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ABSTRACT

EFFECT OF SEEDING ON THE PROPERTIES OF MFI TYPE ZEOLITE
MEMBRANES

Dinger, Eser
M.Sc., Department of Chemical Engineering
Supervisor: Assist. Prof. Dr. Halil KALIPCILAR
Co-supervisor: Prof. Dr. Ali CULFAZ

August 2005, 131 pages

The effect of seeding on the properties of alumina supported MFI membranes
was investigated in this study. Membranes were synthesized from clear solutions
with a molar batch composition of TPAOH:9.80Si0,:0.025Na0OH:0.019Al,05:
602.27H,0:39.16C,HsOH on bare and seeded alumina supports at 130°C in
autoclaves. The amount of seed on the support surface was changed between
0.6 mg/cm? and 6.9 mg/cm? by vacuum seeding method, which provided

uniform and closely packed seed layers.

Membranes were characterized by XRD and SEM, and by measuring single gas
permeances of N,, SFs, n-C4H;o and i-C4H;o. The quality of membranes was
evaluated on the basis of N,/SF¢ ideal selectivity. Membranes, which showed
N,/SFe¢ ideal selectivity higher than 40, were considered to be good quality,
comprising few defects. Good quality membranes were also used to separate

butane isomers.

Membranes synthesized on seeded supports had compact and uniform MFI layer
if the seed amount is less than 1.0 mg/cm? on the support surface. Membranes

that were synthesized on the supports coated with higher amount of seed



crystals showed an asymmetric structure with a dense and uniform MFI layer at

the top, the support at the bottom and a seed layer between.

Half of the membranes synthesized on seeded supports had N,/SFg ideal
selectivity higher than 40. These membranes exhibited n-C4H10/i-C4H1g
separation selectivities between 5 and 27 and 8 and 21 at room temperature and
at 200°C, respectively. High ideal and separation selectivities showed that

membranes did not include non-zeolitic pores.

Membranes synthesized on bare support had non-uniform MFI layer. Those
membranes showed N,/SF¢ ideal selectivities below Knudsen selectivity,

indicating the existence of large non-zeolitic pores in the MFI layer.

Keywords: Seeding, MFI membranes, Vacuum seeding, Gas permeation,

Reproducibility
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TOHUMLAMANIN MFI TiPi ZEOLIT MEMBRANLARIN OZELLIKLERI
UZERINE ETKiSI

Dinger, Eser

Yiksek Lisans, Kimya Mihendisligi
Tez Yoneticisi: Yrd. Dog. Dr. Halil KALIPCILAR
Ortak Tez Yoneticisi: Prof. Dr. Ali CULFAZ

Adustos 2005, 131 sayfa

Bu calismada, tohumlamanin alumina destekli MFI membranlarin o6zellikleri
Uzerine etkisi incelenmistir. Membranlar bos ve tohumlanmis destekler (izerine
9.80Si0,:TPAOH:0.025Na0OH:0.019Al,03:602.27H,0:39.16C,HsOH baslangig
bilesimindeki berrak co6zeltilerden 130°C’de ve otoklavlarda sentez edilmistir.
Destek ylzeyi Uzerindeki tohum miktar, siki dolgulu ve tekdiize tohum
tabakalari veren vakumla kaplama yéntemi ile 0.6 mg/cm’? ve 6.9 mg/cm?

arasinda degistirilmistir.

Membranlar XRD ve SEM ve N,, SFs, n-C4Hyo ve i-C4H;p tek gaz gecgirgenlik
6lcimleri ile nitelendirilmistir. Membran kalitesi N,/SFg ideal seciciligi temelinde
degerlendirilmistir. N,/SFe ideal seciciligi 40'in Uzerinde olan membranlarin az
delik icerdigi ve iyi kalitede oldugu kabul edilmistir. 1yi kalite membranlar biitan

izomerlerinin ayiriminda da kullaniimistir.

Tohumlanmis destek (izerinde sentez edilmis membranlar, destek ylzeyi
tizerindeki tohum miktari 1.0 mg/cm?dan az oldugu durumda siki ve tekdiize
MFI tabakalara sahiptir. Daha fazla miktarda tohumla kaplanmis destekler
Uzerine sentez edilmis membranlar, Ustte siki ve tekdize MFI tabaka, altta

destek ve arada tohum tabakasindan olusan asimetrik bir yapi gostermistir.

Vi



Tohumlanmis destekler (izerinde sentez edilen membranlarin yarisinin N,/SFg
ideal seciciligi 40'in Uzerindedir. Bu membranlar oda sicaklii ve 200°C'de
sirasiyla 5 ile 27 ve 8 ile 21 arasinda n-C4H;¢/i-C4H;9 ayirma seciciligi
gostermistir. Yiksek ideal ve ayirma secicilikleri, membranlarin zeolit disi

gbzenek icermedigini gostermistir.

Bos destek (zerinde sentez edilen membranlar tekdize olmayan MFI
tabakalarina sahiptir. Bu membranlarin Knudsen segciciliginden kiglik N,/SF¢ ideal
segciciligi gostermeleri MFI tabaka iginde blylk zeolit disi gdzeneklerin varhgini

gbstermektedir.

Anahtar soézcikler: Tohumlama, MFI membranlar, Vakumla tohumlama, Gaz

gecirgenligi, Tekraredilebilirlik
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CHAPTER 1

INTRODUCTION

A membrane is a semipermeable barrier between two phases. It allows the
passage of some molecules, called permeate, and reject the others, called
retentate, with the aid of a driving force such as pressure or concentration
difference [1]. Selectivity and permeance are the two key parameters to

determine the performance of a membrane.

Zeolites are microporous crystalline materials with uniform-sized pores between
0.3 nm and 1.3 nm. Molecular sieving and selective adsorption properties of
zeolites make these materials appropriate for membrane preparation. They also

exhibit high chemical, thermal and mechanical stability.

Zeolite membranes have usually an asymmetric composite structure. They
consist of a continuous and thin zeolite layer on top of a thick macroporous
support. Zeolite layer achieves the separation and the support provides the
mechanical strength to the zeolite layer with a little effect on the separation
[2,3]. Porous alumina [4-7] and stainless-steel [8-11] are usually used as
support. The zeolite layer should be as thin as possible to obtain high permeance

and defect-free for high selectivity.

Generally zeolite membranes are hydrothermally synthesized from a gel [10,12]
or clear solution [5,13] that contains SiO,, Al,03, Na,O, H,O and a template
molecule. The support is put into the synthesis solution and the zeolite layer
forms on the support surface during hydrothermal treatment. Synthesis is
usually performed at temperatures between 100°C and 200°C at autogeneous
pressure [5-7,14]. In order to obtain a continuous zeolite layer frequently thick
films are produced and sometimes multiple synthesis steps are required
[10,15,16].



The most critical problem faced with the synthesis of zeolite membranes is the
reproducibility. Although there are a great number of studies on zeolite
membranes, few of them has reported data on the reproducible synthesis of
membranes [5,9,17-19].

Seeding the support surface has often been applied to promote the formation of
zeolite layer and to improve the membrane quality. Seeding may offer several
advantages over the synthesis on the bare supports such as controlling the
orientation [20-22] and forming membranes with higher reproducibility
[20,21,24]. As well as those advantages seeding shortens the crystallization
time by reducing the induction time for nucleation since the seed crystals acts as
nuclei for the secondary growth [25,26]. Nevertheless this method introduces
additional parameters such as size of seed, thickness of seed layer and makes

the synthesis procedure more complicated.

The method applied for seeding is therefore expected to be practical and
adequate to prepare seed layers with high coverage. Dip-coating [21], rubbing
[13], pulsed laser ablation [8] and vacuum seeding [27] are some of the seeding
methods that have been used in membrane synthesis. Among them, vacuum
seeding is a simple and efficient method to prepare seed layers. Huang et al.
[27] applied this seeding method on tubular supports. The thickness of seed
layer was non-uniform through the support because of the gravitational force in
addition to vacuum force. Therefore this method can be more suitable for flat

supports where negative effect of gravitational force is eliminated.

In this study, the effect of amount of seed on the morphology and quality of MFI
(ZSM-5 and silicalite-1) membranes was investigated. MFI type zeolites are
appropriate membrane materials because of their pore size that is comparable

with the kinetic diameter of industrially important gases [28].

To prepare membranes, disc-shaped alumina supports were coated with seed
crystals by vacuum-seeding method. Amount of seed on the support was
adjusted by changing the quantity of seed suspension whilst the concentration of

suspension was kept constant.



The synthesized membranes were characterized by X-ray diffraction (XRD) for
phase identification. Scanning electron microscopy (SEM) was used to determine
the morphology of the MFI layer. Membrane quality was evaluated by measuring
N, permeances through uncalcined membranes and by measuring N, and SFe
permeances through the calcined membranes. Good-quality membranes were
also used to separate n-C4;Hio and i-C4H;o mixtures. The reproducibility of the
membrane syntheses was determined with both gas permeances and SEM

images.



CHAPTER 2

LITERATURE SURVEY

2.1 Classification of membranes

A membrane is a semipermeable barrier between two phases which hinders the
passage of some components called retentate and permits the passage of the
others called permeate. Membranes can separate gas and liquid mixtures under
the effect of a driving force, such as pressure or concentration difference [1].
The performance of a membrane is determined by two parameters, namely
permeance and selectivity. Permeance is defined as the flux per unit
transmembrane driving force. Ideal selectivity (permselectivity) is usually used
to describe the performance of a membrane. Ideal selectivity is the ratio of
single gas permeances. Separation selectivity is also used in the case of mixture
separation and it can be defined as the ratio of compositions of components A
and B in the permeate relative to the composition ratio of these components in
retentate side [29].

Synthetic membranes can be divided into two sub-groups; polymeric and
inorganic membranes. Polymeric membranes show high selectivities in gas
separation and can be easily processed to prepare membranes with large surface
areas. However they are not resistant to high temperatures and chemically harsh
conditions. Operating limitations of polymeric membranes can be overcome by
inorganic membranes. Inorganic materials are chemically inert, stable at high
temperatures and high pressures [28]. Carbon membranes, sol-gel based
membranes (silica, alumina, zirconia etc.) and zeolite membranes are the types

of inorganic membranes.



2.2 Structure of MFI type zeolites

Zeolites are crystalline hydrated aluminasilicalites of alkali or alkali earth metal
elements. The zeolite framework is built up by [AlO,]™ and [SiO4]™* tetrahedra.
The tetrahedra are connected by sharing oxygen atoms and construct the three-
dimensional framework [30]. The negative charge of framework is compensated
by alkali or alkaline earth cations, which can be reversibly and totally exchanged
by other cations. Zeolites exhibit high thermal, mechanical and chemical
resistance. Zeolites are known as molecular sieving materials because of their
uniform and molecular-sized pores (0.3-1.3 nm). The pore size of some zeolites
can be tuned by ion exhange, for example the pore size of Na-A type zeolite is

0.42 nm, where as K-form of zeolite A has pores with 0.30 nm.

Several types of zeolites are applied for membrane preparation such as; MFI-
type (silicalite-1 and ZSM-5) [4-7,9-21], LTA-type [22,27], mordenite [31] and
faujasite [32]. Among them MFI type is the one that is frequently used in
membrane preparation. Because the pore size of MFI type zeolites is comparable

with the kinetic diameter of industrially important gases [28].

MFI is a group name given to 10-membered zeolites. ZSM-5 and silicalite-1 are
the group members of this family. ZSM-5 and silicalite-1 differ from each other
by Si/Al ratio which ranges between 20 and 4000 in ZSM-5 while silicalite-1 is

alumina free form of ZSM-5.

MFI type zeolites have intersecting channel system (Figure 2.1). The channels in
the b-direction are straight with a pore diameter of 0.51x0.55 nm and they are
connected to zig-zag channels in the a-direction. The pore diameter of zig-zag

channels is 0.51x0.57 nm. No channels are present in c-direction [33].

Zeolites are synthesized hydrothermally either at autogeneous or at atmospheric
pressures from synthesis solutions that usually contain SiO,, Na,O, Al,Os;, H,O
and sometimes template molecule as structure directing agent [34]. For example
tetrapropylammonium ion (TPA*) is frequently used as template for MFI type

zeolite. During the synthesis of MFI type zeolite template molecules



Figure 2.1 Pore structure of MFI type zeolite

are located at the intersection of zig-zag and straight channels and blocks the
MFI pores. For this reason calcination step is required to open the MFI pores.
Temperatures higher than 400°C are usually required for the complete removal

of the template molecule [35].

2.3 Synthesis of zeolite membranes

Zeolite membranes can be prepared as self-supported zeolite films or zeolite
layer on a support. Self-supported zeolites films are usually prepared as thick
films (30-250 um) to gain mechanical strength yet this reduces the permeance
through the membrane [36-38]. In order to produce thin zeolite layers with
sufficient mechanical strength, zeolite membranes are prepared on porous
support materials such as a- and y-alumina [4-7] or stainless-steel supports [8-
11]. Zeolite membranes on a support can be synthesized by two different

methods, in-situ hydrothermal synthesis and vapor phase transport method.

In vapor phase transport (VPT) method, the support material is immersed into
aluminasilicate gel and coated with a gel layer. Then amorphous dry-gel is

crystallized in vapor mixture of water and organics such as triethylamine and



ethylendiamine at autogenous pressure [39]. VPT method is utilized to control
the thickness of the zeolite membrane and to minimize the consumption of
chemicals used for membrane synthesis. However, it is difficult to prepare

uniform precursor gel layers which in turn affect the membrane quality.

In in-situ hydrothermal synthesis method, the support material is immersed into
the synthesis solution, which includes the chemical reagents for zeolite
synthesis. Crystallization of zeolite layer takes place on the support surface at
temperatures between 100°C and 200°C [5-7,14]. Synthesis is performed either

at autogenous [5-7] or at atmospheric pressure [14].

Several different mechanisms for zeolite layer growth under in-situ hydrothermal
conditions have been proposed. Koegler et al. [40] suggested that at the early
stages of crystallization primary gel particles that form in the synthesis solution
accumulate on the support surface and form a silica gel layer with low (TPA)
template content. Nucleation and crystal growth take place at the interface of
the gel layer and synthesis solution. Similarly Lai et al. [41] prepared ZSM-5
membranes on bare porous alumina supports. They proposed that a gel layer
formed on the support surface and crystallization occurred in the amorphous gel
layer. On the other hand Vilaseca et al. [42] suggested a four step mechanism
for zeolite layer growth. At the beginning of the synthesis nuclei with a size of 50
nm forms on the support surface. As the synthesis proceeds, those nuclei are
transformed to zeolite crystals and at the same time nuclei forms continuously
both on the support and on the zeolite crystals. Then crystals cover the support
and a new generation of nuclei forms on those crystals so that nucleation and
crystal growth take place simultaneously. Finally nuclei formation stops and

crystal growth continues to form a continuous zeolite layer.

