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ABSTRACT

EFFECT OF OPERATING PARAMETERS ON PERFORMANCE OF
ADDITIVE/ZEOLITE/POLYMER MIXED MATRIX MEMBRANES

Oral, Edibe Eda
M.Sc., Department of Chemical Engineering
Supervisor : Prof. Dr. Levent Yilmaz

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

January 2011, 85 pages

Membrane based separation techniques have been widely used and developed over
decades. Generally polymeric membranes are used in membrane based gas
separation; however their gas separation performances are not sufficient enough for
industrial feasibility. On the other hand inorganic membranes have good separation
performance but they have processing difficulties. As a consequence mixed matrix
membranes (MMMs) which comprise of inorganic particles dispersed in organic
matrices are developed. Moreover, to enhance the interaction between polymer and
zeolite particles ternary mixed matrix membranes are introduced by using low
molecular weight additives as third component and promising results were obtained
at 35 °C. Better understanding on gas transport mechanism of these membranes

could be achieved by studying the effect of preparation and operating parameters.

This study investigates the effect of operation temperature and annealing time and
temperature on gas separation performance of MMMs. The membranes used in this

study consist of glassy polyethersulfone (PES) polymer, SAPO-34 particles and 2-
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hidroxy 5-methyl aniline (HMA) as compatibilizer. The membranes fabricated in
previous study were used and some membranes were used as synthesized while
post annealing (at 120°C, 0.2atm, N, atm, 7-30 days) applied to some membranes
before they are tested. The temperature dependent gas transport properties of the
membranes were characterized by single gas permeation measurements of Hz, CO,
and CHs gases between 35 °C-120 °C. The membranes also characterized by
scanning electron microscopy (SEM), thermal gravimetric analysis (TGA) and

differential scanning calorimetry (DSC).

Annealing time and temperature affected the reproducibility and stability of the
mixed matrix membranes and by applying post annealing step to mixed matrix
membranes at higher temperatures and longer times, more stable membranes were
obtained. For pure PES membranes thermally stable performances were obtained

without any need of extra treatment.

The permeabilities of all studied gases increased with increasing operation
temperature. Also the selectivities of Hz/CO, were increased while CO2/CH4, Hz/CH4
selectivities were decreased with temperature. The best separation performance
belongs to PES/SAPO-34/HMA mixed matrix membrane at each temperature. When
the temperature increased from 35 °C to 120 °C Hz/CO; selectivity for PES/SAPO-
34/HMA membrane was increased from 3.2 to 4.6 and H, permeability increased
from 8 Barrer to 26.50 Barrer. This results show that for H,/CO- separation working
at higher temperatures will be more advantageous. The activation energies were
found in the order of; CHs> H»> CO; for all types of membranes. Activation energies
were in the same order of magnitude for all membranes but the PES/SAPO-34
membrane activation energies were slightly lower than PES membrane.
Furthermore, PES/SAPO-34/HMA membrane has activation energies higher than
PES/SAPO-34 membrane and is very close to pure membrane which shows that

HMA acts as a compatibilizer between two phases.

Keywords: Mixed Matrix Membrane, Gas Separation, Temperature, Activation

Energy, Polyethersulfone, SAPO-34.
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KATKILI/ZEOLIT/POLIMER KARISIK MATRISLI MEMBRANLARIN
PERFORMANSINA CALISMA KOSULLARININ ETKIiSi

Edibe Eda, Oral
Yiksek Lisans, Kimya Miithendisligi Boliimii
Tez Yoneticisi: Prof. Dr. Levent Yilmaz

Ortak Tez Yoneticisi: Dog. Dr. Halil Kalipgilar

Subat 2011, 85 sayfa

Membranli ayirim teknikleri uzun yillardir yaygin bir sekilde kullanilmakta ve
gelistirilmektedir. Genellikle gaz ayirim membrani olarak polimerik membranlar
kullanilirlar ancak polimerik membranlarin gaz ayirim performanslar1 endiistriyel
uygulanabilirlik icin yeterli degildir. Buna karsin inorganik membranlarin yiiksek
gaz ayirim performanslar1 vardir ancak onlarin da isletim zorluklar1 vardir. Bu
nedenle inorganik parc¢aciklarin polimer matrise dagilmasindan olusan karisik
matrisli membranlar gelistirilmistir. Bunlara ek olarak polimer ve zeolit arasindaki
etkilesimi zenginlestirmek icin iciincii bir bilesen olarak diisiik molekiil agirlikl
uyumlastiricilarin kullanildig tigli karisik matrisli membranlar ortaya ¢ikmis ve 35
°C’de imit vaat edici sonuclar elde edilmistir. Bu membranlarin gaz gecis
mekanizmasina daha iyi bir anlayis, hazirlanis ve isletim kosullarinin incelenmesiyle

elde edilebilir.

Bu calismada isletim sicakliginin ve tavlama siiresi ile sicakliginin karisik matrisli

membranlarin performansina etkisi incelenmistir. Kullanilan karisim polimer olarak
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cams1 polietersulfon (PES), zeolit olarak SAPO-34 ve uyumlastirici olarak 2-
hidroksi-5-metil anilin (HMA)'den olusmaktadirlar. Onceki c¢alismada iiretilen
membranlar kullanilmistir ve bazi membranlar sentezlendigi halde kullanilirken,
bazi membranlara test edilmeden 6nce son tavlama islemi uygulanmistir (120°C, 0.2
atm., N, atm., 7-30 giin). Membranlarin sicakliga bagh gaz gecirme ozellikleri H,, CO>
ve CHs gazlarinin 35 °C- 120 °C arasinda tek gaz gegirgenliklerinin dl¢iilmesiyle
karakterize edilmistir. Membranlar ayrica taramali elektron mikroskobu (SEM),
diferansiyel taramali kalorimetre (DSC) ve termal gravimetrik analiz (TGA) ile de

karakterize edilmislerdir.

Tavlama siiresi ve sicakligl karisik matrisli membranlarin tekrarlanabilirliklerini ve
kararliliklarini etkilemistir ve son tavlama isleminin karisik matrisli membranlara
daha ytksek sicakliklarda ve daha uzun siirelerde uygulanmasi ile daha kararh
membranlar elde edilmistir. Saf PES membranlarda ise ek bir isleme gerek kalmadan

kararlh performanslar elde edilmistir.

Calisilan tiim gazlarin gegirgenlikleri isletim sicakliginin artmasi ile artmistir. Ayrica
sicaklikla H2/CO; segiciligi artmis, CO»/CHa4, Hz2/CHs secicilikleri ise diismistiir. Tim
sicakliklarda en iyi gaz ayirim performans: PES/SAPO-34/HMA karisik matrisli
membranlara aittir. Sicaklik 35 °C’den 120 °C’ye ¢ikarildiginda PES/SAPO-34/HMA
uclii karisik matrisli membranin H»/CO, ideal secicilik degeri 3.2’den 4.6'ya
ylikselmis ve H; gecirgenlik degeri 8 Barrer‘dan 26.50 Barrer’a yiikselmistir. Bu
sonuglar H/CO, ayirimi icin yiiksek sicakliklarda c¢alismanin daha avantajh
olacagini gostermektedir. Aktivasyon enerjileri tlim membranlarda su sirada
bulunmustur; CHs > Hy> CO,. Tim membranlarin aktivasyon enerjileri ayni
mertebededir ancak PES/SAPO-34 membranin aktivasyon enerjisi PES membrandan
daha dusiiktiir. Ayrica PES/SAPO-34/HMA membranin aktivasyon enerjisi
PES/SAPO-34 membranindan yiiksek ve PES membranina yakindir bu da HMA'nin

iki faz arasinda uyumlastirici goérevi yaptigini gostermektedir.

Anahtar Kelimeler: Karisik Matrisli Membran, Gaz Ayirimi, Sicakhik, Aktivasyon
enerjisi, Polieterstilfon, SAPO-34.
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CHAPTER 1

INTRODUCTION

The separation of gases using membranes has received commercial interest and
competes well with other traditional methods such as cryogenic distillation and
pressure swing adsorption. Membrane based gas separation offer many advantages

such as [1, 2]:

i) Simplicity and ease of installation operation
ii) Low maintaince requirements and low capital investment,
iii) Low space and weight requirements since membrane systems are

compact and modular,
iv) Can be operated under mild conditions,

V) Can be combined with other systems for effective hybrid processes.

As a result gas separation membranes are of interest for various industrial

applications. Some examples of these applications are summarized in Table 1.1 [3].

Most commonly used membranes in gas separation are glassy polymeric
membranes, but their usage is limited since polymeric membranes with high
selectivity gives low permeability and low permeability gives high selectivity.
Robeson et al. [4] plotted this relationship between permeability and selectivity for
polymeric materials and obtained an upper bound limit trade off curve. Although
polymeric membranes are studied widely and improvements in polymeric
membrane conventional performances obtained, the separation performances of
polymers could not surpass this upper bound [5, 6]. The Freeman model explains

the theoretical reason of this limitation for polymeric membranes [5].



Table 1.1 Main Industrial Applications of Membrane Gas separation, adopted list

from ref. [3].

Separation Process
Hz/N: Ammonia purge gas
H:/CO Syngas ratio adjustment
Hz/hydrocarbons Hydrogen recovery in refineries
0z2/N:z Nitrogen generation, oxygen-enriched air production

CO:z/hydrocarbons (CH:) | Natural gas sweetening, landfill gas upgrading

H:5/hydrocarbons MNatural gas dehydration

He/hydrocarbons Sour gas treating

He/N: Helium separation

Hydrocarbons/air Helium recovery

H:0 fair Hydrocarbons recovery, pollution control, air
dehumidification

Volatile organic species / | Polyolefin purge gas purification

light gases

Polymeric- inorganic MMMs have been developed to overcome this trade off for
polymers [7, 8]. However the material selection and the compatibility between the
polymer and zeolite are very important for MMMs [8]. Because of the
incompatibility between the polymer and zeolite, defects can occur at the interface
such as; voids occurring at the interface [9-11] rigidification of the polymer [7, 12,
13] blockage of the zeolite pores [14, 15]. MMMs prepared from glassy polymers and
inorganic particles commonly have voids at the interface. Many methods have been
developed to modify this structure. Using low molecular weight additives with
multifunctional groups as a third agent has been studied in literature and by our
group. The results obtained for low molecular weight additive ternary MMMs are

very promising at 35 °C [16-19].



However measuring the membrane performance at only one temperature is not
sufficient to understand the separation performance and gas transport mechanism
of the membranes. The permeation is an activated process so the operation
temperature influences the permeation properties of gases through the membranes.
Moreover the gas separations occurs at different temperatures in industry and the
temperature dependent gas transport behaviors of these membranes should be
investigated to see the influence of temperature. The effect of temperature strongly
depends on membrane type and gas mixtures that will be separated. The studies
investigating the effect of temperature on performance of ternary MMMs are very

limited in literature [20].

The objective of this study is to investigate the temperature effect on performance of
polymer/zeolite/additive MMMs. The membranes used in this study are pure PES
membrane, PES/HMA (4 %w/w) membrane, PES/SAPO-34 (20%w/w) MMM,
PES/SAPO-34 (20%w/w)/HMA (4%w/w) MMM which were formulated and
synthesized in previous studies of our group [16]. The membranes used in this study
are characterized by scanning electron microscopy (SEM), differential scanning
calorimetry (DSC) and thermal gravimetric analysis (TGA). The influence of
operation temperature on membrane performance was measured by single gas

permeation experiments.



