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The most commonly used and commercially available membranes utilized for water
desalination are made of polymeric materials. Due to their limitation and low
performance in harsh environment such as high temperature and corrosive medium,
ceramic-based membranes constitute a viable alternative. MFI is a particularly interesting
inorganic zeolite structure with pores’ size close to the kinetic diameter of many
industrially important molecules. Controlled thickness, defect-free layer and preferential

crystal orientation are still the main challenges with zeolite membrane fabrication.

In this research work, fabricating MFI zeolite membranes was performed using two
techniques, in-situ crystallization and secondary growth. With the in-situ crystallization
method, MFI zeolite crystals were directly grown on the substrates by subjecting the
substrate to a hydrothermal treatment in the synthesis solution. Processing parameters
such as hydrothermal treatment temperature and duration were varied. In the secondary
growth method, MFI zeolite layer was synthesized by microwave assisted secondary
growth, from microwave derived seeds deposited on a-Al,O3 substrate by either dip-

coating or spin-coating before being exposed to the synthesis solution and subjected to a

XiX



microwave thermal treatment. The synthesized MFI zeolite layers were analyzed with X-
ray diffraction (XRD) and scanning electron microscope (SEM) for their surface

properties, coverage and the orientation of the zeolite crystals.

It is worth noting that the morphology of MFI zeolite membrane/layer was strongly
influenced by several parameters. Albeit the simplicity of the in-situ crystallization
technique, the combination of leaching and lack of continuity of the zeolite layer made
this technique inadequate. Continuous MFI zeolite thin layer, defect free, with good
morphology was grown on porous alumina substrate using secondary growth technique
with the assistance of microwave irradiation at 160°C for 2h. Two seeding methods were
used; namely dip-coating and spin-coating. The spin-coating technique showed promising
results in term of the ability to reach a level of uniform seeds distribution on the top of
the alumina substrate leading to formation of a closed packed seeding layer, in addition to

a short process time compared to dip-coating technique.

To our knowledge, this is the first published work using spin-coating technique for
seeding porous alumina substrate with MFI-zeolite nano-sized crystals. The uniform
morphology of MFI zeolite layer was enhanced as the number of seeding runs was
increased, and the orientation of the grown crystals was controlled with their
crystallographic preferred orientation (CPO) (1 0 1). MFI zeolite layer was calcinated at
very low heating and cooling rates of 1°C/min at 500°C for 6 hours. After calcination, the
chemical analysis performed using energy dispersive spectroscopy (EDS) confirmed the

diffusion of aluminum ions into the zeolite layer.
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However, the results revealed that using three seeding layers with a thickness of about
120 nm was sufficient to prevent the diffusion of the aluminum ions towards the top

surface of MFI zeolite crystals.
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CHAPTER 1 INTRODUCTION

Water is an abundant natural resource that covers three quarters of the earth’s surface.
However, only 3% of all water sources are potable. About 25% of worlds’ population
does not have access to satisfactory quality and quantity of freshwater and 110countries
face sever water problems even countries that do not face water shortage may have to
tackle the problem of fresh water scarcity in the near future [1]. According to Stockholm
International Water Institute, 47% of world population will be living in areas of high
water stress. Hence the impact of this will be affecting every country in the world,
including the developed, unless they reduce demand and develop additional water
sources. However, many regions in the world such as Arabian Gulf, the Mediterranean
Sea and the Caribbean depend mostly on ground and seawater desalination to meet their
water demand. This limitation in the water supply source has forced these countries to
become increasingly dependent on desalination. The main producers in the Gulf region
are the United Arab Emirates with 26% of the worldwide seawater desalination capacity,
Saudi Arabia with 23%, of which 9% can be attributed to the Gulf region and 13% to the

Red Sea, and Kuwait with less than7% from the total production [3].

1.1 Water desalination

Water desalination is the process of removing salt and other minerals from water to make
the water suitable for drinking or irrigation (Fig.1). No single desalination technology is
considered a panacea for producing potable water. Most technologies use either thermal

or membrane processes, however other technologies exist and many more are under



development. Desalination technologies need to be chosen based on site specific
conditions including salt content, accessibility to engineering and construction services,
and the quality of water needed by the end user. Often, maintenance requirements for a
given technology will determine the type of system chosen for desalination plants. The
economics of desalination varies from country to country, depending upon the cost of
energy and capital as the main factors of production and the type of desalination process
used. Desalination methods can be classified under two broad headings: Phase change
processes (thermal processes) and Single phase (Membrane processes). While in the Gulf
region thermal processes (MSF: multi-stage flash; MED: multi effect distillation) account
for 90% of the production, the main process in Spain depends on reverse osmosis (RO)

membranes with 95% of all plants [4].
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Figure 1 Definition of desalination process

1.1.1 Phase change processes (Thermal Method)

The thermal separation technique includes two main categories; the first is evaporation

followed by condensation of the formed water vapor and the second involves freezing