In order to obtain thin and continuous zeolite layers without defects by in-situ
synthesis on bare supports several synthesis procedures have been investigated.
For example Vroon et al. [16] prepared MFI membranes by consecutive
synthesis on a-alumina supports from clear synthesis solutions at temperatures
between 371 K and 459 K. They obtained good quality membranes with a
thickness of 2 um and 7 um after two consecutive hydrothermal syntheses.

When they repeated synthesis more than twice they obtained thick membranes



with poor quality and they concluded that membranes became too thick and

cracked during calcination step.

Coronas et al. [10] synthesized ZSM-5 membranes on tubular a- and y-alumina
supports and investigated the synthesis procedure on membrane quality. They
filled alumina tubes with synthesis gel and wrapped the ends of the tube with
Teflon tape. They repeated synthesis until uncalcined membranes became
impermeable to N,. With this method, ZSM-5 membranes having N,/SF¢ ideal
selectivities between 138 and 299 at room temperature were obtained. However
when the outer surface of tube was covered with Teflon tape and the autoclave
was rotated at horizontal position, they could not obtain continuous ZSM-5
layers even after two consecutive synthesis steps. They concluded that quality of

ZSM-5 membranes depended on the synthesis procedure.

A number of studies have shown that good quality membranes can be obtained
by in-situ synthesis on bare supports but synthesis of thick membranes or
consecutive synthesis is needed to obtain a continuous zeolite layers. This may
result in decrease in membrane quality by leading to crack formation or
decreasing the permeance through the membrane. To increase the quality and

reproducibility of zeolite membranes seeding method is to be used.

In this method, the support material is coated with previously synthesized zeolite
crystals and then seed coated support is subjected to hydrothermal synthesis to
obtain continuous zeolite layers. Hydrothermal synthesis on seeded support is

usually called as secondary growth [20-24].

Table 2.1 shows the thicknesses of MFI membranes and films prepared by
secondary growth. Particle size of the seed crystals and the thickness of the seed
layer affect morphology of the resulting zeolite layer. For example Lai and
Gavalas [43] prepared zeolite membranes about 5 pm and 10 pm thick with the
use of 0.4 um and 2 pym seed crystals, respectively. They have concluded that
the membrane thickness increases with the size of seed crystals under the same
synthesis conditions. Similarly Hedlund et al. [23] investigated the effect of seed
layer thickness on the film morphology. Synthesis on silicon wafers coated with a

monolayer (about 160 nm thick) resulted in thinner MFI films than those coated



with bilayer (about 240 nm thick) of seed crystals. Huang et al. [27], who
examined the effect of seed size and seed layer thickness on the thickness of
zeolite A membranes, concluded that increase of either seed size or seed layer

thickness increases the membrane thickness.

Table 2.1 Morphology of MFI films and membranes reported in literature

Ref Seed Seed layer MFI layer
eference
size thickness thickness Pattern
Hedlund et al. Nearly a
50 nm 500 nm Random
[14] monolayer orientation
Gavalas et al. | 0.4 um No 5um Random
[43] 2 dm information 10 pm orientation
Tsapatsis et Nearly a Preferred
100 nm 1 um
al. [21] monolayer orientation
Au et al. Preferred
120 nm 1.5 ym 2.5 um ] )
[44] orientation
Hedlund et al. Random
60 nm monolayer 1.5 um ) _
[45] orientation
Lin et al. No Random
4 ym 10 um
[13] information orientation
160 nm
240 nm
Hedlund et al. (monolayer) Preferred
160 nm ] _
[23] 240 nm orientation
) 500 nm
(bilayer)

Seeding also influences the orientation of the zeolite crystals forming the zeolite
layer (Table 2.1). Tsapatsis and co-workers [20-24] synthesized membranes
with columnar structure by secondary growth on seeded alumina supports. They
stated that seeding leads to the formation of oriented layers. With the alignment
of MFI crystals in the same direction, the permeance through the membrane can

be increased and membrane quality can be improved.

Crystalline phase in the synthesized zeolite layer can be controlled by seeding

[31,46]. Li et al. [31] observed that MFI and mordenite membranes can be
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synthesized under the same synthesis conditions by changing the type of the

zeolite that is used as seed crystals.

Seeding also shortens the synthesis time of membranes. Lin et al. [25]
synthesized silicalite membranes on seeded and bare porous mullite supports.
They obtained well-intergrown membrane on seeded supports for 8 h of
synthesis but a continuous zeolite layer was not obtained after 16 h of
crystallization on bare support. They concluded that seed crystals provide
nucleation sites and by the way increase the growth rate of compact zeolite
layers. Similarly, Xomeritakis et al. [26] synthesized MFI films on bare and
seeded glass supports. They observed that synthesis on seeded support resulted
in formation of zeolite film after 4 h of synthesis while on bare support
amorphous gel around the zeolite crystals was observed. They stated that
increasing the crystallization time to 20 h resulted in intergrown and
polycrystalline films on seeded supports on the other hand, continuous zeolite
films were not obtained in unseeded systems. They concluded that existence of
seed layer led to formation of intergrown zeolite layer and shortened the
synthesis time. When seed crystals are used they serve as nucleus and thus

required time to obtain continuous zeolite layer is reduced.

Xomeritakis et al. [26] and Lin et al. [13] observed hemispherical dome like
defects in the zeolite layer synthesized on non-uniform seed layers. They
concluded that absence of uniform and close-packed seed layers decrease zeolite

film quality by the formation of defects (dome-like defects).

In view of these studies seed layer properties such as uniformity, coverage and
packing density are important factors which affect the membrane quality.
Different methods have been developed for seeding and the main target is to
coat support surface with packed and uniform seed layers.

2.4 Seeding methods

Dip-coating, rubbing, pulsed layer ablation and vacuum seeding are some the

seeding methods employed for coating the support surface with seed crystals.
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One of the most frequently used method is dip-coating [20-22,24]. In this
method, a colloidal seed suspension is prepared with nanosize zeolite crystals.
Then the support material is dipped into the colloidal seed suspension to attach
seed crystals to the support surface. In order to prevent the loss of seed crystals
from the support surface, dipping and withdrawal rates of the support are kept
so slow like 1-2 cm/h. For complete coverage, coating process is repeated
several times. Although thin and uniform seed layers are obtained with this
method [20-22,24] it is a time consuming method because of the requirement
for coating steps and it is limited to nanosize seed crystals as larger crystals
settle down quickly. In dip-coating sometimes cationic polymers are used to
reverse the charge of the support to enhance the attachment of seed crystals to
the support surface by electrostatic forces [14,23,45]. But this method also

requires an additional pretreatment step which is impractical.

In rubbing, slurry of seed crystals is rubbed on the support surface with a brush
[12,13,25]. It is very simple method to obtain seed coated supports and
applicable with either micron or submicron size seed crystals. However it is
difficult to control the uniformity and thickness of seed layer. Lin et al. [13]
prepared silicalite membranes on seeded alumina tubes by a single hydrothermal
synthesis. The outer surface of alumina tubes were coated with 4 um silicalite
seed crystals by rubbing method. They stated that tube surface was covered
with seed crystals but seed layer included large voids, therefore the seed layer
quality was low. They concluded that seed layer quality depends on the seed size

and roughness of the surface.

Seeded layers can also be prepared by pulsed ablation method. This method is
utilized by Munoz et al. [8] for the preparation of zeolite UTD-1 membranes.
They first pressed zeolite UTD-1 crystals to obtain zeolite pellets and seed
crystals from this pellet were deposited on a temperature controlled silicon wafer
and porous stainless-steel supports by laser ablation. They obtained about 700
nm thick seed layer on silicon supports. However seeded layers were mainly
amorphous according to XRD. They obtained oriented UTD-1 layers after
secondary growth and concluded that film deposited prior to membrane
synthesis serve like a seed layer though it was mainly amorphous. Although

uniform seed layers are obtained through pulsed laser ablation technique, it
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caused decomposition of seed crystals. Special equipment needed for this

method also limits its usage.

Vacuum seeding method is also used for seeding the support surfaces. In this
method a seed suspension is prepared and suspension is poured on the support
surface. Seed crystals are deposited on the support surface by means of
vacuum. The main advantage of this method over the others is that the amount
of seed crystals deposited on the support can be controlled by changing the
concentration and amount of the suspension. Huang et al. [27] used this method
to coat a-alumina tubular supports. They seeded support surfaces with different
amounts of zeolite A seed crystals by changing the suspension concentration.
They stated that closely packed seed layers can be obtained by vacuum seeding

method in a practical way.

2.5 Gas permeation through MFI membranes

Separation through zeolite membranes is accomplished due to difference in
diffusion rates and adsorption behavior of the permeating gases. Separation
performance indicates the quality of the membrane and is affected by the
morphology of the zeolite layer such as thickness, grain boundaries, orientation,
size and shape of the crystals forming the zeolite layer [44,47]. Separation is
also influenced by the size and shape of the permeating gases and operating

conditions such as temperature and pressure [7,9].

Various groups used specific gas pairs to determine the quality of MFI
membranes. Mostly n-butane/i-butane and N,/SF¢ ideal selectivity are taken as a
quality criterion [4,5,9,10,16,48,49]. Vroon et al. [16] defined a good quality
membrane as a membrane showing ideal selectivity for butane isomers higher
than 10 at 473 K. As Knudsen diffusion controls the flow in mesopores
separation of isomers cannot be accomplished by a membrane including
mesopores. Therefore separation of butane isomers would indicate that the
membrane consists of few defects. Noble and co-workers [10] suggested N,/SFg
ideal selectivity as quality criterion. A membrane that exhibited N,/SF¢ ideal
selectivity higher than 80 at room temperature was defined as high quality.

Since kinetic diameter of N, is smaller than MFI pores, it can easily pass through
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the MFI layer. On the other hand kinetic diameter of SFg is comparable with the
size of MFI pores so SF¢ permeance is expected to be low in a defect-free

membrane.

Figure 2.2 shows the relationship between N, permeances and N,/SFe¢ ideal
selectivities for MFI membranes reported in literature (see Appendix I for
tabulated form of Figure 2.2). The plot is constructed on a log-log scale.
Membranes synthesized with and without seeding are shown on the graph by full
and open symbols, respectively. As these membranes were produced with
different synthesis conditions, membranes probably showed different
morphological behavior which affects the performance of the membrane. For
example, membranes obtained on seeded supports exhibit lower selectivities and

similar permeances compared to membranes synthesized on bare supports.

It is known that thick membranes usually show higher selectivities and lower
permeances than thinner membranes. Membranes produced on seed coated
supports usually exhibit thin MFI layers. To obtain defect free membranes
without seeding, consecutive synthesis was used yielding thicker membranes.
For example Hedlund et al. [14] synthesized MFI membranes by secondary
growth with seed crystals of 50 nm. Before the membrane synthesis they
plugged the pores of the support therefore crystallization in the support pores
was eliminated. They obtained MFI membranes about 500 nm thick and
membrane exhibit N,/SFg selectivity of 10. In contrast Coronas et al. [10]
synthesized ZSM-5 membranes by two consecutive synthesis steps on bare
support and obtained membranes with thicknesses between 25 pym and 30 pm.
Those membranes showed N,/SFg ideal selectivities between 138 and 299.
Similarly Tuan et al. [50] obtained ZSM-5 membrane on bare support after two
synthesis steps. The membrane had a thickness of 40 ym and exhibited N,/SFg
ideal selectivity of 56.

The permeance through a membrane depends on the amount of grain
boundaries [28]. MFI membranes that are obtained by seeding are usually
composed of small crystals. This may increase the amount of grain boundaries
which may result in the decrease of permeances even if they had thin MFI

layers. For example, Algieri et al. [51] synthesized MFI membranes by secondary
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Figure 2.2 N, permeances and N,/SF¢ ideal selectivities for MFI type membranes

reported in literature

growth method. MFI membranes synthesized on seed layer composed of 400 nm
MFI crystals and had a thickness of 2 um. The N, permeances through those
membranes were about 2x10® mol/Pa.s.m?. On other hand Coronas et al. [10]
reported similar N, permeances through a membrane composed larger ZSM-5
crystals and 15 times thicker ZSM-5 layer than the previous work as result of

grain boundaries.
2.6 Reproducibility of MFI membrane synthesis

Figure 2.2 shows that a reproducibility problem exists in zeolite membrane
synthesis. Although all membranes are MFI type, their permeances and ideal
selectivities exhibit a wide distribution. In addition to this, reproducibility is
reported only in a few articles [5,9,17-19]. To determine the reproducibility of
membrane synthesis, researchers define a quality criterion like the ideal
selectivity of specific gas pairs and evaluate the membranes according to this

quality criterion.
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Van de Graaf et al. [9] used n-butane/isobutane ideal selectivity higher than 10
as the quality criterion and they confirmed that 8 of 12 membranes did not
satisfy the quality criterion without an obvious cause. They concluded that
membranes cracked during calcination step and poor reproducibility can be
caused by the surface properties of the support or defects formed during
membrane synthesis. Kalipgilar and Culfaz [5] utilized N,/SF¢ ideal selectivity
higher than 80 as the quality criterion and they stated that 30% of the
membrane synthesis were successful according to their quality criterion although
membranes showed similar morphological behavior according to SEM images.
They concluded that reproducibility can be influenced by the defects formed
during membrane synthesis. Noack et al. [17] used H,/SF¢ permselectivity
higher than 43 as a quality criterion. They observed that reproducibility
increased from 10% to about 70% by optimizing the synthesis conditions and
composition of MFI membranes. Similarly Gora et al. [18] optimized the
synthesis conditions of silicalite-1 membrane by changing the synthesis
temperature and time. They evaluated reproducibility of membranes by single
gas permeation of n-butane and isobutane and SEM images. They observed that
all eight membranes synthesized under the same optimized conditions had
similar thicknesses and also exhibited similar n-butane permeances and n-
butane/isobutane ideal selectivities. On the other hand Li et al. [19] synthesized
ZSM-5 membranes on large area a-alumina supports by repeating the synthesis
steps at least three times until the uncalcined membranes became impermeable
to N,. They selected H,/n-butane ideal selectivity higher than 27 as a quality

criterion and they obtained 50% reproducibility according to their criterion.

Reproducibility is a significant problem in zeolite membrane synthesis. This

problem should be overcome in order to use zeolite membranes in industry.
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CHAPTER 3

EXPERIMENTAL

3.1 Synthesis of MFI type seed crystals

MFI type seed crystals (ZSM-5 and silicalite-1) were synthesized from clear
synthesis solutions. Chemicals used to prepare synthesis solution were
tetraethylorthosilicate (TEOS, Acros Organics, 98% in water),
tetrapropylammoniumhydroxide (TPAOH, Acros Organics, 25% in water) as
organic template, sodium aluminate (44% Na,O, 55% Al,03, 1% H,O, Riedel de
Haen), NaOH pellets (97% NaOH, 1.98% H,0, Merck) and deionized water (DI

water).

The batch with a molar composition of TPAOH:9.80Si0,:0.025Na,0:0.019AI,05:
602.27H,0:39.16C,Hs0OH (C1) [52] was used for the synthesis of micron-size
seed crystals and that of TPAOH:8.17Si0,:0.08Na,0:162.09H,0:32.68C,HsOH
(C2) [35] was used for the synthesis of submicron-size crystals. A sample
calculation for amounts of reagents to prepare 100 g synthesis solution for a

batch composition is given in Appendix A.