CHAPTER 2

LITERATURE SURVEY

2.1 Gas Separation Membranes

Gas separation membrane is a semi-permeable barrier between two phases which
separates the one or more gases from a multicomponent gas mixture by permitting
the transport of certain molecules under the influence of chemical potential such as

pressure or concentration gradient [1].

The performance of a membrane can be defined in terms of permeability and
selectivity. Permeability is the normalized flux of the penetrant gas and the

permeability of a penetrant A can be defined by the following equation [1];

pp=mat (2.)
App

where N, is the flux of gas passing through the membrane, ¢ is the membrane
thickness and Ap, is the pressure difference between high and low pressure sides.

Permeability is usually given in units of Barrer, defined as:

10 CM3(STP) .cm

Barrer =1*10 >
cme.s.cmHg

2.2)

In a temperature range where no transition occurs, the temperature dependence of

permeability can be described by an Arrhenius type equation [21].



P=P, XeXp(I;ffrj (2.3)

Where P, is the front factor, R is the universal gas constant, T is the temperature and
Ea is the activation energy for permeation. E; shows the effect of temperature on
permeation. The higher the activation energy, higher the influence of temperature

on permeation.

Selectivity is the ability of a membrane to separate gas molecules. The ideal
selectivity of a membrane for a gas pair can be obtained from the ratio of the single

gas permeabilities of two gases [1, 22]:

P
Oap = P_A (2.4)
B

Both high permeable and high selective membranes are desired. High permeability
gives high fluxes and low membrane area, so decreases the capital cost of membrane
units and increases the production capacity. High selectivity increases the efficiency
of the process, decreases the required driving force so lowers the cost of the
separation system and gives high purity products [23]. In addition to high
permeability and selectivity the ability to form mechanically stable, thin, low-cost
membranes that can be packaged into high- surface-area modules are needed for

industrial feasibility [24].

Most widely used membranes in commercial gas separation are polymeric solution
diffusion membranes since they have ease of processability and are more
economical. Polymeric membranes are more economical because they can be easily
spun in to hollow fiber or spiral wound modules due to their ease of processability

[23].

The gas transport mechanism across dense polymeric membranes is widely

explained by solution diffusion mechanism. According to this model transport



occurs in three steps first the gas molecules are adsorbed at the feed side of the
membrane, then diffuse through the membrane and lastly desorbed at the other side
of the membrane. Hence the permeability equals to the product of the solubility

coefficient (S) and diffusion coefficient (D), in a given membrane [1,25]:

P=SxD (2.5)

Diffusion coefficient D, is a kinetic parameter and is a measure of the mobility of the
penetrant gases in the membrane. Diffusion coefficient defines the rate of transport
of a gas penetrant through the membrane. Solubility coefficient S, is a
thermodynamic parameter which is expressed by the condensability of the gases, by
the interactions between polymer and penetrant gases and by the excess volume
present in the membrane. Solubility gives the amount of penetrant gases adsorbed
by the membrane under equilibrium conditions [26]. These coefficients are

dependent on temperature, pressure and pressure gradient of the penetrants.

In polymeric membranes diffusion occurs in the presence of free volumes which are
good sorption sites for gases. The polymer segments that are encircled with
adsorbed gases can displace by thermal fluctuations and diffusion occurs by the
transient gaps between polymer matrixes. Since thermal fluctuations in polymer
matrix are increasing with temperature the diffusivity is also increasing with

temperature which can be described by Arrhenius type expression [27].

D= Doexp(_Rli_dj (2.6)

Where D, is the pre exponential factor and Eq is the activation energy for diffusion.
In zeolitic membranes, the diffusion occurs by the pore windows. The motions in
polymeric membranes are not effective here, in this mechanism the diffusional
jumps of the penetrant gases between zeolite cages exist. The diffusivity is
increasing with temperature like polymers and can be explained by Arrhenius type

equation. Also the diffusivity constant can be measured by time lag method [1,28].



|2
- 2.7

v (2.7)
€ can be estimated from the plot of permeate pressure versus time graph, the

intercept of time axis gives € and | is the membrane thickness.

There are generally two types of membranes as porous and non- porous. Solution
diffusion model is suitable for non-porous membranes. In the porous membranes
gas mechanism can be defined by molecular sieving mechanism in which the
molecules are separated by the size discrimination [2]. Furthermore new models are
required to explain the gas transport mechanism in mixed matrix membranes, since

they are combinations of two different phases, polymers and zeolites.
2.2 Mixed Matrix Membranes (MMMs)

As stated before generally polymeric membranes are used in gas separation
applications. However, they have a trade-off between their permeability and
selectivity, a high selective membrane have low permeation rate and vice versa. [3].
This behavior was analyzed by Robeson by plotting the available data in literature
with various polymers for different gas pairs and an upper bound curve was

obtained for polymers, Figure 2.1 represents this relation for COz/CH4 gas pair [4].

The upper bound permeability and selectivity characteristic is described by Robeson

as;

O = L2 (2.8)

where (a/sand Aa/g are empirical parameters which depend on the gas pairs and are

reported by Robeson for various common gas pairs [4]. The upper bound relation



was updated by Robeson, for high performance polymeric membranes developed
for overcoming the upper bound limitation [29]. Freeman et al. [5] developed a
fundamental theory to define the upper bound performance behavior. Due to their
theory Aa/g depends only on penetrant gases kinetic diameters; a/s depends on
condensability of gases, one adjustable parameter and Aass. In this study it is
concluded that the slope of the upper bound curves, A4/ are independent from
polymer structure since Aa/gis only related to ratio of the gases kinetic sizes. Hence
making developments in polymer structures are improbable to change the slopes of

the upper bound curves.

Industrially attractive region is above the Robeson upper bound curve and in the
upper right hand corner of this figure. On the other hand inorganic membranes have
properties lying far beyond this upper bound curve near the industrially attractive
region but they are very brittle and making a crack free large surface area with an

inorganic membrane is very difficult [30-31].
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Figure 2.1 Upper-bound trade-off curve of polymeric membranes for CO,/CHa

adopted from ref. [16].



In order to combine the attractive properties of both polymeric and inorganic
membranes and to create a synergy Mixed Matrix Membranes were developed [8].
Mixed-matrix membranes (MMMs) are based on polymeric membranes filled with
inorganic particles in order to improve the gas separation performance of the
polymeric membranes [7]. MMMs combine the easy processability of polymers and
excellent gas separation performances of inorganic particles. The aim is to prepare a
high separation performance membrane with mechanical strength, thermal and
chemical stability and processability. MMMs have been examined for various gas
separations like air separation (e.g., 02/Nz), natural gas purification (e.g.,, CO2/CHa),
hydrogen recovery (e.g., H2/CO2, H2/N3, and Hz/CH4), and hydrocarbon separation
(e.g., i-pentane/n-pentane, and n-butane/CH4) [32].

Glassy or rubbery polymers can be used as continuous phase while molecular sieves,
metal organic frameworks or carbon molecular sieves can be used as inorganic
particles. Mixed matrix membranes prepared from rubbery polymers showed better
performances than pure polymeric membranes. However, their performances were
still weak in comparison with pure glassy polymers since rubbery polymers have

properties lying far below the upper bound curve.

Duval et al. [33] employed different types of rubbery polymers as matrix and
different zeolites as fillers. Membranes prepared from zeolite 34, 4A and 5A showed
no improvement in gas separation performances with respect to pure polymeric
membranes. Improvement observed only with silicalite and zeolite Y zeolites filled

membranes.

Jha et al. [34] studied with SAPO-34 filled polyphosphazene (PPZ) membranes. No
improvement was observed with the addition of 25%w SAPO-34 incorporated PPZ
membranes at 22°C. The CO; permeability and CO,/H: selectivity decreased where

the CO2/CH4 and CO2/N; selectivities slightly increased.

Although some improvements observed with rubbery polymers, they are not
commercially attractive since glassy polymers have higher mechanical stability and

transport properties especially at higher temperatures. Thus, these studies lead



researchers to prepare mixed matrix membranes with glassy polymers. Studies
done with glassy polymers showed that with the incorporation of zeolites to glassy
polymers either the separation performance of the membrane (selectivity) or the
free volume of the membrane (permeability) is increasing [32]. The performances
are promising and higher than the pure polymeric membranes but still not as high
as expected. The adhesion problem between polymer and zeolite causes some
difficulties. The selection of proper polymer-inorganic phase is very important while
developing MMMs. The difficulties resulted from weak interaction between polymer
and zeolite interface which causes non selective voids between these interfaces. The
non selective voids allow flow of the both gases in a mixture, which decreases the
separation performance [35]. To overcome this problem and heal the mixed matrix
membranes some methods have been proposed like modification of zeolite surface,
using silane coupling agent, addition of plasticizer, annealing the membranes at high

temperatures [36-38].

The silanation of zeolite surface by using a silane coupling agent is one approach.
One reactive end of the silane agent reacts with the zeolite surface while the second
end attaches to polymer chain. So, the silanes act as a coupling bonding agent
between these two phases and improves the compatibility. The silane agent can be
reacted to the surface [39]. However, the performances of mixed matrix membranes

prepared from silanated zeolites showed no improvement.

Another method is incorporation of plasticizers in mixed matrix membranes like
RDP Fyroflex, dibutyl phthalate and 4-hydroxy benzophenone [33]. The plasticizer
reduces the Ty of the polymer and as a result the polymer chains become more
flexible and mobile while preparation of the membranes. However the results reveal
that although the compatibility between polymer and zeolite is good, the

performances were not improved.

Casting membranes above the glass transition temperature of the polymer is
another approach [18-19, 40-41]. Since at temperatures above the Tg, the polymer
chains become more flexible and mobile, the polymer matrix and zeolite particles

can adhere better. Studies done by Huang et al.[40] showed no improvement while
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Ismail et al.[41] reported that selectivities were improved by annealing above T, of
the polymer matrix. They studied with zeolite 4A incorporated PES/PI mixed matrix
membranes and observed that the gas separation performances of MMMs increased
with permeability loss by applying above T, annealing which is an indication of good

adhesion between polymer and zeolite.

The incorporation of multifunctional low molecular weight additives is a promising
approach [16-18, 37]. Yong et al.[37] used 2, 4, 6-triaminopyrimidine (TAP) low
molecular weight additive as a compatibilizer between polymer-zeolite interface to
reduce the non selective voids. The permeabilities of all studied gases decreased
where the ideal selectivities increased significantly with TAP addition. It is stated
that the TAP addition improved the adhesion between polymer and zeolite.
Although the TAP was used as an additive the content of TAP to polymer was at least
21% of polymer. At this high concentration the compatibilizer becomes as a main
material instead of being an additive. Also the permeabilities are decreasing with
addition of compatibilizer and become very low at high loadings. Sen et al.[17] used
p-nitroaniline(pNA) as a compatibilizer between polycarbonate(PC) and zeolite 4A.
They observed that even at very small concentrations like 1-2%w/w pNA behaved
as a compatibilizer and significantly improved the gas separation performance but

the permeabilities of ternary membranes were below the pure PC membranes.

Recently Cakal et al. [16] studied with additive/zeolite/polymer ternary mixed
matrix membranes. They used 2-hydroxy 5-methylaniline (HMA) as additive
between polyethersulfone(PES) and SAPO-34 particles. Dimethyl formamide (DMF)
was used as solvent and the particle size of the SAPO-34 particles were between
1pm - 2 um. The membranes were annealed below T, of the polymer, at 100 °C.
HMA acted as a compatibilizer between two phases by reducing the non selective
voids. The selectivities were increased significantly than PES and PES/SAPO-34
membranes. However the permeabilities were lower compared to pure PES

membrane in PES/SAPO-34/HMA ternary mixed matrix membranes.

