5.50 5.47 51.4 3.42 3.57 3.50
60.6 4.02 4.11 4.07 38.7 2.99 3.16 3.08
52.2 3.31 3.36 3.34 20.9 1.41 1.57 1.49
31.0 1.86 1.91 1.89 0.0 0.198 0.202 0.200
10.7 0.660 0.723 0.692
0.0 0.185 0.188 0.187

Table K.3.4 Reproducibility data for CO,/CH, selectivities through PC/zeolite
4A (30%) MMM.

Membrane # 1 (70 pm) Membrane # 2 (70 pm)

% CO, Selectivity % CO> Selectivity

in feed 1st run 2nd run avg in feed 1st run 2nd run avg
100%* 35.9 37.0 36.5 100* 35.3 35.6 35.5
89.8 18.4 16.5 17.5 74.6 18.7 18.2 18.5
79.4 19.1 19.3 19.2 51.4 24.5 25.6 25.1
60.6 25.2 27.4 26.3 38.7 26.2 28.9 27.6
52.2 27.1 27.4 27.3 20.9 33.6 31.2 32.4
31.0 32.5 31.7 32.1 0.0 - - -
10.7 35.5 34.0 34.8

0.0 - - -

* selectivities given at 100% CO, indicate the ideal selectivities.
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K.4 Reproducibility Data for CO,/CH; Separation through
PC/pNA/zeolite 4A MMMs

Table K.4.1 Reproducibility data for CO,/CH; mixture permeabilities and
selectivities of PC/pNA (2%)/zeolite 4A (20%) MMM.

Membrane # 1 (65 ym)

% CO> Permeability (Barrer) Selectivity

in feed 1st run 2nd run avg 1st run 2nd run avg
100* 3.96 4.18 4.07 48.5 - 48.5
73.7 1.15 1.31 1.23 17.6 16.4 17.0
61.6 0.702 0.791 0.747 18.7 17.4 18.1
51.0 0.482 0.512 0.497 22.4 21.4 21.9
41.8 0.391 0.409 0.400 23.9 20.9 22.4
36.3 0.325 0.303 0.314 36.8 34.0 35.4
30.8 0.281 0.296 0.289 32.0 34.2 33.1
21.9 0.190 0.204 0.197 38.5 41.7 40.1
10.4 0.099 0.110 0.105 41.1 39.1 40.1
0.0 0.080 0.088 0.084 - - -

* selectivities given at 100% CO, indicate the ideal selectivities.

Table K.4.2 Reproducibility data for CO,/CH; mixture permeabilities and
selectivities of PC/pNA (2%)/zeolite 4A (30%) MMM.

Membrane # 1 (75 pm)

% CO, Permeability (Barrer) Selectivity

in feed 1st run 2nd run avg 1st run 2nd run avg
100* 5.08 5.17 5.13 41.0 - 41.0
74.8 3.98 - 3.98 17.2 - 17.2
61.9 3.33 3.12 3.23 18.7 17.9 18.3
50.4 2.32 2.44 2.38 19.2 21.9 20.6
41.2 1.59 - 1.59 22.3 - 22.3
31.9 1.12 1.23 1.18 29.6 30.9 30.3
21.4 0.787 0.813 0.80 34.9 36.2 35.6
11.5 0.403 0.431 0.42 36.4 38.1 37.3
0.0 0.120 0.431 0.28 - - -

* selectivities given at 100% CO, indicate the ideal selectivities.
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K.5 Reproducibility Data for H,/CH,; Separation through PC/zeolite 4A

and PC/pNA/zeolite 4A MMMs

Table K.5.1 Reproducibility data for H,/CH; mixture permeabilities and

selectivities of PC/zeolite 4A (20%) MMM.

Membrane # 1 (65 ym)

% H> Permeability (Barrer) Selectivity

in feed 1st run 2nd run avg 1st run 2nd run avg
100* 14.9 15.2 15.1 61.4 - 61.4
84.3 11.6 12.0 11.8 59.8 61.7 60.8
51.8 7.58 7.81 7.70 37.5 38.2 37.9
17.8 2.16 2.23 2.20 26.7 25.5 26.1
0.0 0.242 0.247 0.24 - - -

* selectivities given at 100% CO, indicate the ideal selectivities.

Table K.5.2 Reproducibility data for H,/CH; mixture permeabilities and

selectivities of PC/pNA (2%)/zeolite 4A (20%) MMM.

Membrane # 1 (65 pm)

% H> Permeability (Barrer) Selectivity

in feed 1st run 2nd run avg 1st run 2nd run avg
100* 11.6 12.0 11.8 140.5 - 140.5
84.3 8.57 9.52 9.05 96.7 91.7 94.2
51.3 6.22 6.74 6.48 45.3 49.8 47.6
16.8 2.04 2.12 2.08 24.3 23.9 24.1

0 0.080 0.088 0.084 - - -

* selectivities given at 100% CO, indicate the ideal selectivities.
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K.6 Reproducibility Data for CO,/N, Separation through PC/zeolite 4A
and PC/pNA/zeolite 4A MMMs

Table K.6.1 Reproducibility data for CO,/N, mixture permeabilities and
selectivities of PC/zeolite 4A (20%) MMM.

Membrane # 1 (65 um)

% CO> Permeability (Barrer) Selectivity
in feed 1st run 2nd run avg 1st run 2nd run avg
100* 8.16 8.31 8.24 31.6 - 31.6
84.1 5.87 6.05 5.96 17.4 14.2 15.8
52.6 3.21 3.44 3.33 22.0 24.3 23.2
21.0 0.892 0.905 0.899 28.8 30.3 29.6
0 0.255 0.267 0.261 - - -

* selectivities given at 100% CO, indicate the ideal selectivities.

Table K.6.2 Reproducibility data for CO,/N, mixture permeabilities and
selectivities of PC/pNA (2%)/zeolite 4A (20%) MMM.

Membrane # 1 (65 pm)

% CO> Permeability (Barrer) Selectivity

in feed 1st run 2nd run avg 1st run 2nd run avg
100%* 3.96 4.18 4.07 30.8 - 30.8
82.7 2.75 2.84 2.80 14.4 12.4 13.4
52.5 1.79 1.89 1.84 21.2 19.8 20.5
15.7 0.795 0.805 0.800 25.0 26.7 25.9

0 0.129 0.135 0.132 - - -

* selectivities given at 100% CO, indicate the ideal selectivities.
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