The synthesis solution was prepared in polypropylene cups. TPAOH was diluted
with DI water and TEOS was added into this solution. Then, sodium aluminate
(0.54 wt% in water) or NaOH (1.4 wt% in water) was added. As TEOS is
immiscible with water, a two phase mixture was formed. This mixture was
stirred vigorously on a magnetic stirrer at room temperature for the hydrolysis of
TEOS. The mixture prepared from Composition C1 was stirred for 24 h, and that
prepared from Composition C2 was stirred for 45 h. After stirring homogeneous

and clear synthesis solutions were obtained.

The synthesis was carried out in stainless steel autoclaves with PTFE inserts

having 35 ml capacity. Approximately 80% of the insert was filled with synthesis
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solution. The synthesis with Composition C1 was performed at 130°C for 24 h
and 46 h, and the synthesis with Composition C2 was carried out at 91°C for 24
h.

The autoclaves taken out of the oven were quenched to room temperature in
cold water. The solid product was recovered from the mother liquid by
centrifuging the contents of the autoclave at 640 g for 10 min. The solid product
was redispersed in DI water for washing and centrifuged again at the same
centrifuging conditions. Washing was repeated several times until the pH of the
solution above the solid dropped to nearly 8. The solid products were dried in the
centrifuging tubes at 80°C overnight, removed from the tubes and pounded in

agate mortar.

3.2 Preparation of alumina discs

Home-made o-alumina discs were used as support in membrane preparation.
Discs were prepared from a-Alb,O; powder (Aldrich, particle size <10 um) by
using polyvinyl alcohol (PVA, average molecular weight: 22000, Acros organics)
solution as binder. The PVA solution (5 wt%) was prepared by dissolving 5 g PVA
in 95 g of DI water. The solution was stirred on a magnetic stirrer overnight at

room temperature for complete dissolution of PVA particles.

The alumina discs were prepared as follows: 10 g of alumina powder was mixed
with 1 ml of PVA solution. The mixture was pounded in agate mortar for about
20 min and then dried at room temperature for an hour. For each alumina disc,
one gram of dried solid was pressed under the pressure of 258 MPa. The green

discs were sintered at 1400°C for 22 h. The heating rate was 6 °C/min.

Discs had a diameter of 21 mm and a thickness of 1 mm after sintering. Both
faces of alumina discs were slightly polished using a 800-grit sandpaper to
obtain smoother surfaces. The polished discs were washed with DI water and
treated with 0.1 M HNO; for 1 h to remove the particles coming from the
sandpaper. After treatment with HNOs, discs were ultrasonicated in water for 5
min and washed with DI water. Finally the discs were dried at 100°C for about 2
h.
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3.3 Seeding the alumina supports

One side of alumina discs were coated with seed crystals at room temperature
by vacuum seeding method using the apparatus shown in Figure 3.1. The
seeding apparatus consists of two polyimide tubes that have an outside diameter

of 67 mm and a wall thickness of 30 mm.

The alumina disc was fit into a rubber gasket. The inner and outer diameters of
the rubber gasket were 21 mm and 32 mm, respectively and the gasket had a
thickness of 2.4 mm. Alumina disc surrounded by the rubber gasket was

clamped between the polyimide tubes by means of four screws.

A seed suspension with a concentration of 0.05 wt% was prepared by dispersing
0.05 g of MFI seed crystals in 99.95 g DI water. The suspension was stirred on a
magnetic stirrer for 30 min and then ultrasonicated for 20 min. A small portion of
this suspension was used for coating of the support and the remaining part was

kept stirring on a magnetic stirrer to avoid the precipitation of zeolite crystals.

Screw +——y,

Polyimide
Seed '
Die (upper part)
Suspension
4—
AW — Rubber Gasket
Alumina_
Disc
Polyimide
Die (lower part)

Filtering N Vacuum
Flask \ : : Pump

Figure 3.1 Schematic drawing of the seeding apparatus
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The amount of seed on the disc surface was adjusted by changing the volume of
seed suspension (Table 3.1). As seeding apparatus has a capacity of 8 ml,
seeding procedure was repeated several times when the volume of suspension

required more than 8 ml.

Table 3.1 The volume of seed suspension and weight of seed crystals and the

time for settling of crystals during seeding process

Amount of
0.05 wt% seed Settling
) Amount of seed ) seed/surface area of
suspension time* ) )
(mg) alumina disc
(ml) (min)
(mg/cm?)
4 2.0 20 0.6
7 3.5 35 1.0
4+8 6.0 20+40 1.7
3x8 12.0 40 3.5
6x8 24.0 40 6.9

* settling time for each step

The seed suspension was poured on to the disc surface with a pipette and waited
for a period of time. Meanwhile seed crystals precipitated on the disc surface.
The time for precipitation of the seed crystals on the support are shown in Table
3.1. For coating the support with 2 mg of seed, 4 ml suspension was poured on
the support surface and waited for 20 min for precipitation. On the other hand
for 12 mg of seed, 8 ml of suspension was poured on the support and 40 min
was waited for precipitation and this procedure is repeated three times. During
precipitation, a small amount of colorless water permeated through the disc
indicating that no seed particles passed through the disc. Then the seeding
apparatus was put on a filtering flask which was connected to a vacuum pump.
The remaining water on the disc surface was sucked, thus the seed crystals were
deposited and stuck on the disc surface. The filtrate was again colorless. The
seed coated alumina disc was removed from the apparatus and dried at 150°C

for 4 h to enhance the attachment of seed crystals on the disc surface [43].
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3.4 Hydrothermal synthesis of MFI membranes

Membrane synthesis was carried out with Composition C1, which had also been
used for the synthesis of micron-size MFI crystals. The procedure followed to

prepare synthesis solution was given in detail in Section 3.1.

The synthesis was performed in stainless steel autoclaves with PTFE inserts. Two
alumina discs were placed vertically in an insert by using PTFE holders. One disc
was at the bottom and the other was at the top of the insert (Figure 3.2). The
insert was then filled with about 33 ml of clear synthesis solution, which
corresponds to approximately 80% of the insert’s capacity. The synthesis was
carried out at 130°C.

To determine the effect of amount of seed on membrane quality, membranes
were synthesized on the alumina discs containing 0 mg, 2 mg, 3.5 mg, 12 mg
and 24 mg of seed crystals. The crystallization time was 24 h in these
experiments. In another set of experiments, the course of crystallization was
followed by changing the synthesis time from 3 h to 47 h. In these experiments,

the amount of seed on the support was 0 mg, 2 mg or 12 mg.

After crystallization, the autoclaves were removed from the oven and cooled to
room temperature. The membranes were taken from the autoclaves and washed
with DI water until pH on the membrane surface was equal to 8. The membranes

were dried at room temperature overnight.

The membranes were calcined in air at 450°C for 12 h in a muffle furnace to the
vacate MFI pores. The heating and cooling rates were 0.5 °C/s and 0.6 °C/s,
respectively. The calcined membranes were kept in a desiccator containing dried

air at room temperature. The air in the desiccator was dried by zeolite A.
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Figure 3.2 A schematic representation of the autoclave and the position of discs
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3.5 Characterization
3.5.1 Characterization by XRD

Seed crystals were analyzed by Philips PW1840 X-ray diffractometer using Cu-Ka
radiation for phase identification. The XRD patterns were taken between 5° and

40° Bragg angles and the samples were prepared in depression mounts.

The crystallinity of products was determined by intensity summation method.
For this purpose three characteristic peaks of MFI at Bragg angles of 23°, 24°
and 24.5° (I, Igp, Igz) were selected. A product having the highest intensity
summation for these three characteristic peaks was considered to be 100%
crystalline and taken as reference. The crystallinity of the other products was

calculated by equation 3.1;

(Iel + 192 + 193 )sample

% crystallinity:( x 100 3.1

Ip1 + 12 +1g3 )reference
and the % vyield of powder synthesis was calculated by equation 3.2;

(w1 Jsample x100 3.2

%yield =
(mMFI )maximum

where myf is the weight of MFI obtained and (Mur)max is the maximum amount
of MFI that can be synthesized from the initial synthesis solution. The

determination of maximum yield is shown in Appendix A.

X-ray diffraction patterns of the membranes were used for identifying the
crystalline phases in the membrane and for estimating thickness of membranes.
The membranes were analyzed between 20° and 40° Bragg angles by mounting

them on glass slides.

Alumina supports coated with different amounts of seed crystals were analyzed

by XRD. The thickness of seed layer, which was estimated by using the density
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of MFI crystals, was correlated to the intensities of MFI and alumina peaks. This
correlation was then used to estimate the membrane thickness. Details of this

procedure are given in Section 4.3.2.

3.5.2 Characterization by SEM

Morphology of MFI seed crystals and membranes was determined by Scanning
Electron Microscopy (SEM) on a JEOL JSM-6400. For SEM analysis MFI seed
crystals were pressed into disc shape and broken into small pieces. The
membranes were also broken into small pieces. One of these broken pieces was
then coated with gold to obtain an electrically conductive layer. SEM images of
membranes were taken from both surface and fractured cross-section at

magnifications between 750-6000.

3.6 Gas permeation

3.6.1 Description of single gas permeation set-up and membrane

module

Single gas permeation set-up is shown in Figure 3.3. The set-up was constructed
by using stainless steel tubings and fittings. The system can be divided into

three parts as membrane module, feed and permeate side.

The membrane module is connected to feed side by 1/4" tubing and to permeate
side by 1/8" tubing. The module has also an exit for retentate, yet this side is
kept closed throughout the single gas permeation experiments. Second part of
the set-up is the feed side. One end of the feed side is connected to the
membrane module and the other end is connected to the regulators through
polyurethane tubing. For the permeation experiments above room temperature,
membrane module and tubings connected to module are covered with a heating
tape. A temperature controller (E5CN-Omron) was used to control the
temperature of the membrane. A K-type thermocouple is inserted into the
membrane module so that it measures nearly the temperature of the membrane.
Permeate side of set-up is connected to the membrane module by 1/8" pipe and

to soap bubble flow meter by silicone tubing.
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Figure 3.3 Schematic drawing of the single gas permeation set-up

Permeate
Screws T Screws
: : i 12 mm
Viton < i !
O-rings ; »Membrane
; . 38 mm
R \\ = \
Feed —» —»Retentate
X N\

65 mm
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A stainless-steel membrane module was used in gas permeation tests (Fig. 3.4).
The module is appropriate for disc shaped membranes with a diameter of 21 mm
and a thickness of 1 mm. Module consists of two cylindrical shaped parts that
are 64 mm in diameter. Wall thicknesses of the lower and upper parts are 28
mm and 12 mm, respectively. Membrane was placed in module between two
Viton O-rings. Then the lower and upper parts of module were clamped by
means of four screws to seal the membrane. O-rings, which have an inner
diameter of 17.60 mm and 2.4 mm thickness, ensure sealing between

membrane and module. Viton O-rings are stable up to about 200°C.

3.6.2 Single gas permeation measurements

Gas permeation tests were started with N, through the uncalcined membranes in
order to check if the membrane has defects or not. The pores of the as-
synthesized MFI crystals are filled with template so that the membrane without
defects is expected to be impermeable [10]. The impermeable membranes

(permeance <10 mol/Pa.s.m?) were then calcined to open the MFI pores.

Single gas permeances of N, (Habas, high purity) and SFg (BOS, 99.9% purity)
were measured at room temperature. According to the N,/SFg ideal selectivity,
the n-butane and isobutane (Air Products, 99.9% purity) permeances were
measured at temperatures 25°C, 50°C, 100°C and 150°C. Before permeation of
each gas the membrane was cleaned at room temperature by N, flow to remove
the adsorbed gas molecules. Cleaning was stopped when the initial N,

permeance was recovered.

Constant pressure-variable volume method was used through the permeation
measurements. The feed was fed to the membrane at a pressure of 1.9 bar, and
the permeate side was kept at atmospheric pressure. The permeate flow rate
was measured in every 15 min with a soap bubble flow meter until steady state

was attained.

Assuming the permeating gas to be ideal, the permeance of a gas was calculated

by equation 3.3,
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where P is the permeance (mol/Pa.s.m?), AP is the transmembrane pressure
difference (Pa), A is the effective membrane area, which is 2.43 x10™ m? (this
corresponds to 70% of total membrane area), P is the atmospheric pressure
(Pa), R is the ideal gas constant (Pa.m>*/K.mol), T is the room temperature (K)
and AV/At is the volumetric flow rate of the permeate (m>/s) which is measured

by soap bubble flow meter.

Ideal selectivity that is defined as the ratio of the permeances of two single

gases can be calculated by equation 3.4.
aij = Pi /P; 3.4
A sample calculation for permeance and ideal selectivity are given in Appendix B.

3.6.3 Description of binary gas mixture separation set-up

The set-up for separation of binary gas mixtures is shown in Figure 3.5. The set-
up consists of four main parts, namely membrane module, permeate, feed and
retentate sides. The membrane module is described in the previous section,

although in separation experiments the retentate side was not closed.

The second part of the system is the feed side. The gas cylinders are connected
to gas filters (2-5 pm) and the gas filters are connected to mass flow controllers
(MFC) by 1/4" stainless steel tubes. Gas filters protect MFC’s by filtering
impurities in the feed gas. The gases are mixed in a tee-union and fed to the

membrane module.

The third part of the system is the permeate side. There exists a by-pass line
between feed and permeate sides. Through the by-pass line, the permeate side
is filled with the gas mixture and thus air is discharged from the module. A

pressure gauge and a back pressure valve (Air Products, 7 bar max. pressure)
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are connected to the permeate side by 1/8" pipes. The permeate side is
connected to a gas chromatograph (CP-3800 Varian) by a 6-port valve. Outlet of

gas chromatograph is hooked up to a soap bubble flow meter by silicone tubing.

The last part of the system is the retentate side. A pressure gauge and a
backpressure valve are linked to the system by 1/4" pipes. The feed pressure
was kept constant at the desired pressure by backpressure valve and the
pressure was measured with a pressure gauge. The retentate flow rate is

measured by a soap bubble flow meter.

The temperature was measured by a K-type thermocouple, which is inserted into
the membrane module. The system is heated by heating tapes wrapped the
module and tubings, and the temperature was controlled by Omron E5CN

temperature controller.

3.6.4 Separation of binary gas mixtures

Separation of n-butane and isobutane mixtures was performed at 25°C, 50°C,
100°C, and 150°C. The feed and retentate sides were approximately at 1.9 bar

and the permeate side was kept at atmospheric pressure.

Flow rate of feed was adjusted to 40 ml/min. The feed mixture composition was
adjusted to 50% n-butane and 50% isobutane by MFC’s. The calibration curves

for MFC'’s are given in Appendix C.