Karatay et al.[19] also studied with membranes that have similar formulations with

Cakal et al. [16]. Different from them, Karatay et al. [19] used dimethyl sulfoxide
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(DMSO) as solvent and the particle sizes of the zeolite particles were < 1 pm.
Furthermore, they annealed the membranes above the T, of the polymer, at 220 °C.
They again observed that the addition of HMA to PES/SAPO-34 mixed matrix
membranes increased the selectivities and decreased the permeabilities. However
the permeability of PES/SAPO-34/HMA MMM was still higher than pure PES
membrane. This difference in two studies can be related to annealing membranes
above T, of the polymer, using different solvents or using zeolite particles in
different sizes. Using sub micron zeolites can be the reason of this difference since
sub-micron sizes can cause more polymer/zeolite interface and enhance the
polymer zeolite interaction [42]. Also annealing the membranes above their T, may

improve the adhesion between polymer and zeolite. [38]

As a result studies showed that incorporation of low molecular weight additives,
even at very low concentrations, increase the separation performance of
polymer/zeolite MMMs significantly by creating a synergistic combination. The
performances of ternary mixed matrix membranes move through the upper bound
curve with selectivity improvement thus these membranes can be a promising tool

to surpass the upper bound limit.

In order to predict the permeability of the heterogeneous mixed matrix membranes
many models have been described in literature [27] and two phases Maxwell Model

is the most widely used model:

P —p |:PD +2Py =245 (Py —Pp) (2.9)
MM = P .
Po +2Py + 5 (Py —Pp)

where, Pumis permeability of the mixed matrix membrane, Pp is the permeability of
the dispersed zeolite phase, Py is the permeability of the continuous polymer matrix,
@y is the volume fraction of the zeolite phase. In this model it is assumed that the
interface is continuous and the molecular sieves are dispersed. However Maxwell

Model does not take in to account the particle size distribution, particle shape and
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particle aggregation. This model is valid for filler concentrations smaller than 0.2
[43]. Also three phase Maxwell Model has been investigated by Koros and Mahajan
[10] in which interfacial layer is also taken into consideration but it has the same

limitations as in two phase model.

2.3 Effect of Annealing on Membrane Performance

It has been known that casting conditions such as solvent type, casting solvent,
solution conditions, evaporation conditions, annealing temperature and period
strongly influences the membrane performance [44, 45]. Annealing is a thermal
treatment which is applied to membranes to remove the remaining solvent in the
membrane and to release the stresses from the membrane. The studies showed that
annealing conditions and the effect of residual solvent in the membrane have
different effects on membrane performance depending on the membrane type [45-

49].

Fub et al. [46] studied the effect of residual solvent on performance of polyimide
membranes and they observed that the solvent remaining in the membrane acts as a
plasticizer. The membranes were treated at 25 °C and 150°C between 0 to 12 days
and with increasing treatment time the gas permeabilities decreased. Membranes
treated at 25°C had higher permeabilities due to plasticization effect. However when
the residual solvent in the membrane is less than 1.5%, the solvent starts to act as an

antiplasticizer rather than a plasticizer.

The same observations were reached by Hacarlioglu et al. [45]. They employed pure
polycarbonate (PC) membranes and investigated the effect of annealing time on
membrane performances. Membranes annealed at 50 °C for different times such as
8, 24, 72, and 154 hours. Increasing the annealing time decreased the permeabilities
of the membranes. The membrane structure became denser with longer annealing
times. However, after 72 hours annealing the permeabilities stayed nearly constant
with increase in annealing time. They concluded that after 24 h annealing period the

loosening of the membrane stopped.
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On the contrast Joly et al. [47] studied the effect of residual solvent remaining in the
6FDA-mPDA polyimide membranes. The residual solvent is eliminated with longer
annealing time. The permeability and solubility coefficient increases with decrease
in residual solvent whereas the diffusion coefficient decreases. This behavior
attributed to elimination of the solvent imprints in the membrane with longer
thermal treatment. They also stated that the solvents with high molar volume leave

more imprints in the membrane.

Shen et al. [48] studied the effect of heat treatment on the P84 polyimide
membranes. The membranes are annealed at different temperatures. Membrane
annealed at 315°C was cracked due to thermal stresses on the membrane. The
membranes annealed at 80 °C and 200 °C showed that with increasing annealing
temperature the selectivities increased where permeabilities (He, N2, Oz, and CO3)
decreased. This behavior is related to densification of the membrane structure. By
annealing the membrane at higher temperatures the free volume of the membrane

is reduced so the selectivity is increased where permeability is decreased.

Moe et al. [49] studied with fluorinated polyimide (1,5ND-6F) membrane and
investigated the effect of annealing on membrane performance. They annealed some
membranes at 240 °C for 6h and did not anneal some others. They found that with
applying annealing to membrane, H, permeability increased where CO, permeability
decreased. They relate this behavior to antiplasticization effect occurring from the
removal of the solvent residue which leads decreases in gas sorption levels and
mobilities. They conclude that heat treatment caused relaxations in polymer
segments thus changes occurred in free volume of the polymer. This free volume
redistribution can also be the reason of the complexities in permeabilities after

annealing.

Hibshman et al. [50] investigated the effect of annealing with polyimide-
organosilicate hybrid membranes. They conducted annealing at 400 °C to improve
the gas separation performance of the membranes. The permeabilities of the
membranes were increased with annealing and the selectivities were decreased.

The increases in permeabilities were higher in hybrid membranes than pure
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membrane. The permeability increase was related to increases in diffusivities also to
increases in free volumes. The increase in free volume in pure polymeric membrane
was attributed to degradation of anhydride end groups and the free volume increase

in hybrid materials related to release of sol-gel condensation products.

Studies investigating the effect of annealing on membrane performance and
characterization generally used pure polymeric membranes and as a result the
membrane characteristics generally related to residual solvent in the membrane
which is very dependent on polymer/solvent type and concentration. However in
MMMs in addition to these parameters the effect of membrane morphology, the

polymer and zeolite interaction and void formation should be considered.

2.4 Effect of Operating Temperature on Performance of Membranes

Most of the permeation and separation measurements of various gas separation
membranes were carried out at a very narrow temperature range (25 °C-35 °C). well
known Robeson upper bound curve was plotted based on the results obtained at
these narrow temperature ranges [4] and the effect of temperature on these upper
bound curves has been developed recently [51]. In industrial applications, processes
occur at much wider temperature ranges. Therefore measuring membrane
permeability and selectivity at one temperature may not be enough for
determination of membrane performance. Temperature dependent gas separation
performances of membranes should be known to obtain high performance

membranes for various gas separation applications.

There are a limited number of studies investigating the effect of temperature on
different polymeric membranes and similar trends have been observed in literature,
that is permeability increase with temperature. The permeabilities in polymeric
membranes are related to polymer structure like free volume, chain stiffness and
also the polymer penetrant interactions which are influenced by temperature
strongly [51]. Increase in temperature causes increase in segmental motions of

polymers which results in increase in molecular diffusion rates.
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Koros et al. [21] investigated the permeability and selectivity trends of bisphenol-A
polycarbonate (PC), tetramethyl polycarbonate (TMPC), and tetramethyl hexafluoro
polycarbonate (TMHFPC) between 35 °C- 125 °C. As temperature increases the
permeability of the membranes increased with selectivity losses. Solubility
coefficients of the studied gases were also measured and with increasing
temperature sorption of the gases where decreased especially for CO, gas. The
CO2/CH4 and He/N; permselectivity loss is related to decreases in solubility and
diffusivity selectivities. Solubility and diffusivity selectivities were also decreased
with increasing temperature. Activation energies of diffusions Eq for penetrant gases
is increased with increasing penetrants sizes. They found E. of Hz as 12.56 k]/mole
and CH4 as 25.96 kJ/mole. Heats of sorptions (AHs) were related to critical
temperatures of the gases. CO, with the highest critical temperature influenced
much from temperature and it has lowest AHs value. The trends of activation
permeation energies E,, are similar to Eq values since the absolute value of Eq is
larger than AHs. CO; is out of this trend because of its lowest AH; value, the decrease

in CO2 solubility predominates the increase in its diffusivity.

Freeman et al. [52] investigated the temperature dependent gas transport
properties of poly(ethylene oxide) for a large number of gases at 25 °C, 35 °C and 45
°C. The permeabilities of He, Hz, Oz, N2, COz CH4 , C2H4, C2He, C3Hs and C3Hs were
increased with temperature. The selectivities were higher at low temperatures. The
H, permeability was measured again at 35 °C, after making measurements at 45 °C
to check that whether or not gas transport properties changed irreversibility and no

changes were observed.

Chung et al. [53] studied 6FDA-durene polyimide membranes and investigated the
influence of temperature on gas transport properties of He, Hz, 02, N2, CH4, and CO>
gases between 30 °C- 50 °C. They calculated the solubility and diffusivity coefficients
by time lag method. They found that as temperature increased the permeabilities
and diffusivities again increased while solubilities and permselectivities were
decreased. Activation energies were calculated and the activation energies of the

gases were found to increase with increasing kinetic diameters of the studied gases
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Wang et al.[ 54] studied the effect of temperature on performance of silicone coated
asymmetric PES membranes. The H; He, CO2 0 and N gas permeabilities
increased with increase in temperature while the Hz/N», He/N», CO2/N2, and 02/N;

selectivities decreased.

Acikalin et al. [55-56] studied the effect of temperature on poly (ethyl methacrylate)
PEMA membranes between 25 °C-75 °C which includes the T, of the membrane.
They observed a discontinuity in the slope of logarithmic permeability versus
inverse temperature graph and obtained two different permeation activation
energies. They measured the permeabilities between 25 °C- 45 °C and observed that
the permeabilities were increasing. The Ar/N», 02/N2, H2/N; selectivities decreased
till 35 °C and then increased slightly and H,/CO; selectivity did not change
significantly. This behavior is related to differences in gas solubilities of the
penetrant gases with temperature increase. They found the order of the activation

energies as; H2>CO;> Ar > N»>0; and the E, values were very close to each other.

Rowe et al.[51] investigated the effect of temperature on Robeson upper bound for
polymeric membranes. They modified the upper bound relation by including the
temperature effect on Equation (2.8) and for a given gas pair upper bound can be

defined by:

I
Bo.ars€”
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PA

(2.10)

Apig =

In equation 2.10 S z/pis a front factor and y is a parameter which defines the

change in upper bound position with respect to temperature.They concluded that
upper bound curve shifts vertically with temperature and the direction is related to
size and condensability of the gas molecules. The upper bound shifts downwards as
temperature increases for CO2/Hz, CO2/CH4, H2/N;, CO2/N; separations and upward
for H,/CO; separations. They stated that when the difference between the molecule

size of the penetrants increases the influence of temperature on diffusivity
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selectivity is more sensitive and when the condensabilities of the penetrants
difference is increasing the effect of temperature on solubility selectivity is more

effective.