The volumetric flow rate of the permeate and the retentate were measured in
every 30 min with soap bubble flow meters until steady state was attained
(Appendix L). Permeate and feed streams were analyzed online by a gas
chromatograph (CP-3800 Varian) with TCD (thermal conductivity detector) and a
packed column (chromosorb 80-100 mesh). TCD detector and packed column
temperature were adjusted to 100°C and 30°C respectively. The column pressure
was 10 psi. For the analysis of gas mixture, gas chromatograph is calibrated for

n-butane and isobutane mixtures (see Appendix D).
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Log-mean transmembrane pressure difference, equation 3.5, was applied to

calculate the permeances;

N N 3.5
in|[pF -pP)/ PR PP )]

AP log- mean =

where PfPR is the partial pressures of component i in feed, permeate and

retentate respectively.

Permeance of each component was calculated by equation 3.6;

Pi — AV \Patm.yi | 1 1 3.6
- At R.T | A APlog - mean

where Pi (mol/Pa.s.m?) is the permeance of i in permeate, y; is the mol fraction
of i in permeate and APjg-mean (Pa) is the log-mean transmembrane pressure

difference.

The separation selectivity is defined as the ratio of gas permeance. Sample

calculations of permeance and separation selectivity are given in Appendix D.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Synthesis of MFI type seed crystals

Seed crystals, micron and submicron in size, are commonly used in the
preparation of zeolite films and membranes [20-27,43]. The seed coated
supports are subjected to secondary growth to close the voids between seed

crystals and to obtain continuous zeolite layers.

In this study, MFI type zeolites for use as seed were synthesized from clear
synthesis solutions with two different initial molar batch compositions. These are
TPAOH:9.80Si0,:0.025Na0OH:0.019AI1,05:602.27H,0:39.16C,HsOH  (C1) and
TPAOH:8.17Si0,:0.08Na,0:162.09H,0:32.68C,HsOH (C2).

ED7 and ED8 were synthesized from composition C1 after 24 h and 46 h of
synthesis, respectively. ED6 was synthesized from composition C2 in 24 h (Table
4.1). Figure 4.1 shows the XRD patterns of ED6 and ED7 with the reference
pattern of ZSM-5 given in Verified Syntheses of Zeolitic Materials [53]. The
peaks in the patterns of samples are in agreement with the reference pattern
and no other peaks are present in the patterns. Apparently, MFI is the only
crystalline phase in samples. Composition C1 that contains small amount of Al,O3
yields ZSM-5 whereas composition C2, no Al,Os in it, yields silicalite-1. As both
ZSM-5 and silicalite-1 are members of MFI group and it is difficult to distinguish
ZSM-5 from silicalite-1 by XRD, the zeolite crystals (and membranes)
synthesized in this study are called with the group name of ZSM-5 and silicalite-
1.

The low background and high peak intensities also suggest that the samples are
pure. Crystallinity of the samples was also determined quantitatively by equation
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Figure 4.1 XRD patterns of MFI seed crystals (ED6 and ED7) and reference XRD

pattern of MFI [53]
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3.1. For this purpose, ED8 was chosen as reference and its crystallinity was

assumed to be 100%.

Table 4.1 Crystallinity and yield results of MFI seed crystals

Sample Molar Temperature |Crystallization % %
code composition (°C) time (h) Crystallinity | Yield
ED6 Cc2 91 24 84 90
ED7 C1 130 24 89 23
ED8 C1 130 46 100 60

Samples ED6 and ED7 are nearly pure although they have been crystallized in a
much shorter time than the reference ED8 (Table 4.1). Yield of the samples were
calculated by equation 3.2. The yield was only 23% in 24 h and increased to
60% after 46 h of crystallization for samples crystallized from composition C1.
Low vyield indicates that most silica remained dissolved in solution, possibly
because of low nucleation and crystal growth rates. This could be an advantage
in the synthesis of membranes on seeded supports. As crystallization will be slow
in the bulk during membrane synthesis, the effect of seed crystals on the
membrane properties can be observed more clearly [45]. The product of
composition C2 (ED6) had 89% crystallinity and 90% vyield. The yield of ED6 is
much higher than the yield of ED7 even ED6 was crystallized at a lower
temperature. The main difference between composition C1 and C2, which were
used to synthesize ED7 and ED6, respectively, is the amount of water in the
batch. Composition C2 is much more concentrated than composition C1. It is
known that concentrated batches favor crystallization while nucleation and

crystal growth is restrained in dilute batches [34].

Figure 4.2 shows the SEM images of ED6 and ED7. Crystals in sample ED7 are
greater than 1 pum and has coffin shape, whereas crystals in sample ED6 are

smaller than 1 um and has sphere like shape.

Figure 4.3 shows the particle size distribution of ED6 and ED7. Particle size
distribution of ED7 was determined by measuring the length of long edge of the

crystals from SEM image. Both samples have narrow particle size distributions.
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Figure 4.3 Particle size distribution of ED6 and ED7 measured from SEM images
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Crystals in ED7 are between 1 um and 5 um and those in ED6 are between 0.25

um and 0.35 um.

Many researchers have suggested that closely packed seed layers are essential
to obtain continuous and defect free membranes with seeding [20-26] although
Li et al. [54] prepared continuous membranes on seeded supports having low
coverage. Seed crystals with narrow particle size distribution are preferred to be
able to prepare closely packed seed layers [24]. Accordingly, MFI type zeolites
synthesized in this study which have narrow particle size distribution are

appropriate for use as seed in membrane preparation.

Mean particle size of micron size seed crystals is approximately 3 um in 24 h of
synthesis and that is increased to 5 um after 46 h of synthesis (Table 4.2).
Aspect ratio of those crystals is approximately 2. Submicron size seed crystals
have a mean particle size of 0.3 um. Hereafter, the seed with a mean particle
size of smaller than 1 um is called as submicron-size seed and the seed with a

mean particle size of greater than 1 um is called as micron-size seed.

Table 4.2 Particle size and aspect ratio of MFI seed crystals

Sample Molar Crystallization time| Mean Particle Aspect
code composition (h) Size (um) ratio
ED6 Cc2 24 0.3 -
ED7 C1 24 3 1.6-2.2
EDS C1 46 5% (3-7) 2%

* results obtained by optical microscope with limits of particle size distribution in

parentheses

4.2 Properties of seed coated supports

Quality of seed layer affects the membrane quality since non-uniform seed layers

may lead to formation of defects throughout the membrane. Uniform seed layers

with intercrystalline distance less than a crystal size are desired [13,26].
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Uniformity of the seed layer depends on the seeding technique, particle size

distribution of the seed crystals and the properties of the support material.

Several methods have been developed for the preparation of seed layers, such
as dip coating, rubbing and vacuum-seeding (Section 2.5). In this study, vacuum
seeding method was applied to coat the supports with seed crystals. Vacuum
seeding method may provide thin, uniform and closely packed seed layers [27].
In addition amount of seed on the support can be controlled by the concentration
and quantity of seed suspension poured on the support surface. Both micron and
submicron size seed crystals can be used for coating depending on the pore size

of the support.

Membranes were prepared on homemade a-alumina supports, which has an
average pore diameter of 1.2 um. Pore size of the supports was determined with
mercury porosimeter (see Appendix E). Both submicron (250-350 nm) and

micron (1-5 um) size seed were used to coat the a-alumina supports.

When submicron size seed crystals were used, cloudy water rather than clear
colorless water permeated through the support and the water flux decreased as
the suspension was added. This showed that crystals penetrated into the support
and blocked the support pores. Seed crystals in support may favor the formation
of MFI layer within the support pores which may decrease the permeance

through membrane.

When micron size seed crystals were used the water permeated through the
support was clear indicating that no seed crystals pass through the support. For

this reason micron size seed crystals were used for seeding.

In this study, membranes were synthesized with different amounts of micron
size seed crystals. The supports were seeded with 2, 3.5, 6, 12 and 24 mg of
seed crystals. In order to determine the weight of seed on the support, both
bare and seed coated supports were weighted. The weight of seed on the
supports is compared with the amount of seed introduced from the seed
suspension in Table 4.3. Seed suspension can be slightly non-uniform as it was

prepared with micron-size crystals, those crystals may settle down though the
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suspension was stirred continuously. Since a small fraction of this suspension
was used to fill the seeding apparatus, a slight non-uniformity in the suspension
cause the difference between the measured and presumed weights of seed on
the support. The average differences between the measured and presumed
weights are quite small, which indicate that vacuum seeding method is

reproducible and reliable.

Table 4.3 Amount of seed on the supports coated with different amounts of seed

suspension
Average difference | Amount of
Presumed Average of
Seed*
. between presumed
Number | weight of measured
Surface
of seed on the | weight of seed and measured
Area of
X
support support on the weight of seed Support
m support (m
18 2.0 1.7 +0.4 0.6
11 3.5 3.5 +0.2 1.0
10 6.0 5.7 +0.5 1.7
18 12.0 11.8 +0.4 3.5
5 24.0 24.0 +0.4 6.9

* amount of seed in suspension

Figure 4.4 shows the surface images of bare support, 2 mg and 12 mg of seed
coated supports. The bare support composed of large alumina particles about 10
pm and the size of voids among those particles is approximately 2 pm. After
vacuum seeding the alumina particles and the voids cannot be seen. The support

surface is completely covered with randomly oriented coffin shaped MFI crystals.

Figure 4.5 shows the cross-section images of seed coated alumina supports. The
seed layers are uniform throughout the whole cross-section. The thickness of the
seed layer is nearly 9 ym on the support coated with 2 mg of seed and nearly 25

pm on the support coated with 12 mg of seed. Cross-section images also showed
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Figure 4.4 Surface image of (a) bare alumina support (b) support coated with 2

mg of seed (c) support coated with 12 mg of seed
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Figure 4.5 Cross-section SEM images of seeded alumina supports (a) support
coated with 2 mg of seed (b) support coated with 12 mg of seed
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that there are some MFI crystals in the support pores. As the pore size of
support ranges between 0.1 ym and 2.2 uym seed crystals which are between 1
pm and 5 pym, inevitably penetrate into the support pores. During seeding, the
water passed through the support was clear. This indicates that seed crystals

enter but cannot go deeply in the support pores.

Consequently, uniform seed layers with high coverage were obtained
reproducibly by vacuum seeding method in a single-step coating process. In
addition, as vacuum seeding allows controlling the amount of seed on the
support surface it is a suitable method for the investigation of effect the amount

of seed on membrane morphology and quality.

4.3 Synthesis of MFI membranes on seed coated alumina supports

4.3.1 Effect of amount of seed on membrane morphology

Membrane synthesis was performed on bare and on supports seeded with
different amount of seeds. The synthesis (or secondary growth) was carried out
with a molar composition of TPAOH:9.80Si0,:0.025Na,0:0.019Al,05:602.27H,0
:39.16C,Hs0OH (C1) at 130°C for 24 h. Notice that this composition yields small
amount of MFI crystals, thus effect of seeding on membrane growth can be seen

clearly.

The effect of amount of seed on the membrane morphology and quality was
investigated. The reproducibility in membrane morphology was also examined

with SEM images.

Figure 4.6 shows the XRD patterns of bare alumina support, 1.0 mg/cm? seeded
alumina support and a membrane synthesized on 1.0 mg/cm? seeded support.
The alumina peaks were marked by asterisk on the patterns. MFI seed crystals
and synthesized MFI layer decreased the peak intensity of alumina and the
intensity ratio (Iwr/Iaumina) iNCreased, indicating growth of seed crystals, to form
continuous layer and possibly formation of new crystals, thus increase of

thickness after secondary growth.

39



4000

g
)
S 2000 A *
0 1 1 i
20 25 30 35 40
2 theta
4000
3
n
e
$ 2000 - .
E b '
0 ‘
20 25 30 35 40
2 Theta
5000 =
n
¢
IS 2500
. j\ j\
0 7;—" 1 1 i
20 25 30 35 40
2 theta

Figure 4.6 XRD pattern of (a) bare support (b) 1.0 mg/cm? seeded support (c)
membrane synthesized on 1.0 mg/cm? seeded support (* alumina peaks)

40



Figure 4.7 shows the XRD patterns of the membranes synthesized on bare, 0.6,
1.0, 1.7 and 3.5 mg/cm? seeded supports. With increasing amount of seed on
the support, MFI peaks get stronger while the alumina peaks become weaker,
suggesting that thickness of MFI layer depends on the amount (or thickness) of
seed layer and membrane thickness increases with the amount of seed on

support.

Figure 4.8 shows the surface images of membranes. In all the membranes the
support surface is fully covered with highly intergrown MFI crystals after
hydrothermal synthesis. The crystals have similar shape and size of crystals

range changes 6 um and 9 um.

Figure 4.9 shows the cross-section images of those membranes. All the
membranes except the membrane synthesized without seed crystals have a
continuous MFI layer. The MFI layer is not uniform in the membrane synthesized
without seed crystals, its thickness varied between 9 um and 13 pm. Membranes
synthesized on seeded supports, 0.6 and 1.0 mg/cm? of seed, have thick,
compact and uniform layers. The crystals forming the MFI layer cannot be
distinguished from each other because of high intergrowth. Seed crystals that
were deposited before membrane synthesis could not be seen in the cross-
section images. The layer thickness was 9 um for the membrane with 0.6

mg/cm? of seed and that was 17 um for the membrane with 1.0 mg/cm? of seed.

Membrane synthesized with 1.7 mg/cm? of seed was 23 um thick. This
membrane has a loose MFI layer between alumina support and continuous MFI
layer, which is at the top (Figure 4.10). The top layer is dense and highly
intergrown. Thicknesses of the intermediate and top layer are approximately 18
pm and 5 pm respectively. The membrane synthesized on the support with 3.5
mg/cm? seed has also an asymmetric structure. It consisted of two layers with
different morphological properties (Figure 4.11). Individual crystals forming the
intermediate layer can be clearly seen in Figure 4.11. Apparently seed crystals
close to the support have not participated in the secondary growth. Although the
whole thickness of membrane is 39 um, thickness of the intermediate layer is
nearly 22 ym. The MFI layer at the top is uniform, continuous and dense. The

thickness of the top layer is approximately 17 pm.
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Figure 4.8 Surface SEM images of membranes synthesized on supports coated
with different amount of seed [mg/cm?] (a) unseeded [ED79u] (b) 0.6 [ED74a]
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Figure 4.9 Cross-section SEM images of membranes synthesized on supports
coated with different amount of seed [mg/cm?] (a) unseeded [ED79u] (b) 0.6
[ED74a] (c) 1.0 [ED97u] (d) 1.7 [ED70u] (e) 3.5 [ED50a]
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Figure 4.11 Cross-section image of membrane synthesized on support coated
with 3.5 mg/cm? of seed [ED50a]
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Figure 4.12 shows the effect of seed content on the thickness of the resultant
membranes. Membrane and seed layer thicknesses shown in this figure were
estimated from SEM images. Membrane thickness increased linearly with seed
content of support. Membranes had similar thicknesses for the same seed
contents. After secondary growth, the thickness of seed layer, 0.6 mg/cm? of
seed, does not change much, indicating that the crystallization occurs among the
seed crystals. On the other hand thickness of seed layer with 3.5 mg/cm? of
seed increased significantly after hydrothermal synthesis and this indicates that

crystallization occurred both among and above the seed crystals.

The reproducibility of membranes was investigated with SEM images. Figure
4.13 shows the cross-section and surface images of two membranes produced
on supports coated with 0.6 mg/cm? of seed from a molar composition of C1 at
130°C. Those membranes synthesized under the same synthesis conditions but
from different batches. SEM images showed that membranes have similar
morphology. The support surfaces are completely covered with twinned coffin
shaped MFI crystals with particle size between 6 pm and 9 um. Both membranes
have nearly 9 pm thick uniform and dense MFI layers. Figure 4.12 also showed
that membranes that were synthesized from different batches had similar
thicknesses with the same amount of seed. Consequently, membrane synthesis

was reproducible from the morphological point of view.

As observed during the synthesis of seed crystals, yield of the composition (C1)
used for membrane synthesis is quite low. This is possibly the result of low
nucleation rate [34]. As the number of nuclei formed in the synthesis solution is
probably low, sufficient amount of crystals to cover the support surface has not
formed from this composition so that continuous MFI layers cannot be obtained
without seeding [43]. When synthesis performed on seeded supports,
crystallization probably starts directly on the seed crystals which serve as nuclei
[13,55]. Therefore voids among the seed crystals are filled during the
hydrothermal synthesis and continuous MFI layers are obtained by secondary
growth.

In literature zeolite layer growth mechanism is proposed as follows; at early

stages of crystallization, an amorphous gel layer form on the support surface by
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the deposition of the primary gel particles, which are available in the clear
synthesis solution [34,35]. Crystallization occurs in this amorphous gel layer and
a continuous zeolite layer is obtained [40-42]. Based on this knowledge, one
possible explanation for the formation of asymmetric MFI layer in this study is
that small gel particles diffuse to the support material. Meanwhile seed layer acts
as a filter so that the gel particles accumulate at the solution side of seed layer
and form a continuous gel layer among those seed crystals and also above the
seed crystals. The further motion of gel particles toward the support is hindered
by this continuous gel layer. Therefore two layers were obtained; a top layer at
the solution side where amorphous gel layer forms and crystallization occurs in
it, an intermediate layer at the support side where gel layer do not form and
seed crystals could not incorporate into secondary growth. When synthesis are
performed on low amount of seed coated supports (thin seed layer) gel particles
can penetrate through the seed layer to form a continuous gel layer among all
seed crystals. Therefore continuous and uniform MFI layers can be obtained after
secondary growth on the supports coated with low amount of seeds. Accordingly,
increasing the seed layer thickness does not necessarily lead to the formation of
thicker and uniform MFI layers because significant amount of the seed crystals

remain on the support without participating into the secondary growth.

In conclusion using low amount of seed crystals lead to formation of compact
and uniform MFI layers whereas continuous MFI layers cannot be obtained
without seeding under the same synthesis conditions. Results also showed that

increasing the seed amount led to formation of asymmetric MFI layers.

4.3.2 Thickness estimation by XRD patterns

Zeolite membranes usually have an asymmetric structure. Zeolite crystallizes
both on the support surface and in the pores of the support [4]. Therefore it is
difficult to find out exact thickness of a membrane from SEM images.
Alternatively thickness of a membrane can be estimated by XRD patterns [5,16].
In this technique the peak intensities of support and zeolite can be related to the
thickness of the zeolite layer. The thinner the zeolite layer is, the weaker the
zeolite peak is and the stronger the alumina peak is [6].
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Comparing thickness estimation by XRD and SEM, XRD is a non-destructive
method, so that membranes can be used later whereas membranes cannot be
used after analysis by SEM. XRD gives average thickness of a membrane
whereas SEM shows the thickness along a fraction of a membrane. The MFI
crystals in the support pores are also taken into account by XRD method. XRD is
an indirect method but SEM is a direct method to measure the thickness.
Geometry of membranes can be important for XRD analysis because XRD
requires flat surfaces (crushed surfaces can also be analyzed by XRD but
scattering of X-rays may cause weaker intensities) whereas membrane geometry
is not important for SEM. In addition XRD method cannot be applied to very thin
and very thick membranes, because zeolite peaks become very weak on thin
membranes and support peaks very weak on thick membranes. Despite these
disadvantages of XRD, nondestructive analysis by XRD provides a great

advantage over SEM.

To estimate average membrane thickness by XRD, a calibration plot was
prepared by using the XRD patterns of the seeded alumina discs. The alumina
discs were coated with different amounts of seed crystals, between 1.4 mg and
36 mg of seed. The seed coated discs were not subjected to the hydrothermal
synthesis. The thickness of seed layer that corresponds to specific amount of

seed is calculated by equation 4.1;

M

5:(—rr2.7r.p /) 4.1

In this equation r is the radius of the alumina disc, p is the density of MFI zeolite
(1.76 g/cm?) [59] and § is average thickness of the seed layer, ¢ is the void
fraction (porosity) and 1-¢ is the solid fraction throughout the seed layer. The

porosity of seed layer is assumed as zero in thickness calculation.

The seed coated discs were then analyzed by XRD. From the XRD patterns,
Imr/ (Impr+Tauming) ratio was calculated with MFI peak at 23° Bragg angle and
alumina peak at 35° Bragg angle after purging the background intensity from the

patterns. Those peaks are the strongest MFI and alumina peaks. The reason for
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using the strongest peaks only is that when the membrane becomes either too

thin or too thick, small peaks would weaken too much or even disappear.

The Imr/(Imr+Iauming) ratio was related to the thickness of seed layer in Figure
4.14. To improve the accuracy, two discs containing the same amounts of seed
were analyzed by XRD. They are shown on the figure with different symbols,
namely (1) and (2). In addition, the seed layer thicknesses on two discs were
determined by SEM, which are also shown in Figure 4.14.
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Figure 4.14 Plot for membrane thickness estimation by XRD patterns

The data given in Figure 4.14 shows that the Iur/(Impi+lauming) ratio increases
with the seed layer thickness, and suggests that the alumina peak can no longer
be seen if the thickness of seed layer is greater than about 50 um. Therefore,

this method cannot be applied for membranes thicker than 50 pm.

Seed layer thicknesses measured by SEM images are larger than the calculated
thicknesses. The seed layer thicknesses have been calculated assuming that the
seed layers are dense, although they are not as shown in Figure 4.5. The

thickness calculated by Equation 4.1 would be larger if the porosity of seed layer
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were known, so that the difference between measured and calculated

thicknesses would be smaller.

The thickness of dense MFI layers (or membranes) can be estimated using
Figure 4.14. The Iyur/(Imrr+laumina) ratio is expected to be greater for dense MFI
layers than that for loose MFI layers, if both have the same thickness.
Therefore, the thickness of dense MFI layers is estimated larger by XRD than the
thickness of the layer measured by SEM.

Another reason for the difference between SEM and XRD thicknesses could be
the seed crystals which have entered into the pores of alumina disc. XRD counts
all the crystals in the disc and on the disc, therefore thickness estimated by XRD
would be larger than the thickness measured by SEM if the amount of seed in

support is significant.

Figure 4.14 was then used as calibration curve to estimate the MFI membrane
thickness from the XRD patterns of the membranes. For this purpose,
membranes were analyzed by XRD, and the Iur/(Imrpit+lauming) ratio was
calculated. Using Figure 4.14 and the Iur/(Imri+Iaumina) ratio, thickness of the

membrane was estimated.

Figure 4.15 shows the thicknesses of the membranes synthesized on alumina
supports coated with different amounts of seed. The estimated thicknesses were
also compared with the thicknesses measured from SEM images. The

thicknesses determined by both methods differ slightly.

Membranes synthesized on bare supports do not have a uniform MFI layer
(Figure 4.9), and layer thickness cannot be accurately measured from SEM
images. For those membranes, XRD estimates the average thickness of MFI
layer on the support assuming that the layer thickness is uniform throughout the
surface, therefore XRD thickness cannot be compared with the SEM thickness

fairly for the membranes prepared on bare supports.

For the membranes synthesized on the supports coated with low amount of

seed, thickness estimated by XRD is greater than the SEM thickness; on the
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other hand, at high amounts of seed, thickness estimated by XRD is smaller than

the SEM thickness.
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Figure 4.15 Thicknesses of the membranes estimated by XRD patterns and SEM

images

At low amounts of seed, the MFI layer on the support is dense, and some MFI
crystals may have formed in the support pores. Both dense MFI layers and the
crystals in the support pores causes that Figure 4.14 estimates the thickness of
dense MFI layers larger than the real thickness is. Therefore, the thickness
estimated by XRD could be more than the thickness measured from SEM images

for the membranes synthesized on supports coated with low amount of seed.

At very high amounts of seed, on the other hand, MFI membranes consist of a
dense top layer and a loose intermediate layer after hydrothermal synthesis, as
shown in Figure 4.11. If these two layers could be analyzed separately, Figure
4.14 would estimate dense layer thicker and loose layer thinner. As the
membrane contains both types of MFI layers, thickness estimated by XRD
depend which layer is dominant. Apparently, as the amount of seed on support

increase, the loose MFI layer in the final membrane becomes more dominant,
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therefore, the membranes were estimated thinner by XRD than by SEM at very
high amounts of seed. Indeed, SEM images (Figure 4.9) showed that the
thickness of loose MFI layer in the final membrane increases with the amount of

seed on the support.

In conclusion, using XRD patterns is a promising method to estimate the
membrane thickness in a non-destructive way, though the method needs further
development to increase the accuracy and precision before applying this method

to the membranes.

4.3.3 Effect of seeding on the MFI membrane growth

The course of membrane layer growth was followed on bare, 2 mg and 12 mg
seeded alumina supports. The batch composition of was TPAOH:
9.80Si0,:0.025Na,0:0.019Al1,05:602.27H,0:39.16C,HsOH (C1) and synthesis

was carried out at 130°C in autoclaves.

XRD patterns of 0.6 mg/cm? of seeded support and membranes synthesized on
0.6 mg/cm?® of seeded supports at various crystallization times are shown in
Figure 4.16. The alumina peak with highest intensity was marked by asterisk on
the patterns. Seeded alumina support exhibits weak peak of MFI compared with
the alumina peaks and after 4 h of synthesis, MFI peak increases indicating
zeolite growth started at the early hours of crystallization. MFI peak increases
significantly while alumina peak becomes smaller with synthesis time and after
47 h of synthesis MFI peak becomes stronger than alumina peak. All the XRD
patterns exhibit increase in (Imr/lawming) ratio indicating growth of the MFI layer

continued with synthesis time.

Figure 4.17 shows the SEM surface images of membranes synthesized on bare
support for 7 h, 10 h, 15 h, 47 h and on 0.6 mg/cm? seeded supports for 15 h
and 47 h of crystallization.

According to SEM surface images, membranes exhibited different morphological
behavior with the presence of seed crystals at the same crystallization time.

After 15 h of synthesis on seeded support, continuous MFI layer made up of
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Figure 4.17 Surface SEM images of membranes synthesized in various synthesis
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twinned coffin shaped crystals with particle size between 6 pm and 9 um was
formed (Fig 4.17.e). On the other hand, syntheses on bare support in 7 h, 10 h
and 15 h showed that MFI crystals were grown on the alumina particles without
forming a MFI layer. The MFI crystals were in coffin shape with particle between
0.5 ym and 1 ym after 7 h of synthesis and increased to 2 pm and 3 pm after 10
and 15 hours of crystallization, respectively. There are large voids between the
crystals and the surface coverage is very poor. After 47 h of synthesis,
continuous MFI layers formed on both bare and seeded supports. The particle
size of the crystals forming the MFI layer was between 6 um and 9 pm.

Cross-section images of membranes synthesized at different synthesis times
with 0.6 mg/cm? of seed and support coated with 0.6 mg/cm? of seed are shown
in Figure 4.18. The support with 0.6 mg/cm? of seed has a uniform seed layer
with thickness of 9 um. However, after 15 h of synthesis, about 7 um thick
uniform and continuous MFI layer formed on the seeded support. With the
increase in synthesis time the MFI layers become denser. Thicknesses of the
membranes are 9 uym and 13 um after 24 and 47 hours of crystallization,
respectively. Thus membrane thickness synthesized on seeded support did not

change much after 24 h of synthesis.

In contrast, without seeding MFI layer did not form after 15 h of crystallization
(Figure 4.19). A non-uniform MFI layer formed after 24 h and its thickness
changed between 9 um and 13 um. After 47 h of crystallization 10 pm thick
continuous and uniform MFI layer was obtained, so that increasing the synthesis

time to 47 h resulted in uniform MFI layer without seeding.

Comparing the membranes synthesized on bare and seed coated supports,
continuous MFI layer obtained in a shorter synthesis time with seeding and
highly intergrown and denser layers formed on seed coated supports. These
results were in agreement with results of Lai and Gavalas [43]. They observed
that seeding increased reaction rate of continuous ZSM-5 membranes formation

and lead to form continuous ZSM-5 layers.
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Figure 4.18 Cross-section SEM images of (a) support coated with 0.6 mg/cm? of
seed (b) membranes synthesized on supports coated with 0.6 mg/cm? of seed
for 15 h [ED87u] (c) for 24 h [ED89u] (d) for 47 h [ED90u]
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Figure 4.19 Cross-section SEM images of membrane synthesized on bare support
(a) for 15 h [ED77u] (b) 24 h [ED79u] (c) for 47 h [ED80u]
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The growth of MFI layers was also followed with XRD patterns and the results are
shown on Figure 4.20. These membranes were synthesized on bare, 0.6 and 3.5
mg/cm? seeded supports at various times of crystallization. In order to collect
data for specific time intervals, two set of experiments were performed for each
amount of seed and data obtained from different batches are shown on the
graph with full and open symbols. Consistent data were obtained from different
batches for both unseeded and seeded systems. The growth of MFI layer
exhibited typical S-shaped curve in unseeded system indicating the layer growth
started with nucleation period and followed by crystal growth [5,56]. When seed
crystals are used crystal growth rate increased and a nucleation period is not

observed indicating that crystallization starts directly on seed crystals [13,55].

Figure 4.21 shows the N, permeances of those membranes before calcination. N,
permeance before calcination shows the quality of the surface coverage. As the
MFI pores are filled with template molecules during hydrothermal synthesis a
membrane with continuous coverage and less non-zeolitic pores should be

impermeable to N, before calcination [10].

Increase of Iwr/(Impi+Iaumina) ratio in unseeded system shows the increase in
surface coverage with synthesis time, as in agreement with SEM images, but N,
permeances, as membranes never become impermeable, indicate that MFI
layers are not continuous and contains large non-zeolitic pores. When
membranes synthesized on supports with 0.6 mg/cm? of seed, up to 20 h of
synthesis, increase of Ivr/(Imrpi+Iaumina) ratio indicates the increase of MFI layer
thickness as well as the crystallization of MFI crystals in support pores, on and
among the seed crystals, however, those membranes are permeable to N,
indicating that they are not continuous. After that synthesis time, membranes
become impermeable so that they are continuous and compact, without non-
zeolitic pores but SEM images show that thickness do not change much,
therefore increase of Iur/(Imrr+Iauwming) ratio is likely the result of crystallization
in support pores. With 3.5 mg/cm? of seed, Inr/(Imri+Iaumina) ratio increases up
to 8 h of synthesis and remains almost constant after that time. However,
membranes are permeable up to 24 h of synthesis, then compactness of MFI
layers increased with synthesis time. Therefore after 24 h of synthesis

membranes have less non-zeolitic pores.
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In conclusion, the presence of seed layer increased the growth rate of MFI layer
and improved the membrane quality by increasing the intergrowth of the MFI

layer with less non-zeolitic pores.