The temperature effect on zeolitic membranes also studied but the trends are very
different than polymeric membranes. Poshusta et al. [57] investigated SAPO-34
zeolitic membranes and investigated the effect of temperature on single and binary
gas permeabilities between 300 K- 470 K. The permeability of CO, decreased, CHs
permeability increased continuously. Also the H, and N, permeabilities decreased
and showed minima between 360 K and 390 K, then increased. The CO;/CHa,
CO2/N,, N2/CH4, Hz/CH,4 ideal selectivities decreased with increasing temperature
where H,/CO; selectivity increased and Hz/N; selectivity stayed nearly constant.
Difference effects of temperature on studied gases explained by different kinetic
diameters of the gas molecules. According to this study CHs gas permeability
increased with increasing temperature. Since its kinetic diameter was close to SAPO-
34 pores it has highest activation energy for diffusion. CO, has smaller kinetic
diameter so its diffusion activation energy was smaller. With increasing temperature

the adsorption capacity decreased and the permeability of CO; also decreased.

Falconer et al. [58] studied the effect of temperature also with MFI type membranes.
They investigated the temperature effect on three membranes, two of them are
silicalite and one is H-ZSM-5 membrane. They changed the permeation temperature
from 20 to 200 °C. The single gas permeabilities of ZSM-5 zeolite was decreased with
temperature and the gas permeabilities of silicalite membrane was exhibit a
minimum at around 120 °C. They related different behaviors of the membranes to
non zeolitic pores of the membranes and conclude that different procedures can
caused differences in zeolitic and non zeolitic pores. Moreover they conclude that,
where the permeability shows minimum with temperature the diffusion becomes
gas translational diffusion from surface diffusion. In general as temperature
increases the diffusivity increases and hence the adsorbed amount gradient
increases to a maximum which leads permeability increase. To explain the minima
in gas permeabilities, they used a model in which the gas translational model is used.

According to this model with increasing temperature first surface coverage amount
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decreases until gas translational diffusion becomes dominant which is increasing

with increasing temperature and as a result a minima is observed.

The temperature dependent gas transport properties of MMMs were also studied
recently but the studies are very limited and no systematic approach has been

followed in these studies.

Jha et al. [34] studied with SAPO-34 filled rubbery poly dimethyl sulfoxide (PDMS)
MMMs and investigated the effect of temperature between -15-22 °C. They observed
that the CO/CHs and CO2/N; selectivities are decreasing with increasing
temperature and highest selectivity was found at -15 °C. They relate this to
increased sorption of CO. or decreased diffusivities of CHs and N at low

temperature.

Choi et al. [44] studied the Hz/ CO; selectivity of polybenzimidazole (PBI), swollen
AMH-3 and proton-exchanged AMH-3 incorporated PBI composite membranes in a
temperature range of 35 °C-200 °C. At 35 °C the selectivities of composite
membranes were nearly two times higher than PBI membranes since the CO;
permeability reduced with the incorporation of inorganic particles. However, when
temperatures increased up to 200 °C both H; and CO; permeability increased but the
selectivities of composite membranes approached to pure PBI membranes since the
reduction in CO; permeability came close to H, permeability. This behavior was
related to mismatch of properties of polymer and inorganic phases at high

temperatures.

Clarizia et al. [14] prepared rubbery polymer polydimethylsiloxane (PDMS) based
hybrid membranes to investigate the effect of fillers and temperature on
performance of PDMS membranes. NaA, NaX, silicalite-1 used as inorganic fillers and
temperature changed between 15-65 °C. The gas permeabilities increased in pure
PDMS films where the selectivities decreased as temperature is increased. Carbon
dioxide, the most permeable gas did not affected much with temperature. They

observed that the inorganic fillers incorporated to membrane have different effects
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on activation energies of the gases. Generally with the addition of fillers the

activation energies decreased.

The only study done with ternary mixed matrix membranes were reported by Khan
et al. [20] to our best knowledge. They used acrylate modified polysulfone as
polymer matrix, zeolite 3A as inorganic filler and aminopropyltrimethoxysilane
(APTMS) as coupling agent. They investigated the effect of temperature on Hz/ CO:
separation. They observed that H, permeability was increased while the Hz/ CO;
selectivity was decreased with increasing temperature. They conclude that the
diffusivity of gas molecules increased with increasing temperature due to increased
flexibility of the polymer and the increase in CO; was higher than H; hence the

H2/CO; selectivity decreased.

Literature studies investigating effect of operating temperature on membrane
performances showed that temperature influence on membrane performances
depend on membrane types. The investigation of temperature dependent gas
transport properties is important for understanding the separation performance of
the membranes in more detail. Moreover in industrial applications the membranes
are operated at various temperatures and since gas permeability is an activated
process the temperature effect on membranes should be investigated. Also ternary
mixed matrix membranes are promising materials for gas separation applications
and studied by our group at 25 °C -35 °C [16-19], but the systematic studies dealing

with temperature effect on these membranes are very rare.

So in this study the influence of annealing time and temperature and operating
temperature on performance of pure polymeric, binary and ternary mixed matrix
membranes are investigated systematically with single gas permeabilities of Hz, CO>

and CH4 gases.
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CHAPTER 3

EXPERIMENTAL

3.1 Membrane Preparation Methodology

The membranes used in this study were synthesized in a previous study of our
group in our laboratory [16]. The membranes were fabricated by using solution

casting method.

Solvent-evaporation method was used during preparation of the membranes and
the methodology was given Appendix D. In this study only post annealing step
applied to some membranes at 120 °C, 0.2 atm., N atm., for 7-30 days. Post
annealing carried out to enhance the stability and reproducibility of the gas
permeation performances of the membranes which will be discussed in Chapter 4 in

more detail.

Four types of membranes were employed which are pure polymeric (PES),
polymer/zeolite (PES/SAPO-34) mixed matrix, polymer/additive (PES/HMA) and
polymer/ zeolite/ additive (PES/SAPO-34/HMA) ternary mixed matrix membranes.
The membrane compositions were selected considering the gas performances in
previous study [16]. The compositions of membranes used in this study are given

below:
The concentration of PES in DMF was 20% (w/v).

The concentration of SAPO-34 relative to polymer was 20% (w/w).

The concentration of HMA relative to polymer was 4 % (w/w).
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Also the membrane codes and annealing conditions were tabulated in Table 3.1

Table 3.1 Membrane codes and annealing conditions.

Membrane Code Membrane Type Annealing Condition
M1 PES Not Post Annealed
M2 PES/SAPO-34 Not Post Annealed
M3 PES/SAPO-34 Not Post Annealed
M4 PES Not Post annealed
M5 PES/SAPO-34 Post annealed

M6 PES Not Post annealed
M7 PES/HMA Post annealed

M8 PES/SAPO-34/HMA Post annealed

Post annealed membranes and not post annealed membranes were abbreviated by

-p and -n respectively.

3.2 Membrane Characterization

Similar to previous studies [16-19, 59] membranes were characterized by
differential scanning calorimetry (DSC, Shimadzu DSC60) to determine the glass
transition temperatures (Tg) of the membranes. Small samples of the membranes
were placed in alumina DSC pans and heated from 30°C to 250°C at a rate of
10°C/min in N, atmosphere where the N; flow rate was 75 ml/min. After 250°C the
membranes were cooled down to 30°C for second scan. The second scan was
conducted again by the same procedure. The first scan was done in order to erase

the thermal history and the second scan was used to obtain the T,.

Membranes were also characterized by a thermal gravimetric analyzer (TGA,

Shimadzu DTG-60H) to determine the thermal stability of the membranes and the
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amount of residual solvent remaining in the membranes. For TGA analysis the
samples were heated from 30 °C to 250 °C at 10 °C/min heating rate in N

atmosphere and the flow rate of the N, was 75ml/min.

The morphological characterizations of the membranes were done using scanning
electron microscopy (SEM), FEI Quanta-400 F. The membranes were sectioned in
liquid N for this characterization. Membranes were placed in the aluminum holders
with electrically conductive tapes and the cross sections were analyzed at this
fractured end of the film. Before analysis the membrane samples were coated with

gold/palladium to improve the SEM images.

3.3 Gas Permeability Measurements

3.3.1 Experimental Set-up and Procedure

The single gas permeation experiments were done using the single gas permeation
set up for flat type membranes shown in Fig.3.1 [16-19]. Constant volume variable
pressure technique was used. In this system the pressurized feed gases permeate
through the membrane and pressure increase in the permeate side, which was

initially at vacuum, is measured to calculate the permeability.

Membrane module used in this study is a commercial module Millipore filter holder
(Millipore, part no.XX45 047 00) with a double-Viton O-ring seal. The effective
membrane area was 9.6 cm? and the dead volume of the set-up was 7.1 cm3, which is
the volume occupied by the permeate gas from permeate side of the membrane cell
to pressure transducer and measured by filling the described volume by water. The
pressure increase in the permeate side was measured with a pressure transducer
(BD Sensors, DMP331, 0-4 bar pressure range, 0.001 bar sensitivity). In order to
control the operation temperature, the membrane module was placed in a silicone
oil bath which is isolated and the operation temperature was changed between 35
°C-120 °C. The gases used in this study were purchased from OKSAN which is a local

company.
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Both feed and permeate sides of the set up were evacuated by a vacuum pump
(Model E2M5, Edwards High Vacuum Pump) to less than 0.1 bar (gauge pressure)
for at least 1 hour. The pressurized gas first passed through a dehumidifier and fed
to the feed tank. The dehumidifier was filled with zeolite 4A particles and was used
to reduce the humidity of the feed gases. The feed side pressure in the gas chamber
was kept constant at 2.9 bar while the permeate side pressure was ~0.9 bar (at
vacuum). Gas to be measured fed to the membrane module and passed through the
membrane due to 2 bar transmembrane difference. The increase in the permeate
side pressure was measured by pressure transducer and the data sent to computer
by a data acquisition system. The experimental permeate side pressure as a function

of time data was recorded digitally.

The thermal stability of the membranes was tested by applying temperature cycles.
The single gas permeability measurements were carried out in the order of H, CO>
and CHsat 35 °C. Then the temperature was slowly increased to 90 °C and the single
gas permeabilities were again measured in the same order. The cycle was
terminated by decreasing the temperature to again 35 °C. The single gas permeates

were measured again. This cycle was conducted for several times.

The effect of operating temperature was investigated between 35-120 °C. First the
single gas permeability measurements were done in the order of H, CO;, and CH4
at 35 °C. After finishing the measurements at 35 °C, the temperature slowly
increased to 50, 70, 90 and 120 °C and the gas permeability experiments were
carried out at each temperature. Lastly the investigation of the effect of operating
parameters was terminated by decreasing the temperature to again 35 °C and the
single gas permeation experiments were repeated to measure the membrane
performance stability. The heating and cooling of the membrane module was
conducted at very slow heating/cooling rates (15 °C /h). Gas permeability values are

reported in terms of Barrer (1 Barrer = 10-1° cm3 (STP) cm/cm?s cmHg).
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3.3.2 Permeability and Selectivity Calculations

After completion of the single gas permeation experiments, the permeabilities,
selectivities and E, values were calculated. Since the calculation steps were given in
detail in previous works, it will not be explained in this work again [17,19 ]. The
increase in permeate side pressure with respect to experiment time was used to
predict the permeability. Equation 2.1 was used to calculate single gas

permeabilities. The ideal selectivities were also determined from Equation 2.4.