4.4 Single gas permeation through uncalcined membranes

Template molecules can block small non-zeolitic pores as well as MFI pores
during synthesis [57]. Therefore N, may permeate through only large non-
zeolitic pores before calcination. For this reason, N, permeances were measured
through the membranes before calcination. When N, permeance of a membrane
is equal to 107'° mol/Pa.s.m?, N, flows so slowly that permeation of 10 ml of gas
takes about 47 hours to pass through the membrane. Such a low permeance
through non-zeolitic pores is expected to have little effect on the permeances
after calcination. Therefore, membranes with N, permeance of less than 10°

mol/Pa.s.m? were assumed to be impermeable and nearly defect-free.

The percentage of impermeable membranes synthesized on supports coated with
different amount of seed is shown in Table 4.4. All membranes were obtained at
130°C after 24 h of synthesis.

Table 4.4 Percentage of impermeable membranes synthesized on variable

amount of seed coated supports

# of # of
Mseed/Asupport % impermeable
synthesized 5 impermeable
(mg/cm<) membranes
membranes membranes
2 0.0 0 0
16 0.6 11 69
14 1.0 10 71
9 1.7 7 78

As expected, none of the membranes synthesized on bare supports was
impermeable to N,, SEM images have already shown that there is no continuous

MFI layer in these membranes and this may be due to low vyield of the
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composition used in this study because it probably does not produce enough
crystals to form a continuous layer. On the other hand 72% of the membranes
synthesized with seeding were impermeable before calcination. These results
suggest that membranes prepared with seeding have only few defects. Seeding
has strong effect not only on the morphology but also on the gas permeation

properties of membranes.

4.5 Effect of amount of seed on membrane quality determined by
single gas permeation

Usually N, and SFg or n-butane and isobutane permeances are used to determine
the quality of MFI type membranes [4,5,9,10,16,48,49]. In this study N,/SFq
ideal selectivity is selected as quality criterion. Membranes with N,/SF¢ ideal
selectivity of higher than 40 at room temperature are considered to be good

quality.

From separation points of view, reproducibility is a substantial problem in the
synthesis of zeolite membranes and data reported on the reproducibility are
limited in literature [5,26,27]. In this study reproducibility of membrane

syntheses is evaluated based on this quality criterion.

Figure 4.22 shows the N,/SF ideal selectivities versus N, permeances of 34
membranes synthesized with different amount of seed on a log-log scale graph.
The amount of seed on the support and percentage of membranes satisfying

quality criterion are shown in Table 4.5.

Figure 4.22 shows that three of four membranes synthesized on bare support
had N,/SF, ideal selectivity of 2, which is below Knudsen selectivity of 2.28. This
result indicates that there are defects within the MFI layer. This is also shown by
SEM images with no continuous MFI layer on the bare support after
hydrothermal synthesis (Section 4.3.1) and high N, permeances before
calcination. Only one membrane which was synthesized on bare support after 47
h of crystallization had N,/SF¢ selectivity of 28, which is higher than the Knudsen

selectivity, although it was permeable to N, before calcination. As a result of

64



increasing the synthesis time a continuous MFI layer was obtained on bare

support (Figure 4.19).

Table 4.5 Membranes which synthesized on supports coated with different
amounts of seed, satisfying quality criterion. Synthesis composition: C1,

Synthesis temperature: 130°C, Time: 24 h

# impermeable] Mgeed/Asupport  |%0 number of membranes
membranes (mg/cm?) satisfied quality criterion

0 0.0 0

10 0.6 60

9 1.0 67

7 1.7 28

2 3.5 _

2 6.9 _

Membranes synthesized with 0.6, 1.0 and 1.7 mg/cm?® of seed exhibited N,
permeance between 1x10°® and 3x10”7 (mol/Pa.s.m?) and showed N,/SFs ideal
selectivity between 1 and 282. Those membranes exhibited similar N,
permeances. The N,/SF¢ ideal selectivity which is taken as an indication of
membrane quality is affected with the amount of seed. About 60% and 67% of
the membranes synthesized with 0.6 and 1.0 mg/cm? of seed satisfied the
quality criterion, respectively (Table 4.5). But this value decreased to 28% (2 of
7 membrane) with 1.7 mg/cm? of seed. On the other hand, with the use of 3.5
mg/cm? seeded support, one of two membranes satisfied the quality criterion
and the other showed selectivity below Knudsen selectivity. Similar results were

obtained through membranes synthesized on 6.9 mg/cm? of seeded supports.
Decrease in the number of membranes satisfying quality criterion can be the

result of membrane morphology. By using low amount of seed crystals, 0.6 and

1.0 mg/cm? of seed, compact and thinner membranes were obtained and 12 of
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19 membranes satisfied our quality criterion indicating MFI layers without
interzeolitic pores had been synthesized reproducibly. This may be result of
appropriate seed layer thickness and good packing of the seed layer obtained by
vacuum seeding. However, by increasing the amount of seed to 1.7 mg/cm? of
seed, a loose intermediate layer was observed by SEM images and only 2 of 7
membranes satisfied the quality criterion. Increasing the seed layer thickness
may decrease the packing density of seed layer, therefore big gaps among the
seed crystals may form and this may decrease the membrane quality by forming
less dense MFI layers including non-zeolitic pores. As Lovolla et al. [18] stated
seed layer thickness should have a sufficient thickness to completely cover the
support surface but increasing the seed layer thickness may be result in peeling
or cracking through seed layer and this may decrease the quality of the
membrane. They concluded that thin, closely packed and smooth layer seed
crystals enhanced the reproducibility of the membrane synthesis. Consequently

increasing amount of seed may have negative impact on the membrane quality.

As a result good quality membranes with less non-zeolitic pores can be obtained
with low amount of seed crystals. Increasing the amount of seed lowers the

quality of membranes, thus amount of seed affects the quality of membrane.

The N, permeances and N,/SFg ideal selectivities of good quality membranes
obtained in this study were compared with the literature in Figure 4.23 (see
Appendix I). This graph was plotted on a logarithmic scale. Membranes
synthesized with and without seeding are shown on the graph by full and open

symbols, respectively.

The data taken from literature exhibit a wide distribution such as N, permeance
changes between 1x10° mol/Pa.s.m? and 1x10™° mol/Pa.s.m? and N,/SFg ideal
selectivity values change between 3.7 and 2000. The highest permeance is
reported as 1x10° mol/Pa.s.m?, this was measured from a membrane
synthesized on seeded support with a special pore masking method, therefore
membranes exhibited high permeances due to thin zeolite layer (500 nm) and
open support pores [14]. The N, permeances of the other seeded membranes
are similar with the membranes synthesized without seeding although the

seeded membranes have thin MFI layers. On the other hand the selectivities of
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seeded membranes are lower than the unseeded membranes. Low selectivities
may caused by thin MFI layers. But those thin layers usually contain large
amount of small crystals which means that there are large amounts of grain
boundaries. Since grain boundaries act as diffusion barriers, permeances of the

thin and thick layers are similar with each other [28,55].

Our membranes which were synthesized by seeding had comparable N,
permeances and N,/SFg ideal selectivities with the membranes synthesized
without seeding. The membranes synthesized in this study composed of larger
crystals and had thicker MFI layers compared to membranes synthesized with
seeding in literature. Therefore higher selectivities and comparable permeances
can be result of the thickness and low amount of grain boundaries.
Consequently, good quality membranes having comparable N, permeances and
N,/SF¢ ideal selectivities with the unseeded membranes reported in literature

obtained by seeding in this study.

The percentage of membranes satisfying quality criterion is compared with
literature in Table 4.6. Reported results showed that percentage of MFI
membranes satisfying quality criterion is quite low. Van de Graaf et al. [9] used
n-butane/isobutane ideal selectivity higher than 10 as a quality criterion and he
confirmed that 8 of 12 membranes failed according to their quality criterion
without an obvious cause. Noack et al. [17] used H,/SF¢ ideal selectivity higher
than 43 as a quality criterion. They obtained about 70% yield in membrane
preparation by varying the synthesis composition and conditions systematically.
Based on these data from literature, it can be said that our membrane synthesis
procedure vyields mostly high quality membranes and also percentage of

membranes satisfying quality criterion is comparable with literature.
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Table 4.6 Comparison of percentage of membranes satisfying quality criterion
with the literature

Reference Quality Criterion % of membranes
Ideal selectivity satisfying quality criterion

van de Graaf et al. [9] N-C4H10/i-C4sH10 >10 33
Noack et al. [17] H,/SFs>45 70
Kalipgilar et al [5] N,/SF¢>80 30

Li et al. [19] Hy/n-C4H19>27 50

This work (0.6)* N,/SFs>40 60
This work (1.0)* N,/SFs>40 67
This work (1.7)* N,/SF¢>40 28

* amount of seed in mg/cm?

4.6 Separation of butane isomers through membranes synthesized

on variable amount seeded supports

A mixture of 50/50 n-butane and isobutane was separated by high quality
100°C and 150°C. Single gas
permeances of these gases were also measured at the same temperatures.
Three membranes (M1, M2, M3) which exhibited N,/SF; ideal selectivities of 119,
87 and 211 were selected for separation of butane isomers (Table 4.7).

membranes at temperatures 25°C, 50°C,

Table 4.7 N, permeances and N,/SFg ideal selectivities of membranes used for

separation of butane isomers. Synthesis composition: C1, Synthesis
temperature: 130°C, Time: 24 h
Membrane
Sample Mseed/ Asupport N, permeance N,/SF¢ ideal
thickness
code (mg/cm?) (mol/Pa.s.m?) selectivity
(Hm)
M1 0.6 9 1.2x10°° 119
M2 1.0 17 1.4x10°® 87
M3 1.7 23 1.3x10°® 211
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Figure 4.24 and Figure 4.25 show single gas permeances of n-butane and
isobutane and n-butane/isobutane ideal selectivity, respectively. The n-butane
and isobutane permeances are similar at room temperature, but n-butane
permeance increased significantly with temperature while isobutane permeance
showed a slight increase. Ideal selectivities which were around 1.5 at room
temperature, increased significantly with temperature for both membranes, and

passed through a maxima at 100°C for the membrane M3.

Figure 4.26 and Figure 4.27 show steady state permeances and separation
selectivities (Unsteady state data is in Appendix L). All membranes exhibited
similar permeation behavior, n-butane and isobutane permeances increased with
temperature and at each temperature n-butane permeated considerably faster
than isobutane. Separation selectivities of membranes M1, M2 and M3 were 14,
5 and 27, respectively at room temperature and passed through maxima around
50°C.

As butane isomers are strongly adsorbing gases their permeation behavior
through MFI layers is influenced by diffusion and adsorption in MFI pores. At low
temperatures, where adsorption is significant, permeances of both gases are
low. At higher temperatures adsorption coverage of n-butane decreases and
diffusivity increases therefore permeance increases. On the other hand isobutane

permeance increases slightly with temperature.

In mixture separation, the molecule which is adsorbed more strongly hinders the
permeance of the other molecule. Thus separation is achieved by pore blocking
effect of the strongly adsorbing molecule. For butane isomers, it is reported that
n-butane adsorbs about 1.5 times stronger than isobutane so that it blocks the
permeance of isobutane [57]. Pore blocking decreases with temperature as
adsorption is exothermic and fewer molecules adsorb at higher temperatures. Up
to a certain temperature pore blocking decreases slightly while the diffusivity of
gases increases therefore maxima in the selectivity is observed. As in agreement
with those, our membranes exhibited increase in n-butane permeance with
temperature for both single and binary gases, on the other hand increase of

isobutane permeance is less compared to n-butane. In mixture separation,
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n-butane permeance is higher than isobutane which can be the result of pore
blocking effect of n-butane. For both single and binary gases, selectivities
showed maxima, this is probably caused by the slight decrease in adsorption and

increase of diffusivities.

Membrane thickness has a pronounced effect on the selectivity when separation
is based on adsorption [57]. Table 4.8 shows data form literature and this work
for separation of butane isomers. Synthesis temperatures are also given in Table

4.8 because thicker membranes are produced at higher temperatures.

Table 4.8 Separation data for butane isomers from literature and in this work

Synthesis n-butane
Membr. T. Selec.
Reference temp. and Permeance
Thick. (°C) n-/i-Ca
seeding mol/Pa.s.m? x10®
Hedlund et al. 100°C 25 98.0 9
500 nm
[14] Seeded 160 120.0
120°C - 30 - 5
Gora et al. 160°C - 30 - 30
[18]
190°C - 30 2.75 55
Coronas et al. 180°C 25-30 100 1.0 32
[10] No seed Mm 150 6.0 7
Vroon et al. 120°C 25 0.8 52
3 um
[16] No seed 200 2.1 11
Gump et al. 170°C 25 1.0 15
[58] No seed 160 6.0 10
130°C 25 1.2 14
M1 9 um
Seeded 150 3.8 8
130°C 25 0.26 5
M2 17 um
Seeded 150 1.4 14
130°C 25 1.2 27
M3 23 um
Seeded 150 12 21

- not reported
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Thicker membranes exhibit higher selectivities for butane isomers compared to
the thin membranes (Table 4.8). For example, Coronas et al. [10] reported that
membrane with 30 um thick exhibited n-butane/isobutane separation selectivity
of 32 and 7 at 100°C and 150°C respectively. On the other hand Hedlund et al.
[14] reported that 500 nm thick membrane exhibited n-butane/isobutane
separation selectivity of 9 and 3 at 25°C and 160°C, respectively. Similarly Gora
et al. [18] observed that when the synthesis temperature increased from 120°C
to 190°C, thicker membranes were obtained and they exhibited higher n-
butane/isobutane separation selectivities. Therefore, it can be concluded that
separation behavior of the membranes is influenced by the thickness of the MFI

layer.

Membranes tested in this study showed different thicknesses and morphological
behavior that can affect gas permeation results. M3 exhibits higher permeances
in single and binary systems and higher separation selectivities than M1 and M2.
This is probably caused by intermediate layer that exist throughout M3.
Intermediate layer was about 17 um thick and has a loose structure compared to
the dense MFI layer on top of it. Adsorption through the thick intermediate layer
in addition to dense MFI layer may increase the selectivities. The dense top layer
was about 5 pum and it was thinner than M1 and M2 therefore M3 showed higher
permeances. M2 had lower permeance and moderate selectivity compared to the
other membranes. M2 has 17 pm thick dense MFI layer, therefore thickness and
dense structure may decrease permeances. As M1 was nearly two times thinner
than the others, it is expected to show high permeance and low selectivity
compared to other membranes. In addition to those, all of the membranes
separated butane isomers at room and at higher temperatures and this indicates
that membranes had continuous coverage with negligible amount of non-zeolitic

pores.
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CHAPTER 5

CONCLUSIONS

In this study the effect of seeding on MFI membrane morphology and

quality was investigated. Membranes were synthesized from a composition

yielding small amount of MFI crystals to observe the effect of seeding on

membrane morphology clearly.