After permeability calculations, activation energies of the studied gases were also

calculated by;

E
InP=InP, - =2 3.1
0 T RT (3.1)

The slope of inverse temperature versus In P graph gives the activation energy (E.)

over universal gas constant R. E; is reported in terms of k] /mole.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Membrane Characterization

4.1.1 DSC Results

Glass transitions temperatures (Tg) of the membranes were measured with
differential scanning calorimetry (DSC) in order to understand the effect of
membrane formulation on chain stiffness or chain flexibility. As mentioned before
some of the membranes were used as synthesized and some membranes were post
annealed to see the annealing effect on membranes. DSC analyses were done both
post annealed and not post annealed membrane samples. Post annealing was
performed at 120 °C, 0.2 atm., N, atm. for 7 days. The second scan thermograms are

given in Appendix B and Ty of membranes are shown in Table 4.1.

The T, of PES membrane was found similar to the literature which is 220 °C [16, 19,
60]. PES/HMA membrane has lower Ty than PES membrane. This behavior is also
reported in the literature; the addition of low molecular weight additives decreases
the Ty of the pure polymeric membranes because of dilution effect [17, 59, 61]. The
low glass transition temperatures of the low molecular weight additives (LMWA)
decreases the Ty of the polymer/ LMWA blends even at very low concentrations. The
T, of the PES/SAPO-34 membrane is the same as pure PES membrane in accordance
with the literature [16, 17, 19, 62]. This suggests that there is no substantial
interaction at the molecular level between the polymer and zeolite. The Ty of
PES/SAPO-34/HMA membrane is higher than that of PES/HMA membrane [16, 19].
This can be explained by increasing interaction of PES and SAPO-34 with HMA
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addition. The post annealing did not make any significant changes in Ty of
membranes, the glass transition temperatures are nearly the same as not post
annealed ones. It can be concluded that the changes occurring in the membrane with
post annealing is not in the molecular level. Similar to our results Fu et al. [46] did
not observe any differences in Ty of polyimide dense membranes that are annealed
at different temperatures for different periods. On the other hand Joly et al. [47]
observed that the T, of the fluorinated polyimide membranes changed with the
amount of residual solvent remaining in the membrane. They observed that solvent
free membranes have higher T; values and relate these to the reduction in the
intermolecular interactions in the presence of solvent residues in the membrane.
Moreover Chang et al. [63] performed an energy analysis to polymer chains to
determine the intramolecular and intermolecular energies. They stated the effect of
remaining solvent in the membrane on the molecular energy is dependent on the
solvent amount in the membrane and molar volume of the solvent. They also
concluded that residual solvent present in the membrane enhances small scale
segmental motions. Therefore effect of annealing on T, strongly depend on the

polymer and solvent type.

Table 4.1 Glass transition temperatures of post annealed and not post annealed

membranes.
Annealing Condition
Post Annealed Not Post Annealed
Membrane Type
Tg (°C) Tg (°C)
PES 219 220
PES/HMA 213 212
PES/SAPO-34 219 221
PES/SAPO-34/HMA 217 216
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4.1.2 TGA RESULTS

The solvent remaining in the membrane and molecular imprint of removed solvent
molecules influence the separation performance of the membrane. In order to
analyze the remaining solvent in the membrane, thermal gravimetric analyzer (TGA)
was used in this study. Post annealed and not post annealed membranes were
tested. The results are given in Table 4.2 and the thermograms were given in Fig.

4.1, Fig. 4.2 and Appendix C.

As can seen in Table 4.2, the weight of PES-p membrane decreased up to 100°C and
above 100 °C no significant weight loss observed. So this weight loss can be
attributed to release of moisture and some solvent sorbed by the membrane. For
PES-n membrane the weight loss was nearly the same as post annealed one until
100 °C, however, after 150 °C the weight of PES-n membrane continued decreasing
which is related to solvent removal through the membrane or decomposition of the
polymer. Again the weight loss of PES/HMA-p membrane decreased slightly till 100
°C and stayed nearly constant up to 250 °C. On the other hand the weight loss of
PES/HMA-n membrane decreased significantly after 150 °C which can be related to
solvent removal or decomposition of HMA particles present in the membrane. The

total weight losses of PES-p and PES/HMA-p membranes were smaller than 1%.

The weights of PES/SAPO-34-p and PES/SAPO-34-n membranes were decreased till
100 °C, after 100 °C no significant change in weight loss of PES/SAPO-34-p
membrane observed while the weight of the PES/SAPO-34-n membrane continued
decreasing. The same trend with PES/SAPO-34 membranes obtained from
PES/SAPO-34/HMA membranes. The weight losses through all membranes until
100 °C can be related to moisture that is gained by the membranes. Moe et al.[49]
tested how much moisture can be taken from polyimide membranes. After
annealing two membranes at 240 °C for five days, they immersed one of the
membranes in to water for 14 days and left the other one in room conditions for 14
days. The membrane that is exposed to room conditions gained <1% water while the
membrane that is immersed to water gained only 1.4% moisture. The weight losses

of mixed matrix membranes till 100 °C are higher than polymeric membranes which
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can be due to SAPO-34 particles presence in the membranes and created interfaces

between polymer and zeolite. Solvents, impurities and moistures may be gained by

SAPO-34 particles. As can be seen in Figure 4.1 and Figure 4.2, post annealing

provide removal of solvent from the membrane. Post annealed membranes have

higher thermal stability than not post annealed ones. The weight losses of not post

annealed mixed matrix membranes after 150 °C can be related to solvent removal

from the membranes. The boiling point of the solvent used in this study, DMF, is 153

°C so high temperatures are needed to remove the residual solvent in the

membranes.

Table 4.2 Weight losses of the post annealed and not post annealed membranes

determined by TGA.
Annealing Weight loss | Weight loss | Total  weight
Condition | Membrane Type up to 100°C, | up to 150°C, | loss, up to
(%) (%) 250°C, (%)
PES 0.79 0.82 0.96
Post PES/SAPO-34 2.73 2.88 3.03
Annealed | PES/HMA 0.62 0.62 0.81
PES/SAPO-34/HMA | 3.43 3.53 3.68
PES 0.99 1.13 3.59
Not Post | PES/SAPO-34 3.73 4.02 5.99
Annealed | PES/HMA 1.02 1.20 5.16
PES/SAPO-34/HMA | 3.66 4.39 7.77
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4.1.3. SEM Results

Scanning electron microscopy (SEM) characterization was made in order to
investigate the morphologies of the membranes that were used in this study. The
aim is to see the effect of post annealing on membrane morphologies. The SEM
images of both post annealed and not post annealed PES and PES HMA membranes

are given in Fig. 4.3.

201 )% mag R —10 1111 R \ WD | det | spot 20 pm ————

00 kV|6 000 x 1 mm|ETD! 5.0 Central Labo 5 /|5 000 x mm|ETD| 6.0 Central Laboratory

Figure 4.3 SEM images of (a) PES-p, (b) PES-n, (c) PES/HMA-p, (d) PES/HMA-n

membranes.
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The cross section image of the PES and PES/HMA membrane is smooth as expected
and no defects or voids were observed. Furthermore, no changes in the membrane

morphologies were seen with post annealing.

Fig. 4.4 SEM images of (a) PES-SAPO-34-p, (b) PES-SAPO-34-n, (c) PES/HMA-SAPO-
34-p, (d) PES/HMA-SAPO-34-n membranes.

The SEM images of SAPO-34 loaded membranes are given in Fig. 4.4. The images
(Fig. 4.4 a and b) show that PES/SAPO-34 membranes have some voids and loose

structure at the polymer-zeolite interfaces. The ternary mixed membrane including
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HMA, shows better adhesion between PES and SAPO-34 particles as can be seen
from the figures. These images showed that everything is as expected in these
membranes and similar to those reported in Cakal’s work. The SEM images of the
post annealed membranes are also given and no significant changes in the
morphologies have been observed. In literature some studies investigating effect of
annealing on mixed matrix membranes structures observed differences from SEM
figures [10, 41]. Koros et al. [10] and Ismail et al. [41] both investigated the effect of
above and below Ty annealing on the membrane performances. They observed that
by annealing the membranes above T, of the polymer, better adherence between
polymer and zeolite particles were obtained based on SEM micrographs [10, 41]. At
temperatures above T of the polymer, the polymer chain moves more so that the
adherence can be improved. However at temperatures below T4 of the polymer the
chain movements are restricted. In this study both annealing treatments (pre and
post annealing) were applied below the Tg; of the polymer. So applying post
annealing may have caused changes in the membrane structure in very small scales
which could not be observed by SEM. The SEM figures, therefore, show that no

changes occur in membrane structures in micro scale with post annealing.

4.2 Gas Permeation

4.2.1. Repeatability and Reproducibility of the Results

While determining the membrane performance by gas permeation the repeatability
and reproducibility of the measurements are very important. The repeatability of
the gas permeability results were investigated by measuring gas permeability of
each gas for each membrane twice except CHs. Gas permeability of CHs was not
repeated systematically owing to its long permeation time. First H, permeability was
measured between 35 °C- 90 °C then CO; gas permeability was measured at each
temperature and lastly CHs was tested. As an example some of the repeatability
results were reported in Table 4.3 for PES-n and PES/SAPO-34-n membranes. The
numerical data of all gas permeation measurements were given in Appendix D. The
differences between two runs were found smaller than 10% which is consistent

with previous studies [11, 16, 19, 59].
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Table 4.3 Repeatability results of the PES-n (M1) and PES/SAPO-34-n (M2)

membrane performances.

T Run Permeability Selectivit
°C H; CO; | CH4 | Hz/CO; | CO2/CH4 | Hz/CH4
1st 6.63 3.67
2nd 6.78 3.83 181
35 1.77
Avg: | 6.71 3.75 014 | 179
A% 2.26 435 | ' 26.98 48,28
1st 8.77 4.46
2nd 8.55 4.60 197
50 1.86
Avg: | 8.66 4.53 021 | 191
PES-n A% 2.5 3.07 | © ' 22.32 42.66
(M1) 1st 11.61 | 5.68 204
2nd 11.54 | 5.66
70 2.04
Avg: | 11.56 | 5.67 034 |203
A% 0.6 035 | ' 16.48 33.6
1st 16.74 | 6.81
2nd 16.83 | 7.08 246
90 2,38
Avg: | 16.79 | 6.95 054 | 242
A% 0.5 3.8 ) ' 13.0 30.9
T —
1st 11.10 | 4.60
35 2nd 11.04 | 4.54 241
Avg: | 11.07 | 4.57 2.43
A% 0.54 1.3 1015 | 242 30.46 73.8
Ist 13.55 | 5.25
50 2nd 1393 | 5.18 2.58
Avg: | 13.74 | 5.22 2.69
gEi{SAPO_ A% 2.8 1.3 1025 | 2.63 20.88 54.96
(M2) Ist 18.86 | 6.74
70 2nd 19.64 | 6.76 2.80
Avg: | 19.12 | 6.75 2.90
A% 4.14 0.3 1039 | 283 17.31 49.03
Ist 26.33 | 8.76
90 2nd 26.17 | 8.43 3.01
Avg: | 26.25 | 8.60 3.10
A% 0.61 3.76 | 0.66 | 3.05 13.03 39.77

Then the effect of gas order on gas permeation was investigated. First the

permeabilities were measured in the order of H;, CO; and CHy, after CH4 again Ha,

CO;, CH4 gases permeabilities were measured respectively through PES/SAPO-34-n

membranes. The results are given in Table 4.4. The differences between two runs
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were again found smaller than 10% which means repeatable results can be obtained
after changing the gas order and gas order do not have any influence on membrane

performance.

Table 4.4 Effect of gas order on reproducibility of PES/SAPO-34-n (M3) membrane

performance.
Permeability Selectivity
T °C | Run
H> CO; | CHs4 | Hz/CO; | COz/CH4 | H2/CH4
PES/SAPO-34- | 35 st 10.6 | 458 | 0.13 | 2.31 34.4 79.6
n (M3) 35 2nd 110.2 | 440 | 0.13 | 2.31 33.6 77.5

After testing the effect of gas order on PES/SAPO-34-n membrane performance the
temperature effect on reproducibility of the results were tested as shown in Table
4.5. This time again the permeabilities were measured first for H, from 35 °C to 90
°C then CO; permeability measured and lastly CHs4 permeability measured between
35 °C to 90 °C. After measuring CHs permeability, CO, permeability was measured
again at the studied temperatures and the membrane showed higher CO:
permeability than previous one. Since differences in permeabilities are significant
and it was found that gas order do not have that much influence on gas permeability
these deviations must be due to effect of operating temperature on membrane

stability.
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Table 4.5 Effect of temperature on reproducibility of PES/SAPO-34-n (M2)
membrane performance.

Membrane T Permeability (Barrer) Selectivity
Type °C

H, | €O, [ CHy [ CO, |H,/CO,[CO2/CH, [ Hy/CH,
35 [11.1 457|014 571 | 242 | 3046 | 738
50 | 13.7 [ 5.22|025] 677 | 2.63 20.9 54.9
70 [19.1[6.75 039 7.95 | 2.83 17.3 49.0
90 [26.3[8.60]0.66| 946 | 3.05 13.0 39.8

PES/SAPO-34
-n
(M2)

To further investigate this behavior, a cyclic operating temperature program is
applied to dense homogenous PES-n membranes as can be seen in Figure 4.5. In the
figure the dashed lines shows the temperature cycle period and the continuous lines
shows the membrane performances at each temperature. Single gas permeabilities
of all gases were measured first at 35 °C in the order of Hz, CO; and CHa. Then the
temperature was slowly increased to 90 °C and the gas permeabilities were
measured again in the same order. Finally the cycle was terminated by measuring
the membrane performance at 35 °C again to see the reproducibility of the results.

These temperature cycles were done for several times.

The temperature cycles versus permeability graph for each gas through PES-n
membrane is given in Figure 4.5 and the selectivities were given in Table 4.6. The
figure shows that the permeabilities did not change with temperature. Results
showed that stable performance through pure PES membrane can be obtained. The
changes in both selectivities and permeabilities are calculated from the highest and
lowest results difference obtained from temperature cycles and are tabulated in

Appendix D. The changes found smaller than 10% which is an acceptable ratio.
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membrane with respect to temperature cycles at 35 °C and 90 °C.
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Table 4.6 Ideal selectivities of PES-n (M4) membrane with respect to temperature

cycles at 35 °C and 90 °C.

Selectivities | 1st Cycle 2nd Cycle 3rd Cycle 4th
Cycle
35°C | 90°C | 35°C |90°C |35°C |90°C |35°C
H/CO; 212 | 261 |201 255 | 1.96 2.57 | 1.99
CO2/CH4 38.27 | 19.59 | 37.38 | 19.49 | 37.66 | 18.48 | 37.66
Hz/CH4 81.12 | 51.20 | 75.05 | 49.70 | 73.83 | 47.45 | 74.85

Secondly a similar cyclic temperature program was applied to PES/SAPO-34-n
membrane which was tested again at 35 °C and 90 °C without any additional
treatment. The permeability results are plotted in Figure 4.6 and selectivities are
given in Table 4.7. Total duration of experiments is longer than one month and the
results showed that the permeabilities increased but selectivities decreased after
each cycle. The permeability increase was very obvious for CHs gas and less
significant for H,. At 35 °C the CHs permeability increased by 8 times while H; gas
permeability increased by 39%. CH4 has largest kinetic diameter and so experiences
highest resistance to permeation and H; experiences lowest resistance so small
molecule affected less from the increased motions occurring in the polymer
structure [21]. The results also showed that the permeability increase is more
pronounced at 35 °C than at 90 °C. The CH4 gas permeability increases by 2 times
and H: permeability increase is 19% at 90 °C. At 90 °C the polymer chains become
very flexible and mobile but at 35 °C the polymer chains are stiffer so the increase in
free volume of the membrane due to solvent removal has more effect on the gas

transport at 35 °C.

This heating and cooling effect on membrane performance has also been observed
by Woo et al. [64]. They studied with MFI loaded poly(1-trimethylsilyl-1-propyne)
composite membranes for n-butane/i-butane gas separation. They measured the

effect of temperature on permeabilities of the membranes first while heating from

40



25 °C to 200°C and then while cooling down from 200 °C to 25 °C. Different from our
results in their study the permeabilities were decreasing and selectivities were
increasing with increasing temperature. They observed that first heating the
membranes and then cooling them results in different membrane performances, the
permeabilities were lower and selectivities were higher during cooling step than
those during heating step. They attributed this result to decrease in membrane free
volume and desorption of methanol from MFI particles with increasing temperature.

However they did not proposed any methods to overcome this behavior.

This trend has not been observed in pure polymeric membranes so it can be related
to incorporation of SAPO-34 particles present in the membrane. PES/SAP0O-34 MMM
has a morphology consisting of polymer, zeolite and the interface between them.
Obtaining different behaviors from these two membranes in relation to thermal
treatment is not an unexpected result. This increase in gas permeabilities can be
related to the removal of residual solvent remained in the membrane with
increasing temperature hence increasing the free volume which leads increases in
permeabilities. However no change in permeabilities was observed for PES-n
membrane, suggesting all solvent was successfully removed from this membrane
during annealing while for PES/SAPO-34-n membrane the solvent can be hold by
SAPO-34 particles and longer annealing periods and higher temperatures can be
required to remove the solvent. Also this large increase in permeation can be
attributed to loosened structure of the membrane to some extend with temperature
cycles. Also differences in thermal expansion coefficients of the polymer and zeolite
particles may cause this behavior. Moore et al. [27] proposed that, the polymeric
material generally has higher thermal expansion coefficients than zeolites and with
increasing temperature the polymer matrix expands and then with cooling it

contracts and voids left between the two phase.
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Figure 4.6 Permeabilities of (a) Hz, (b) CO2 (c) CH4 gases through PES-SAPO-34-n

(M3) membrane with respect to temperature cycles at 35 °C and 90 °C.
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Table 4.7 Ideal selectivities of PES/SAPO-34-n (M3) membrane with respect to

temperature cycles at 35 °C and 90 °C.

1st Cycle 2nd Cycle 3rd Cycle 4t Cycle 5thCycle
35°C [90°C|35°C|90°C|35°C|90°C|35°C|90°C| 35°C
H,/CO; 231 | 258 | 222 | 2.64 | 2.09 | 2.60 | 2.11 | 2.69 2.08
COz/CHs | 344 | 128 | 23.8 | 12.1 | 243 | 12.7 | 21.1 | 12.2 7.97
H/CH4 79.6 | 33.0 | 52.8 | 31.9 | 50.7 | 33.0 | 44.5 | 32.7 16.6

Selectivity

4.2.2 Effect of Annealing on Membranes Performance

Generally studies dealing with the effect of membrane casting conditions on
membrane performances carried out with homogenous dense polymeric
membranes. These studies showed that the solvent residue in the membrane can act
as a plasticizer or an antiplasticizer and affect the membrane performance [46-47].
In literature there are no studies investigating the effect of annealing on ternary
mixed matrix membranes. Our results suggest that annealing MMMs at 100 °C, 0.2
atm, for 24 h is not enough to remove all solvent from membranes. So it is decided to
apply additional annealing step to PES/SAPO-34 membrane called post annealing to
investigate the reason of those increases in permeabilities of gases. Thus the post
annealing was applied at higher temperatures for longer times to stabilize the
membrane performance by erasing the thermal history and stresses in the
membrane. So PES/SAPO-34 mixed matrix membrane was annealed again (post
annealing) at 120 °C, 0.2 N atm., for 7 days. The post annealed membrane shown by

PES-SAPO-34-p.
The permeabilities obtained with PES/SAPO-34-p membranes with a similar cyclic

operating temperature program, are shown in Figure 4.7 and selectivities are given

in Table 4.8.
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Figure 4.7 Permeabilities of (a) Hz, (b) CO2, (c) CH4 gases through PES/SAPO-34-p

(M5) membrane with respect to temperature cycles at 35 °C and 90 °C.
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Table 4.8 Ideal selectivities of PES/SAPO-34-p (M5) membrane with respect to

temperature cycles at 35 °C and 90 °C.

1st Cycle 2nd Cycle 3rd Cycle
Selectivity | 35°C 90 °C 35°C 90 °C 35°C 90 °C
H/CO; 2.22 2.85 2.20 291 2.14 291

CO2/CHs | 33.46 15.37 32.13 15.41 32.70 15.19
Hz/CH4 74.31 43.84 70.66 44.86 69.95 44.25

The permeabilities and selectivities stayed nearly constant after post annealing
applied on membrane, showing that to obtain reproducible results the PES/SAPO-34

mixed matrix membranes should be annealed for longer times.

The permeabilities and selectivities of post annealed and not post annealed
PES/SAPO-34 membranes at 35 °C are compared in Table 4.9. The data are obtained
from the first temperature cycles. Application of post annealing increased the
permeabilities while the selectivities did not change or decreased slightly. The
increase in permeabilities was ~43% for both CO; and CH4 and 38% for H». Similar
results were obtained by Chang et al. [63] and Joly et al. [47], who reported that with
increasing annealing time residual solvent in the membrane decreased and the
permeabilities increased. Chang et al. [63] made a molecular simulation on
polyimide membranes. They observed that the thermal motions of the molecules
increase with the removal of solvent remained in the membrane. They compared
their results with the experimental data of Joly et al. [47] and the results confirmed

each other.

The increases can be due to increased free volumes in the membranes. The increase
was smaller for H, which means that the transport of smaller gas molecule affected
less from the annealing and the increases in free volume of the membrane since it

experiences less resistance to flow.
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Table 4.9 Single gas permeabilities and ideal selectivities of PES/SAPO-34-n and
PES/SAPO-34-p membranes at 35 °C.

Permeabilities (Barrer) | Selectivities

T,°C | H2 CO2 | CHa H,/CO; | CO2/CHs | Hz2/CH4
PES/SAPO-34-n

35 10.2 440 |(0.131 |231 33.6 77.5
(M3)
PES/SAPO-34-p

35 14.0 6.29 |0.187 | 2.22 33.6 74.7
(M5)

So it is decided to post-anneal the SAPO-34 loaded PES membranes before

investigating the effect of operating temperature on membrane performances.

4.2.3. Effect of Operating Temperature on Membranes Performance

After eliminating the effect of preparation conditions, annealing time and
temperature, the effect of operating temperature on membrane performances were
investigated. For these purpose the permeation temperatures changed between 35

°Cand 120 °C.

First the effect of temperature on the performance of PES-n membrane was
investigated. The membrane was not post annealed since its performance did not
show any change after temperature cycles. Single gas permeabilities of Hz, CO, and
CH4 gases were measured at 35 °C, 50 °C, 70 °C and 90 °C, then the permeabilities re-
measured at 35 °C. The numerical data are tabulated in Appendix D. The
permeability results are shown in Figure 4.8, demonstrating that with increasing
temperature the single gas permeabilities of all studied gases increased. After
measuring the permeabilities of all gases at 90 °C, the temperature again decreased
to 35 °C to check the stability of the membrane performance and the permeabilities

nearly stayed constant after one month long experiments. The highest increase in
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permeabilities with temperature belongs to CH4 gas and the lowest belongs to CO:.
Observed trend of permeability increase with increasing operating temperature also
reported in the literature for dense homogenous polymeric membranes [21, 54-56].
This increase in permeabilities with increasing temperature is related to increase in
diffusivities of the membranes, which is more dominant than solubility in glassy

membranes [24].
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Figure 4.8 Effect of operation temperature on permeabilities of PES-n (M6)

membrane.