1.

2.

4.

Coating the support surface with seed crystals improved the membrane
quality and the reproducibility. On these membranes, MFI layer was
continuous and compact. Of the membranes synthesized with seeding
were 72% impermeable to N,; this indicates that those membranes
contain few defects. On the other hand, a continuous MFI layer cannot be
obtained on bare supports under the same synthesis conditions. None of

the membranes synthesized without seeding was impermeable.

About 60% of the membranes satisfied the quality criterion if the support
is coated with low amount of seed crystals, 0.6 and 1.0 mg/cm? of seed.
When 1.7 mg/cm? of seed is used 28% of the membranes satisfied the
quality criterion. Decreasing seed amount increased reproducibility and

quality of membranes.

Increasing the amount of seed does not increase the membrane thickness
but MFI layers with asymmetric structure forms; dense MFI layer on top
of a loose seed layer because all seed crystals do not participate into the
secondary growth and crystallization occurred only at the solution side of

the seed layer where dense MFI layer forms.

Vacuum seeding is a reproducible and practical method to prepare
uniform and closely packed seed layers with controllable amount of seed

crystals and high coverage.
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CHAPTER 6

RECOMMENDATIONS

Support material can be changed with one having smaller pore size and
smoother surface. By using supports with these properties, seed layers can be
prepared with nanosize seed crystals and amount of seed crystals can be

lowered therefore thin membranes can be produced.
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APPENDIX A

A sample calculation for a batch composition

A sample calculation for amounts of reagents to prepare 100 g synthesis solution
for a molar batch composition of 9.80Si0,: TPAOH:0.025Na,0:
0.019AI1,05:602.27H,0:39.16C,HsOH is given below. TEOS (Acros Organics, 98%
in water), TPAOH (Acros Organics, 25% in water), NaAlO, (44% Na,0O, 55%

Al,O3, 1% H,0, Riedel de Haen) and distilled water were the raw materials.

Amount of TEOS solution;

Molecular weight of TEOS=208.3 g/mol

. 1mole TEOS )( 208.3g/ mole
M(TEOS 5°|n)required =9.8 mole S|02 ( j( 9 j

1 mole SiO, 1mole TEOS

100gTEOSsoln
98gTEOS

-2083 g

2g H,O
MHinnTEOSSO|n:20839[ 9 ™ )

100g TEOS
=41.66¢

Amount of TPAOH solution;

Molecular weight of TPAOH=203.4 g/mol

203.4g/mole )(100g TPAOHsolIn.
1mole TPAOH 25gTPAOH

M (TPAOH soIn) required =L MOl€ TPAOH(

=813.4¢9
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759H20
M H20 in TPAOH o |n :8134gTPAOH soln [100 gTPAOH soln]

=610.2g
Amount of NaAlO,;

M (NaA|02)required =0.025mole Nazo(

61.99g/mole ) ( 100 gNaAlO,
1moleNa,O 44 gNa,O

-3.52¢

1gH,0
M Hy0inNaalo, =3.52gNaAlO; [WJ

-0.035¢

Amount of H,0O;

M Hy0added =M Hy0required = MH,0 with (TEOS + TPAOH + NaAIO3 )

M(H20) required = 602-27 mole HZO(

18.016 g/ mole
1moleH,0

M Hy0required =10850.59
M HoOadded = 10850.5 —(4166 +610.20 + 0035)
=10198.69

Amounts of reagents were calculated as;

TEOS = 2083 g

TPAOH = 813.4 g

NaAlO, = 3.52 g

H,O = 10198.6 g

Weight of batch = 13098.52 g

For 100 g batch preparation the amounts of reactants;

100 gbatch
13098.52 gbatch

M TEOSsoIn =2083 gTEOS 4 ( ]: 15.90g
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100 gbatch _6.21g
13098.52 gbatch

M TpaOHsoIn =813.4 g TPAOH 44y [

100 gbatch
=0.03
13098.52 gbatchj J

M NaAlO> =3.52 gNaAIOz (

100 gbatch _77.86g
13098.52 gbatch

M H>0 =10198.6 g Hzo [

Table A.1 Amounts of reagents for 100 g batch preparation

Composition TEOS TPAOH NaAlO, NaOH H,0
Cc1 1590¢g 6.21g 0.03 g - 77.86 g
Cc2 35.97 g | 16.86¢g - 0.86¢g 47.03 g

where

C1: 9.8Si0,:TPAOH:0.025NaOH:0.019Al,05:602.27H,0:39.16C,HsOH
C2: TPAOH:8.17Si0,:0.08Na,0:162.09H,0:32.68C,Hs0H

Calculation of maximum vield:

Molar batch composition:

TPAOH:9.80Si0,:0.025Na,0:0.019Al1,05:602.27H,0: 39.16C;Hs0OH

Amount of reagents to prepare 100 g batch is shown in Table A.1. In 100 g basis
solution;

N sio, =15.90g TEOS 1mole |( 1moleSiO,
208.3g )| 1mole TEOS

=0.076 mole SiO,

M sio, =0.076 mole SiO; [MJ

1moleSiO,
=4.59¢gSiO,
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In one unit cell of MFI, there exist 96 moles of SiO, and 4 moles of TPA.

4 mole TPAOH 203.4g
96 mole SiO, ){ 1mole TPAOH

M TPAOH =0.076 mole S|02 (

=0.65g TPAOH

From 100 grams of synthesis solution, the maximum yield that can be achieved
is,
M 2sm.s = 4.59 g SiO, + 0.65 g TPAOH
= 5.24 g ZSM-5

So, the maximum yield is 5.24%.
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APPENDIX B

A sample calculation for the single gas permeance and selectivity

Constant pressure variable volume method was used through gas permeation
experiments. The pressure at the feed side was kept constant at 1.9 bar
absolute while the permeate side was at atmospheric pressure. The volume
change per unit area was measured through a bubble flow meter for every 15

min. Table B.1 includes the data required for single gas permeance calculation.

Table B.1 Single gas permeation experimental data for membrane ED74

Experimental gases N, SFe

Volume change 0.005L 0.0005 L
Time interval 11.3s 208 s

Room temperature 290 K 290 K
Effective membrane area|2.43x10™ 2.43x10™
(m?)

Transmembrane pressure|1.011x10° Pa 1.036x10° Pa
difference

Volumetric flow rate calculated as;
L= AV / At

v=5L/11.3s

=4.4x10-04/s
Assuming the permeating gas to be ideal, molar flow rate was calculated as;
- P.»
n=——
R.T

- (9.12x10%Pa)(4.4x107%L/5)
~ (8314.34 LPa/molK)290K)
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n=1.66x10">mol/s

Permeance through the membrane can be calculated as;

1.66x10> mol/s
[1.011x10° Paj2.43x10"*m?)

170

P N2:6.77 x 10~/ mol / Pa.s.m?

SFs permeance was calculated as;

P spg=4.03x1072 mol / Pasm?

Ideal selectivity is defined as the ratio of the permeance of two single gases.

aij = Pi/Pj

(04 N2/SF6 = 188
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APPENDIX C

Calibration of mass flow controllers

For the adjustment of feed composition, MFC’'s were calibrated using n-butane
and isobutane gases at room temperature. Calibration was performed by
measuring the flow rate of gas stream by a soap bubble flow meter to calibrate
MFC reading on LCD display. Figures C.1 and C.2 show the calibration curves of

MFC’s for n-butane and isobutane gases, respectively.

500

400 ~

W

o

o
I

200 ~

MFC reading

100

0 T T T T T T
0 20 40 60 80 100 120 140

flow rate (ml/min)

Figure C.1 Calibration plot of MFC for n-butane
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Figure C.2 Calibration plot of MFC for isobutane
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APPENDIX D

A sample calculation for the determination of permeances and

selectivites of binary gas mixtures

D.1 Calibration of GC outputs and sample calculation for the

determination of gas compositions

Sample GC output can be seen on Figure D.1. First peak (retention time is 0.436

min) corresponds to isobutane and the second peak (retention time is 0.481

min) corresponds to n-butane.

mVolts [ castandatal3800.44563 u

250 —

isobutane
. tr=0.436 min

150 —

100—

n-butane
tr=0.481 min

05 0.6

Figure D.1 Sample GC output for feed stream
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As mentioned in the experimental section, for the analysis of gas composition,
gas chromatograph was calibrated for n-butane and isobutane gas mixtures.
Compositions of gas mixtures were adjusted by MFC’s. Gas mixtures were fed to
GC and the area under the peak for each single gas which is taken from the
integrator denotes the composition of gas mixture that was fed to GC. By using
calibration curve the composition of feed and permeate streams were
determined. Retentate stream could not be analyzed by GC for this reason its
composition is calculated through mass balance around the system. Calibration

curves for n-butane and isobutane are shown in Figures D2 and D3, respectively.

120

100 A L]

80 [l

60

% n-butane

40 A [l

20 [l

OE_I T T T T

0.E+00 2.E+05 4.E+05 6.E+05 8.E+05 1.E+06

Peak area

Figure D.2 Calibration plot of n-butane for GC analysis
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Figure D.3 Calibration plot of isobutane for GC analysis

Results of calibration curves ;

%n— C4H10 2(123 x10™ 4)x(area of n— C4H10)

% i-C4qHyg =(1.34x10%)x(area of i- CqHqg)

The composition of gas mixtures in permeate and feed side were calculated by

using results of calibration as follows,

%n - C4H10 =

(1.23x1o-4)(area of n-Cy4Hyp) <100
(1.23 x 10‘4Xarea of n—Cy4Hyg)+ (1.34 X 10‘4Xarea of i—Cy4Hig)

%i-CyqHyg =

(1.34 x10~ 4) (area of i—C4Hyg)
x100

(1.23 x10~ 4)(area of n—Cg4Hqg)+ (1.34 x10~ 4)(area of i—Cy4Hyg)
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Sample calculation of permeate composition through membrane ED98 is as

follows;
(1.23 x10~ 4) (625710)
°/0I’1—C4H10 = x100
(1.23 x10~ 4j(625701) + (1.34 x10~ 4j(137434)
~80.69%
(1.23 x10~ 4) (137434)
% i-CyHyg = x100

(1.23 x10~ 4)(625701) T (1.34 x10~ 4)(137464)

=19.31%
Composition of retentate side was calculated by mass balance;

mass balance for n-C4H;¢ and i-C4Hjg;

’ FEED _ PER ;

(U FEED)(XF—EgEHlo) = (U PER)(XiF)—Eg4H10) + ( ;)RET)(X{R—I%L_H]_O)

(47.07 ml / min)(0.5156) = (0.8069 )(0.05 I/ min) + (47.02ml/ min)(XREL | )

RET  _
Xn-cam1o = 0-5153

(47.07 ml/ min)(0.4844) = (0.1930)(0.05ml/ min) + (47.02ml/ min)(xﬁFE4H10)

RET  _
Xi_can1o = 0-4847
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D.2 Sample calculation of permeance and binary gas mixture
selectivity

Table D.1 Feed, permeate and retentate compositions of ED98

Pressure | Mole Fractions | Partial Pressures
Flow rate
Composition (Pa) (Y) x 10* (Pa)
(I/s) g

x10 n-C, i-C, n-C, i-C,

Feed 7.85x10* 1.93 0.5156 | 0.4844 9.93 9.33
Permeate 8.33x107”/ 91.2 0.8069 | 0.1931 7.36 1.76
Retentate 7.84x10* 1.93 0.5153 | 0.4847 9.92 9.33

For each component transmembrane log-mean pressure difference was
calculated with the following the equation;

(FfiF —F’ip)— (PiR - piP) _
in [Pi™ - PP )/ PR - P

AP log- mean =

Log-mean pressure difference of n-C4H;o

[9.93-7.36)-(9.92 - 7.36)x10*

AP log- mean
[ ] In |9.93-7.36)x10* / (9.92 - 7.36)x 10%|

n-C4H10 ~

4
[Aplog—mean] n-CqH10= 2.56x107 Pa
Similarly log-mean transmembrane pressure difference of isobutane is calculated

as;

[APlog-mean) i-c4rgo=7-57 x 10% Pa
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Permeance of each component was calculated with the following equation;

pi _ Av ) Patmyi | 1 1
— |lat) RT |A AP log- mean

where A is the effective membrane area for permeation (2.43x10™* m?), T is the
room temperature, R is the ideal gas constant, (Av/At) is the flow rate of

permeate and y; is the mol fraction of i in permeate.

~ _7 9.12x10% (Pa).0.8069
P n-Catio= {(8'33”0 L/S)(297K)(8314.34L.Pa/moI.K)

1 1
(2.43 x107% m2][2.56 x104 Pa]

()

n-CgqHyg =3-99 x 107 mol/ m? sPa

=3.23x10719 mol / m?.sPa

170

i-C4H10

Separation selectivity is the ratio of the permeances of these gases;

aij = Pi/Pj

a n-CgqH10 /i-C4H10 = 12.3
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APPENDIX E

Mercury porosimeter results

0.18

0.6 mmno o0 00 ooo g
0.14 =

0.12 1

o
[EY
I

0.08 - O

0.06 A

0.04 -

0.03 | ‘ ‘ “oo Bo g o

0.01 0.1 1 10 100
Pore diameter (um)

Cumulative pore volume (cc/g)

Figure E.1 Pore size distribution of alumina disc with pore volume
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Figure E.2 Pore size distribution of alumina disc with surface area
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APPENDIX F

List of samples synthesized in powder form

Table F.1 Synthesis conditions and crystallization results of samples synthesized

in powder form

Code Eé?:EjC: A?ri{)]g (°Tc') (E) C(rj(?s. yizold size | ARet
D1 | c1 24 | 130 | 46 | 45 4-6 | 2-2.5
ED3 | Ci 24 | 130 | 46 | 88 | 48 | 46 | 2-2.5
D6 | c2 | 45 | 91 | 24 | 80 90 | %%

ED7 | cCi 24 | 130 | 24 | 89 23 | 15 | LY
ED8 | C1 24 | 130 | 46 | 100 | 60 | 3-7 2
ED9 | C1 24 | 130 | 24 29 | 2:4 | 2225
ED10 | C1 24 | 130 | 24 31 | 2-4 | 2:25
ED11 | C1 24 | 120 | 24 15 | 1-4 2
ED12 | C1 24 | 120 | 24 ; 2-5 | 2-2.5
ED13 | C1 24 | 130 | 24 26 | 1-4 | 2-2.5
ED14 | C1 24 | 130 | 24 27 | 2-4 | 2:25
ED15 | C1 24 | 120 | 24 39 | 2-4 2
ED16 | C1 24 | 120 | 24 28 | 1-4 2
ED17 | C1 24 | 130 | 24 21 | 35 | 2:25
EDI8 | Cc2 | 45 | 91 | 24 | o1 40