The selectivities of CO2/CH4 and H,/CH4 gas pairs decreased but Hz/CO; selectivity
slightly increased with temperature as shown in Figure 4.9. The CO;/CH4 gas
selectivity decreases with increasing temperature because CO, has high solubility
and diffusivity than CH4 [51]. So the CHs permeability increases more compared to
CO; permeability. The similar behavior observed for H,/CHs selectivity. The
decrease in CO2/CH4 selectivity was higher than H/CH. selectivity since CO;
permeability increase is smaller than H; permeability with respect to temperature.

On the other hand temperature effects the H,/CO, separation in a different way.
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Since CO;, the slower gas is more condensable, its solubility decrease with

temperature is more influential than H,. The same observations were also

concluded by Rowe et al. [51] and the molecular explanations of these behaviors

were reported.
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Figure 4.9 Effect of operation temperature on (a) CO2/CHs and Hz/CH,, (b) H2/CO>

selectivities of PES-n (M6) membrane.

Before investigating the effect of temperature on the performance of PES/HMA

membrane, the membrane was post annealed for one month at 120 °C, 0.2 atm. in N,

atmosphere to obtain a durable and stable membrane performance. Before testing
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the temperature effect, a temperature cycle was applied to same membrane with
studied gases and the permeabilities and selectivities were found very close to each
other. The results are also tabulated in Appendix D, Table D.9 and D.10. After
temperature cycles, effect of operating temperature was investigated in the 35 °C to
120 °C range. The measurements were done by the same systematic with PES
membrane. The permeability results are shown in Figure 4.10 and the selectivities
are given in Figure 4.11. The similar trends with PES-n membrane observed,
permeabilities increased with increasing temperature and the increase in gas
permeabilities were again in the same order. However the increase in permeabilities
for all gases through PES/HMA-p membrane was higher than PES-n membrane.
H,/CO; selectivities increased with increasing temperature and CO2/CH4 and H2/CH.
selectivities decreased again. The increase in H2/CO; selectivity was also higher than
PES membrane. This time again after 90 °C the measurements repeated at 35 °C and
it has been observed that the permeabilities nearly stayed constant. After making
measurements at 35 °C, it was decided to increase the operation temperature up to
120 °C and the same trend observed but above 120 °C, the membrane deformed and

cracks were observed.
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Figure 4.10 Effect of operation temperature on permeabilities of PES/HMA-p (M7)

membrane.
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Figure 4.11 Effect of operation temperature on (a) CO2/CHs and H/CH4, (b) H2/CO>
selectivities of PES/HMA-p (M7) membrane.

As mentioned in previous part PES/SAPO-34 membranes were post annealed for 7
days at 120 °C, 0.2 atm, in N, atmosphere, before measuring single gas
permeabilities. The results in Figure 4.12 and Figure 4.13 show that, with increasing
temperature, the permeabilities increased but the increases were lower than PES-n
and PES/HMA-p membranes. H,/CO: selectivity increased with loss of CO,/CH4 and
H./CH, selectivities. The selectivity improvement obtained at 35 °C observed at each

temperature. On the other hand Choi et al. [44] observed that the H2/CO; selectivity
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improvement obtained at 35 °C with the addition of silicates to PBI polymer could
not be achieved at temperatures above 100 °C. At temperatures higher than 100 °C
the PBI/ silicalite membrane performances decreased and come close to pure PBI
membranes. They relate this behavior to mismatch in transport properties of two
phases. However our results showed that the selectivity trends did not change with
addition of zeolite particles, so it can be claimed that still diffusion is dominant and
there is no mismatch between PES and SAPO-34 particles. Moreover, the decreases
in COz/CHs and H:/CH4 selectivities were greater and the increase in H;/CO:
selectivity was lower than PES membrane. After 90°C measurements the
temperature decreased to 35 °C and single gas permeabilities through this post
annealed PES/SAPO-34-p mixed matrix membrane measured and no change in

membrane performance observed.
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Figure 4.12 Effect of operation temperature on permeabilities of PES/SAPO-34-p

(M5) mixed matrix membrane.
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selectivities of PES/SAPO-34-p (M5) mixed matrix membrane.

PES/SAPO/HMA ternary membranes were post annealed for one month to be sure
of complete removal of the remaining solvent. The gas permeation experiments
between 35 °C - 90 °C were done twice (Table D.13 and D.14) and the average
results are plotted in Figure 4.14 and Figure 4.15. As can be seen from Figure 4.14
and 4.15 with increasing temperature a similar trend in permeabilities were

obtained. The increases in the gas permeabilities were higher than PES/SAPO-34-p
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membranes and close to PES-n membranes. H,/CO; selectivity increase is smaller
than PES/HMA-p membrane and close to PES-n membrane. The decreases in
CO2/CH4 and Hz/CH4 selectivities were smaller than PES/SAPO-34-p membranes
and close to PES-n membrane. After 90°C measurements the temperature is
increased slowly to 120 °C and no deformation occurred in the membrane after 120
°C measurement. The ternary membrane could resist up to 120 °C without any
deformation. The temperature did not increased to higher temperatures because the
single gas permeation set-up was not appropriate for elevated temperatures. After
120 °C again the temperature decreased to 35 °C and it has been observed that after
using membrane for 2 month at elevated temperatures, we obtained very similar

permeability at 35 °C and the membrane gave reproducible results.
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Figure 4.14 Effect of operation temperature on permeabilities of PES/SAPO-
34 /HMA-p (M8) mixed matrix membrane.

53



140

(A
120 A

100 H~

60 -

Selectivity

40 4 0O

20 H

O CO./CHs
A Hz/CHa

30 50

70

T(°C)

90

110

130

(b)

Selectivity
w oW A
o vl o

1 1 1

N
wn
1

N
o

O H/CO;

w
o

50

70

90
T (°0)

110

130

150

Figure 4.15 Effect of operation temperature on (a) CO2/CHs and H/CH4, (b) H2/CO:
selectivities of PES/SAPO-34/HMA-p (M8) mixed matrix membrane.

Khan et al. [20] also studied with PSf-Ac-Zeolite 3A-APTMS coupling agent

incorporated ternary mixed matrix membranes and studied the temperature effect

on H,/CO; separation. Contrary to our results they observed that the H./CO:

selectivity decreases with increasing temperature. It was concluded that the

diffusivity increase is more significant for CO; compared to H.. Therefore, the
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increase in CO; permeability with temperature was higher than increase in H;
permeability. On the other hand in our case, for PES/SAPO-34/HMA-p membranes
as temperature increased from 35 °C to 120°C the selectivity was increased from 3.2
to 4.60, a 44% increase. The diffusivity of the CO; is increasing with temperature but
the high solubility of the CO; gas hinders its permeability from increasing. So it can
be concluded that for H,/CO, separation high temperature operations are more

effective.

Rowe et al. [51] studied the temperature effect on the upper bound. They developed
a relation to describe the upper bound curve behavior with respect to temperature.
By using the data given in that work and using Equation 2.10, the predicted
theoretical upper bound curves including the temperature effect for H,/ CO; and
C0O2/CH4 gas separation were plotted at studied temperatures. Permeability and
selectivity values of PES, PES/HMA, PES/SAPO-34 and PES/SAPO-34/HMA
membranes are also given with reference to upper bound curves in Figure 4.16 and

Figure 4.17.

For CO;/CH4 gas separation, the performances of our membranes lie below the
upper bound curves at each temperature. The upper bound line shifts downward
with increasing temperature (Figure 4.16). The performances of our membranes
showed similar trend to the predicted upper bound curves indicating the CO2/CH4
selectivity decreased with increasing temperature. The predicted upper bound
curve which was obtained by using Equation 2.10 at 35 °C, was compared with the
1991 [4] and 2008 [29] upper bound curves which are plotted from the
experimental data obtained at 25°C - 35 °C. The predicted curve fits well with

experimental upper bounds.

The membrane performances desired to be above the upper bound line. PES/SAPO-
34 membrane performance is close to upper bound curve and the membrane has
higher permeability and similar selectivity with PES membrane. This may indicate
the existence of voids at the polymer-zeolite interface [10]. Furthermore, the
performance of PES/SAPO-34/HMA membrane is also close to the upper bound
curve. The membrane performance shifts through the upper bound by adding HMA
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which may rigidify the structure. So that selectivity increases but permeability
decreases [10]. This rigidification may be due to improved adhesion between
polymer and zeolite. So, the ternary mixed matrix membrane is preferable if higher

selectivities are desired and binary MMM is preferable if higher permeabilities are

desired.
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Figure 4.16 CO2/CH4 gas separation performance of membranes on the predicted

upper bound curves as a function of temperature.

Figure 4.17 shows that for Hz/ CO, gas pair the upper bound moves upwards with
increasing temperature. Also our membrane performances shifts through the right
corner of the upper bound curves with increasing temperature which indicates the
selectivities increased with temperature. Since there are large differences in
condensabilities of H, and CO; gases, the solubility controls the gas separation

performance of the membranes.
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At each temperature, our membrane performances have gas separation
performances above the predicted upper bound curves. In contrast to that, when we
compare our membrane performances at 35 °C with the experimental upper bound
curves [4,29], we observe that the performances of our membranes lies below the
experimental upper bound limits (Figure 4.17). This shows that there is a mismatch
between the experimental [4,29] and predicted [51] upper bound curves for H»/CO;
gas separation. The reasons of this mismatch have not been reported yet [51].
However, the trend of the predicted upper bound curve with respect to temperature
is in the similar way of our results. Moreover, the similar trends observed when the
membrane performances were compared, incorporation of SAPO-34 results in

higher permeability while HMA addition results in higher selectivities.
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Figure 4.17 H2/CO; gas separation performance of membranes on the predicted

upper bound curves as a function of temperature
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4.2.4 Activation Energies of the Membranes

The permeability can be defined in terms of an Arrhenius type equation and the
activation energies were calculated from Equation 3.7. As can be seen from Figure
4.18, 4.19 the temperature dependent permeabilities of all gases through all
membranes follow the Arrhenius behavior. The activation energy plot of CH4 gas has

the highest slope where CO> has the lowest.
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Figure 4.18 Activation energy curves for (a) PES-n (M6), (b) PES/HMA-p(M7)

membranes.
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Figure 4.19 Activation Energy curves for (a) PES/SAPO-34-p (M5), (b) PES/SAPO-

34 /HMA-p (M8) membranes.

Table 4.10 Activation energies of membranes.

Activation Energies, E. (k] /mole)
PES-n PES/SAPO-34-p PES/SAPO-34/HMA-p | PES/HMA-p
(M6) (M5) (M8) M7)

H; 14.1 13.4 14.5 15.7

CO2 9.30 8.42 9.62 10.7

CHa 22.7 21.3 22.8 24.3
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The activation energies are calculated and tabulated in Table 4.10. For PES
membrane the highest activation energy belongs to CHs gas, which has the largest
kinetic diameter. CH4 has the largest kinetic diameter and it is exposed to highest
resistance to make diffusive jumps at 35 °C as a result as temperature is increasing
CH4; permeability affected much from the motions in the membrane structure.
However, the lowest activation energy does not belong to Hs, it belongs to CO; gas
which is the most condensable gas. CO; is the most soluble gas and it is known that
solubility decreases with temperature so CO, permeability increases less than other
gases studied [21, 51]. The activation energy order is CHs> Hy> CO,. This trend in
activation energy also explains the selectivity trends. In a gas mixture when
preferentially permeated molecule has higher activation energy than the others the
selectivity increases. The activation energies of PES membrane is found consistent
with literature. In literature activation energies of PES membranes were evaluated.
Wang et al. reported activation energy of pure PES membrane for H; as 16.97
kj/mole and for CO; as 12.67 kj/mole which is close to our values and follow the
same trend. Vijay et al. studied the effect of temperature on PES membrane and
calculated the activation energies of H, and CO; gases. Their activation energies are
lower; for H, 7.91 kJ/mole, for CO, 7.72 k]/mole and they relate these decrease to

structural properties of the membrane [65].

The activation energy of PES/HMA membrane is higher than PES membrane but the
E. order is the same. Since the HMA particles act as antiplasticizer, they increased
the resistance to make active jumps and hence increased the activation energies.
PES/SAPO-34 membrane has lowest activation energies in the same trend with PES
membranes. With the addition of SAPO-34 particles in PES membranes the
activation energies slightly dropped. The decrease in activation energy is more
significant for CO, than other gases due to strong affinity of CO, to SAPO-34
particles. Clarizia et al.[14] showed that the addition silicalite particles in PDMS
lowers the activation energies especially for CO, which has the highest affinity to
NaA and activation energy of CO; increases with addition of NaX particles to PDMS
membranes. It is concluded that the filler type effect the permeation rate of the
gases with temperature. The decrease in activation energies can be due to weak

interaction between PES and SAPO-34 particles which enables the penetrant
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molecules to permeate more easily. Addition of HMA to PES/SAPO-34 mixed matrix
membrane increased the activation energies and the activation energies come close

to pure polymeric membrane.
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CHAPTER 5

CONCLUSIONS

The temperature dependent gas transport properties of mixed matrix membranes
that are consist of polyethersulfone (PES) as continuous phase, SAPO-34 particles as
dispersed phase and HMA as compatibilizer, were investigated in this study. The

following conclusions are drawn:

1. Annealing has great influence especially on mixed matrix membranes. More
stable performances obtained from membranes which are post annealed

before used.

2. As temperature is increased the permeabilities of H;, CO; and CHs gas
increased for all membrane types. The H,/CO; selectivity increased where

CO2/CH4 and H2/CHj selectivity decreased.

3. For Hy/CO: it would be more advantageous to operate at high temperatures

since both permeability and selectivity is improved

4. PES/SAPO-34/HMA membrane has higher separation performance at each
temperature and can resist up to 120 °C without any changes in gas

separation performance.
5. Highest activation energy belongs to PES/HMA membrane and lowest

belongs to PES/SAPO-34 membrane. And in each membrane type lowest
activation energy belongs to CO; and highest belongs to CHa.
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APPENDIX A

SINGLE GAS PERMEABILITY CALCULATONS

The pressure rise at the permeate side versus permeation time data are recorded by
computer at certain time periods (10 seconds). From the slope of the permeate
pressure versus time graphs the permeabilities were calculated as shown in Figure

Al
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pressure (atm) & time (s)
data

'

Ap = Pn - Po

po = pressure att=0
Pn = pressure at nth time

|

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

A 4

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

Va=7.1cm3
T=308.15 K- 393.15 K (variable)

Av/At (cm3/s) = [(An/At).M] / p

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

v

N (cm3/cm2.s) = (Av/At) /A

A = effective membrane area = 9.6 cm?

A4

P(barrer) = [(N.£)] /[pr-ps]

£ = membrane thickness
pr = feed side pressure (cmHg)
pp = permeate side pressure = (po + pn)/2 (cmHg)

Figure A.1 Single gas permeability calculation.
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APPENDIX B

DSC THERMOGRAMS
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Figure B.1 DSC Thermogram for PES-n membrane
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Figure B.2 DSC Thermogram for PES-p membrane
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Figure B.3 DSC Thermogram for PES/HMA-n membrane
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Figure B.4 DSC Thermogram for PES/HMA-p membrane
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Figure B.5 DSC Thermogram for PES/SAPO-34-n membrane.
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Figure B.6 DSC Thermogram for PES/SAPO-34-p membrane.

74




psc  PES/SAPO-34/HMA MMM NOT POST ANNEALED, __,

mwW mW /mir
Transitio| -0.04mw
-0.0ImW /m¢ 1050
Mid Poin 6
“““““““““““““““““ ST e e e~ _~__|000
-0.50L 216.7¢C
0.5¢C
-1.00
-1.501 4-1.0C
100.00 150.00 200.00 250.00

Temp [C]

Figure B.7 DSC Thermogram for PES/SAPO-34/HMA-n membrane.
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Figure B.8 DSC Thermogram for PES/SAPO-34/HMA-p membrane.
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APPENDIX C

TGA THERMOGRAMS
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Figure C.1 TGA Thermogram for PES-n membrane.
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Figure C.2 TGA Thermogram for PES-p membrane.

76



TGA PES/HMA Not Post Annealed
%
100.00+ -
ng ;‘q Weight Loss 0.202 mg
— - 5.164 %
98.00- Weight Loss -0.047 mg
) -1.201 %
96.00+
94 .00+
92.00+
90.00+
100.00 200.00
Temp [C]

Figure C.3 TGA thermogram for PES/HMA-n membrane.
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Figure C.4 TGA thermogram for PES/HMA-p membrane.
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Figure C.5 TGA thermogram for PES/SAPO-34-n membrane.
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Figure C.6 TGA thermogram for PES/SAPO-34-p membrane.
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Figure C.7 TGA thermogram for PES/SAPO-34/HMA-n membrane.
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Figure C.8 TGA thermogram for PES/SAPO-34/HMA-p membrane.
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PERMEABILITY AND SELECTIVITY DATA OF TESTED MEMBRANES

APPENDIX D

Table D.1 Single gas permeabilities of PES-n (M4) membrane obtained from

temperature cycles at 35 °C and 90 °C, 1month long period.

1st Cycle 2nd Cycle 3rd Cycle 4th Cycle | A% | A%

35°C|90°C | 35°C|90°C |35°C|90°C | 35°C 35°C | 90°C
H; |7.95 |20.07|803 |19.58 |79 18.98 | 8.01 0.63 | 5.43
CO; | 3.75 | 7.68 | 4.0 7.68 | 4.03 |7.39 |4.03 747 | 3.78
CHs | 0.11 | 039 |0.11 (039 |0.11 |04 0.11 9.18 | 2.04

Table D.2 Selectivities of PES-n (M4) membrane obtained from temperature cycles

at 35 °C and 90 °C, 1month long period.

1st Cycle 2nd Cycle 3rd Cycle 4t Cycle | A% A%
Selectivities | 35°C | 90°C | 35°C 90°C | 35°C | 90°C | 35°C 35°C | 90°C
H,/CO; 2.12 2.61 2.01 2.55 1.96 2.57 1.99 7.55 2.30
C0O2/CH4 38.27 | 19.59 | 37.38 19.49 | 37.66 | 18.48 | 37.66 233 | 5.67
H2/CHs 81.12 | 51.20 | 75.05 49.70 | 73.83 | 47.45 | 74.85 8.99 7.32
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Table D.5 Single gas permeabilities of PES/SAPO-34-p (M5) membrane obtained

from temperature cycles at 35 °C and 90 °C.

1st Cycle 2nd Cycle 3rd Cycle A% | A%

35°C [ 90°C | 35°C |90°C [ 35°C | 90°C | 35°C |90 °C

H: |13.97 | 30.60 | 13.92 | 30.91 | 13.71 | 30.58 | 1.86 | 0.07

COz2|6.29 |10.73|6.33 |10.62 | 641 [10.50 | -1.91 | 2.14

CHs|0.19 |0.70 [0.20 |0.69 [0.20 |0.69 |-4.26 | 1.00

Table D.6 Ideal selectivities PES/SAPO-34-p (M5) membrane obtained from
temperature cycles 35 °C and 90 °C.

1st Cycle 2nd Cycle 3rd Cycle A% | A%

35°C | 90°C | 35°C | 90°C | 35°C | 90°C | 35°C [ 90°C

H/CO: 222 |285 220 |291 |214 |291 |3.70 |-2.12

CO;/CHs | 33.46 | 15.37 | 32.13 | 15.41 | 32.70 | 15.20 | 2.25 | 1.15

Hz/CH4 74.31 | 43.84 | 70.66 | 44.86 | 69.95 | 44.25 | 5.87 | -0.95
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Table D.7 Effect of operating temperature on permeabilities of PES-n (M4)

membrane.

Gases | 35°C 50°C 70°C 90°C 35°C
H 7.60 9.72 13.45 17.4 7.55
CO; 3.66 4.31 5.25 6.35 3.65
CHq 0.106 | 0.165 | 0.265 0.42 0.103

Table D.8 Effect of operating temperature on selectivities of PES-n (M4) membrane.

Selectivities 35°C 500C 70°C 90°C 35°C
Hz2/CO; 2.08 2.26 2.56 2.74 2.07

CO,/CH4 3452 |26.12 |19.81 |15.11 |35.43
Hz/CH4 71.69 | 5891 |50.75 |4142 |73.30

Table D.9 Effect of operating temperature on permeabilities of PES/HMA-p (M7)

membrane.

Gases | 35°C | 90°C | 35°C | 50°C | 70°C | 90°C | 35°C | 90°C | 120°C
Hz 6.22 | 1552 | 6.07 | 7.96 | 11.60 | 15.64 | 6.11 | 15.12 | 22:56

CO2 2.09 | 4.00 2.16 | 2.59 | 3.22 3.97 2.20 | 3.98 5.39
CH4 0.06 | 0.22 0.06 | 0.08 | 0.13 0.22 0.06 | 0.21 0.42

Table D.10 Effect of operating temperature on selectivities of PES//HMA-p (M7)

membrane.

Selectivities | 35°C | 90°C | 35°C | 50°C | 70°C 90°C | 35°C | 90°C | 120°C

HZ/COZ 2.97 3.88 2.81 3.07 3.60 3.94 2.78 3.80 4’.18

CO2/CHs4 37.32 | 18.18 | 39.27 | 33.63 | 2477 | 18.05 | 38.60 | 18.95 | 12:83

Hz/CHa 111.1 | 7054 | 1104 | 1034 | 8923 | 7709 | 107.2 | 720 | 9371
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Table D.11 Effect of operating temperature on permeabilities of PES/SAPO-34-p

(M5) membrane.

Gases | 35°C | 50°C | 70°C | 90°C | 35°C
H; 13.71 | 17.58 | 23.59 | 30.58 | 13.81

CO; 641 | 760 |917 |10.47]|6.46
CH4 020 1028 |0.44 |0.69 |0.20

Table D.12 Effect of operating temperature on selectivities of PES/SAPO-34-p (M5)

membrane.

Selectivities | 35°C | 50°C | 70°C | 90°C | 35°C
H;/CO, 214 | 231 | 257 |292 |214
CO2/CH4 32.70 | 27.05 | 20.65 | 15.15 | 33.12
Hz/CH4 69.95 | 62.56 | 53.13 | 44.25 | 70.8
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