ED19 | C2 | 45 | 91 | 145 5

ED20 | c2 | 45 | 91 | 195 18

C1. TPAOH:9.8Si0,:0.025NaOH:0.019Al,05:602.27H,0:39.16C,HsOH
C2. TPAOH:8.17Si0,:0.08Na,0:162.09H,0:32.68C,Hs0H
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G.1 Gas permeation results

APPENDIX G

List of membranes

Table G.1 Single gas permeation and XRD analysis results of membranes

N> Permeance Ideal
Seed Thick.
t permeance (mol/Pa.s.m?) Selec.
Code (mg/cm?) | XRD
(h) (before x1077
(Hm) N
calcination)
N, SFe N,/ SFe
ED23 | 24 0.0 3.8 264 | 280.000 1
ED44 | 24 4.0 8.70 0.082 106
ED45 | 24 1.0 11.4 0.089 127
ED46a | 24 0.0 8.1 127.00| 85.000 2
ED47a| 24 0.0 2.86 1.680 2
ED48u| 24 1.0 15.9 40.00 | 24.000 2
ED50a| 24 3.5 3.40 0.070 49
ED50u | 24 3.5 32.0 1.66 1.980 1
ED51u| 24 3.5 28.4
ED52a | 24 6.9 4.46 0.095 47
ED52u| 24 6.9 42.7 1.13 0.109 10
ED53u| 24 6.9 38.9
ED66a | 24 0.6 12.1 2x10°°
ED66uU| 24 0.6 11.30 | 0.102 110
ED67a| 24 0.6 9x107!! 43.20 | 36.000 1
ED67u| 24 0.6 2.47 0.070 35
ED68a | 24 1.0 5x10°°
ED69a | 24 1.0 20.8 1x10”/
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Seed Thick. N2 Permeance2 Ideal
Code £ hy permeance (moI/Pa._s.m ) Selec.
(mg/cm?)| XRD (before x10”7
(Mm) |calcination) N> SFe N,/ SFg
ED69u 24 1.0 13.50 | 2.100 6
ED70a 24 1.7 27.0 3.06 | 0.163 19
ED70u 24 1.7 <ix10™ 4.57 | 0.070 65
ED71a 24 1.7 10.40 | 4.400 2
ED71u 24 1.7 3x10°
ED73a 24 0.6 14.8 4x1071° 6.97 | 1.240 6
ED73u 24 0.6 4x1071° 13.10 | 7.540 2
ED74a 24 0.6 4x1071° 7.58 | 0.040 190
ED74u 24 0.6 <ix10™ 8.63 | 0.088 98
ED75u 24 1.0 21.8 4x107 6.85 | 0.040 156
ED76u 24 1.0 2x107*° 10.00 | 0.036 | 282
ED77a 15 0.0 1.6 1x107%*
ED77u 15 0.0 1.1 1x107%*
ED78a 20 0.0 4.1 1x107
ED78u 20 0.0 3.6 1x107%
ED79a 25 0.0 4.5 7x10%7
ED79u 25 0.0 4.5 4x107%
ED80a 47 0.0 9.7 4x107%° 6.91 | 0.250 28
ED80u 47 0.0 9.9 1x107%7
ED83a 15 3.5 32.7 1x107°°
ED83u 15 3.5 1x107%0
ED84a 20 3.5 29.8 8x107
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N> Permeance
Seed Thick. | permeance| (mol/Pa.s.m?) Ideal
(mg/cm?)| XRD (before x1077 Selec.
Code t (h) (Mm) | calcination) N> SFs N>/ SFg
ED84u | 20 3.5 <1ix10!
ED85a | 25 3.5 6x107%
ED85u | 25 3.5 33.6 3x1071° 9.98 0.204 49
ED86a | 47 3.5 <1ix10!
ED86u | 47 3.5 34.6 | <1ixio™ 2.98 0.031 97
ED87a | 15 0.6 7x107%
ED87u | 15 0.6 12.5 9x107%
ED88a | 20 0.6 1x107°°
ED88u | 20 0.6 13.0 1x10%
ED89%a | 25 0.6 <1ix10! 11.8 0.116 102
ED89u | 25 0.6 15.5 3x1071° 9.4 0.181 52
ED90a | 47 0.6 3x107%
ED90u | 47 0.6 21.5 | <ixio™ 6.09 0.100 61
ED91a 3 0.0
ED91u 3 0.0 0.0 1x10™
ED92a 7 0.0 1x10™%
ED92u 7 0.0 0.0 1x10™%
ED93a | 10 0.0 1x10™
ED93u | 10 0.0 0.5 1x10™%
ED94a | 72 0.0 1x107°®
ED94u | 72 0.0 11.9 4x107°8
ED95a | 24 0.6 14.7 1x10%
ED95u | 24 0.6 1x10%
ED96a | 24 0.6 <1ix10! 11.4 0.096 119
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N> Permeance
Seed Thick. Ideal
permeance (mol/Pa.s.m?)
Code |t (h) (mg/cm?)| XRD (before x1077 Selec.
(Mm) [calcination) N> SFe¢ N,/ SFg
ED96u | 24 0.6 14.7 1x10™%
ED97a | 24 1.0 18.0 7x10706
ED97u | 24 1.0 <1x10! 18.60 0.160 116
ED98a | 24 1.0 15.1 <1x10!! >100
ED98u | 24 1.0 <1x10! 13.50 0.155 87
ED99a | 24 1.7 17.6 <1x10! 31.00 | 18.235 1.7
ED100u | 24 1.7 17.8 <1x10!! 1.51 0.054 28
ED10la| 24 1.7 18.8 <1x10t >100
ED102a| 24 1.7 <1x10! 11.60 0.055 211
ED102u | 24 1.7 16.9 <1ix10! 17.30 5.767 3
ED103a| 24 0.6 14.5 <1x10!!
ED104u | 24 0.6 11.0 >1x107%
ED105u| 24 1.0 16.3 <1x10!
ED106a| 24 1.0 17.3 <1x10!! 3.76 0.061 62
ED106u| 24 1.0 4x1071° 28.10 | 28.100 1
ED107u| 4 0.6 5.2 1x10™%
ED108u| 4 3.5 36.5 1x10™%
ED109u| 8 0.6 7.9 1x10™%
ED110u| 8 3.5 32.3 2x10708
ED111u| 36 0.6 18.6 <1ix10!
ED112u| 36 3.5 33.6 <1x10!!
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Table G.2 Permeation results of butane isomers

Single gas Binary gas )
Separation
permeance Ideal permeance o
5 o , Selectivity
Code T | (mol/Pa.s.m?) | Selectivity (mol/Pa.s.m?)
(°C) x1078 x1078
n-C4 i'C4 n-C4/i-C4 n'C4 i'C4 n'C4/i'C4
RT 1.18 0.0843 14
ED96a | 50 2.74 0.127 22
(M1) | 100 2.92 0.257 11
150 3.79 0.490 8
RT | 0.49 | 0.26 2 0.265 0.0539 5
Ep9sy | 50 0.38 | 0.21 2 0.399 0.0323 12
(M2) | 100 | 19.0 | 0.35 54 0.449 | 0.0275 16
150 28 0.48 59 1.44 0.100 14
RT 0.39 0.26 2 1.23 0.0449 27
ED102a | 20 3.6 0.38 10 2.39 0.063 38
(M3) 1100| 21 | 0.54 39 8.25 0.259 32
150 30 1.3 23 12.1 0.582 21

RT room temperature
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G.2 SEM images of the synthesized membranes
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Figure G.1 SEM surface and cross-section images of membranes (a,b) ED49a
(c,d) ED52a (e,f) ED74u (g,h) ED85a (i,j) ED85u
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G.3 XRD results of the synthesized membranes
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Figure G.2 XRD patterns of synthesized membranes (XRD file number and

membrane codes are shown on the figures)

G.4 XRD patterns of seed coated alumina supports
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Figure G.3 XRD patterns of seed coated alumina supports (XRD file number and

amounts of seed are shown on the figures)
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Vacuum seeding results

APPENDIX H

Table H.1 Weight gain of the supports after seeding

Amount of seed Weight
in suspension Support Woare Wsceded Gain Ws - Wg|
(mg) [Ws] Code support (9) | support (9) (mg) -
[Wg] 9)

ED66a 0.9046 0.9064 1.8 0.2
ED66u 0.9876 0.9892 1.6 0.4
ED67a 0.9265 0.9280 1.5 0.5
ED67u 0.8710 0.8730 2 0
ED73a 0.9260 0.9278 1.8 0.2
ED73u 0.9210 0.9226 1.6 0.4
ED74a 0.9314 0.9336 2.2 0.2
ED74u 0.9471 0.9494 2.3 0.3
ED87a 0.9684 0.9698 1.4 0.6

2.0 ED87u 0.9720 0.9737 1.7 0.3
ED88a 0.9428 0.9443 1.5 0.5
ED88u 0.9248 0.9271 2.3 0.3
ED89a 0.9081 0.9096 1.5 0.5
ED89u 0.9827 0.9842 1.5 0.5
ED90a 0.9205 0.9223 1.8 0.2
ED90u 0.9515 0.9524 0.9%* 1.1%
ED95a 0.8863 0.8890 2.7% 0.7*
ED95u 0.8934 0.8947 1.3 0.7
ED96a 0.9253 0.9271 1.8 0.2
ED96u 0.8866 0.8882 1.6 0.4

2.0 <1.7> <0.4>
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Moamporson, | Support | W | W | GEOT | M vl
(mg) [Ws] (g) | sweeot [Wg] (mg)
ED48a 0.881 0.886 5.0* 1.5%
ED48u 0.891 0.895 3.5 0
ED49a 0.878 0.883 4.6% 1.1%*
ED49u 0.898 0.903 4.7% 1.2%
ED68a 0.918 0.922 3.3 0.2
ED68u 0.908 0.911 2.8* 0.7*
ED69a 0.910 0.914 3.6 0.1
ED69u 0.918 0.922 3.9 0.4
ED75a 0.920 0.924 3.5
3.5 ED75u 0.937 0.941 3.5 0
ED76a 0.921 0.925 3.8 0.3
ED76u 0.928 0.932 3.6 0.1
ED97a 0.892 0.895 2.8% 0.7%*
ED97u 0.898 0.902 3.6 0.1
ED98a 0.893 0.896 3.4 0.1
ED98u 0.877 0.880 3 0.5
3.5 <3.5> <0.2>
ED70a 0.907 0.912 5.4 0.6
ED70u 0.999 1.005 5.9 0.1
ED71a 0.915 0.921 5.7 0.3
6 ED71u 0.913 0.917 4.6% 1.4%
ED99a 0.919 0.925 6.5 0.5
ED99u 0.914 0.920 5.3 0.7
ED100a 0.891 0.896 5.3 0.7
ED100u 0.895 0.902 7.0%* 1.0%*
ED101a 0.915 0.921 5.3 0.7
ED101u 0.901 0.907 6.2 0.2
ED102a 0.898 0.903 5.3 0.7
ED102u 0.865 0.872 6.1 0.1
6 <5.7> <0.5>
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vspension. | Support | 1w | W | ey | Ml
(mg) [Ws] (g) | =P [Wg] (mg)
ED50a 0.901 0.914 13.2%* 1.2%*

ED50u 0.902 0.914 12.3 0.3

ED51a 0.914 0.926 11.7 0.3

D1 0.888 0.900 12.0 0.0

ED51u 0.913 0.925 12.4 0.4

ED54a 0.869 0.880 11.0 1.0

ED54u 0.857 0.869 12.0 0.0

ED55a 0.905 0.917 11.5 0.5

ED55u 0.904 0.916 11.7 0.3

ED56a 0.910 0.922 11.8 0.2

12 ED56u 0.894 0.912 18.2 6.2%
ED57a 0.902 0.914 11.6 0.4

ED57u 0.915 0.926 11.2 0.8

ED83a 0.893 0.903 9.9% 2.1%

ED84a 0.898 0.910 11.9 0.1

ED84u 0.912 0.925 12.5 0.5

ED85a 0.917 0.929 11.7 0.3

ED85u 0.914 0.926 11.9 0.1

ED86a 0.757 0.765 7.5 4,5%

ED86u 0.866 0.878 11.4 0.6

12 <11.8> <0.4>
D2 0.910 0.934 24.2 0.2

ED52a 0.903 0.927 24.0 0.0

24 ED52u 0.921 0.946 24.7 0.7
ED53a 0.903 0.927 23.8 0.2

ED53u 0.905 0.929 23.5 0.5

24 <24.0> <0.4>

* not included in calculations
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APPENDIX I

Gas permeation data from literature

Table I.1 N, permeance and N,/SFg ideal selectivity data taken from literature

Ideal
Reference N2 plermeancée SelectIVIty
(mol/Pa.s.m?) N,/ SFe
6.00x10%’ 138
1.00x107% 299
9.00x107%7 196
Coronas, J., Falconer, J.L., Noble, R.D., e
“Characterization and permeation 6.00x10 190
properties of ZSM-5 tubular membranes”, 1.20x107°6 259
AIChE Journal, 43, 1997, p. 1797-1812
1.20x107 66
1.00x10°% 15
4.00x1078 6
9.00x107°
Kalipgilar, H., Culfaz, A., “Role of water 3.00x10°°° 38
content of clear synthesis solutions on the o
thickness of silicalite layers grown on 1.63x10 1630
porous a-alumina supports”, Microporous 1.61x10°% 77
and Mesoporous Materials, 52, 2002, p. o7
- 1.26x10 1050
39-54
2.00x107® 195
3.90x10% 4.4
-07
Lassinanti M., Jareman, F., Hedlund, J., 1.70x10 4.4
Creaser, D., Sterte, J., "Preparation and 2.00x10°% 2000
evaluation of thin ZSM-5 membranes 07
synthesized in the absence of organic 1.20x10 12
template molecules", Catalysis today, 67, 6.20x107°8 620
2001, p 109'119 1.20X10-07 12
5.80x10% 580
Bonhomme, F., Welk, M.E., Nenoff, T.M., 1.10x10°7 28
“CO2 selectivity and lifetimes of high o
silica ZSM-5 membranes”, Microporous 1.40x10 70
and mesoporous materials, 66, 2003, p. 1.60x10°7 53

181-188
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N, permeance

Ideal

2 selectivity
Reference (mol/Pa.s.m?) No/ SFe
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APPENDIX L

Results of binary mixture permeation with ED98u
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Figure L.1 Change of n-butane composition with time at room temperature
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Figure L.2 Change of permeate flow rate with time at room temperature
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Figure L.3 Change of retentate flow rate with time at room temperature
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Figure L.4 Change of n-butane composition with time at 50°C
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Figure L.5 Change of permeate flow rate with time at 50°C
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Figure L.6 Change of retentate flow rate with time at 50°C
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Figure L.7 Change of n-butane composition with time at 100°C
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Figure L.8 Change of permeate flow rate with time at 100°C
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Figure L.9 Change of retentate flow rate with time at 100°C
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Figure L.11 Change of permeate flow rate with time at 150°C
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Figure L.12 Change of retentate flow rate with time at 150°C
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