followed by melting of the formed water ice crystals. The former process is the most
common in desalination and nearly at all cases it coupled with power generation units,
which may be based on steam or gas turbine. The most commonly used thermal methods
and their time of adoption for desalination: multi-effect distillation (MED, 1900),
multistage flash (MSF, 1950) and vapor compression (VC, 1940) [4]. Figure 2 shows a
simplified schematic of a Multistage-flash unit (MSF) technique. The incoming seawater
passes through the heating stage(s) and is heated further in the heat recovery sections of
each subsequent stage. After passing through the last heat recovery section, and before
entering the first stage where flash-boiling (or flashing) occurs, the feed water is further
heated in the brine heater using externally supplied steam. This raises the feed water to its
highest temperature, after which it is passed through the various stages where flashing
takes place. The vapor pressure in each of these stages is controlled so that the heated
brine enters each chamber at the proper temperature and pressure (each lower than the
preceding stage) to cause instantaneous and violent boiling/evaporation. The freshwater
is formed by condensation of the water vapor, which is collected at each stage and passed
on from stage to stage in parallel with the brine. At each stage, the product water is also
flash-boiled so that it can be cooled and the surplus heat recovered for preheating the feed
water. Because of the large amount of flashing brine required in an MSF plant, a portion
(50% to 75%) of the brine from the last stage is often mixed with the incoming feed
water, recirculated through the heat recovery sections of the brine heater, and flashed
again through all of the subsequent stages. A facility of this type is often referred to as a
"brine recycle" plant. This mode of operation reduces the amount of water-conditioning

chemicals that must be added, and can significantly affect operating costs. On the other



hand, it increases the salinity of the brine at the product end of the plant, raises the
boiling point, and increases the danger of corrosion and scaling in the plant. In order to
maintain a proper brine density in the system, a portion of the concentrated brine from the
last stage is discharged to the ocean. The discharge flow rate is controlled by the brine

concentration at the last stage.
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Figure 2 Schematic of Multistage Flash Unit

1.1.2 Single phase (Membrane Method)

Based on the Preferential Sorption-Capillary Flow Model Loeb and Sourirajan developed
cellulose acetate membrane for seawater desalination, the announcement of Loeb-
Sourirajan membrane in 1960 opened up the golden era of research and development
activities on membrane technologies [6]. Reverse Osmosis membrane RO is currently the
state-of-the-art desalination technology. The preference for membrane systems,
specifically RO, over other techniques is due in part to the development in last 50 years
of membranes with higher recovery rates and lower pressure needs, making them more

efficient to operate [7]. Membrane can be defined as a selective barrier between two



phases, the term selective being inherent to a membrane or a membrane process.
Transport through the membrane takes place when a driving force is applied to the
components in the feed. In most membrane process, the driving force is a pressure
difference or a concentration difference across the membrane. Various pressure-driven
membrane processes can be used to concentrate or purify a dilute solution. The
characteristic of these processes is that the solvent is the continuous phase and the
concentration of the solute is relatively low. The particle or molecular size and chemical
properties of the solute determine the pore size and pore size distribution necessary for
the membrane employed. In addition, the membrane can be classified According to their
structure into various processes. These processes are Microfilteration, Ultrafilteration,
Nanofilteration and Reverse Osmosis. The principle of different processes is illustrated in
figure.3. Because of the applied pressure, the solvent and various solute molecules
permeate through the membrane, whereas other molecules or particles are rejected to

various extents dependent on the structure of the membrane.
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Figure 3 Principles of membrane separation



1.2 RO membrane

Desalination by RO requires the use of an osmotic membrane (i.e., one that allows water
to pass through it at much higher rates than dissolved salts). Osmotic membranes occur
naturally in living organisms everywhere. The osmotic membrane also is referred to as a
semipermeable membrane because of its capability to allow some constituents to pass
through it while holding back others. The osmosis phenomenon in nature is one where a
dilute solution is transported across a semipermeable membrane toward a concentrated
solution on the other side. The process of RO is just the opposite of osmosis and is
illustrated in Figure 4. In osmosis, the solvent water passes through the membrane until
the pressure difference across the membrane is equal to the osmotic pressure. In the RO
desalination process, a pressure greater than the osmotic pressure applied to the saline
water will cause fresh water to flow through the membrane while holding back the
solutes (salts). The higher the applied pressure above the osmotic pressure, the higher the
rate of fresh water transports across the membranes. In seawater RO desalination field,
energy saving and water quality improvement have always been two major subjects.
Today, the energy consumption of RO membrane treatment process is one fifth and the

operation cost is less than one tenth, compared to those of 1970’s [7].
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Two main technologies are currently used in the Kingdom for water desalination, these
are the Multistage Flash method (MSF) which constitutes about 90% of Saudi Arabia
desalination plants and the Reverse Osmosis membrane (RO) process [5]. Indeed, MSF
plants are suffering mainly from scale and corrosion problems, whereas the RO
membrane processes are actually suffering from fouling, biofouling and biocorrosion.
Hence, attention in the present work is given to the development of Inorganic membrane,
especially for the water desalination because of its significant importance to the water
sector in Saudi Arabia. The most commonly used and commercially available membranes
utilized for water desalination are made of polymeric materials. Due to their limitations
and low performance in harsh environment such as high temperature and corrosive
medium, ceramic-based membranes constitute a viable alternative. Ceramic membranes
are made from inorganic materials such as aluminum oxide, titanium oxide, zirconium
oxide and zeolites. Ceramic membranes display a number of performance advantages for

water treatment applications such as their excellent resistance to chlorine, oxidants,



radiation and solvents. Furthermore, they exhibit high thermal and chemical stability
allowing them to be quite suitable for processes involving high temperatures and harsh

chemical environments.



1.3 Aim and objectives:

» To develop controlled thickness, continuous, crack-free and oriented thin MFI

zeolite active layer on porous alpha-alumina substrate potentially for reverse

osmosis (RO) water desalination process.

To achieve the above aim, it is proposed:

e To fabricate macro-porous alpha-alumina support using uniaxial compaction

and sintering (powder metallurgy process).

e To enhance the surface of the substrate by several surface pretreatment steps.

e To use in-situ crystallization for synthesizing MFI zeolite layer on alpha-

alumina substrate.

e To use secondary growth technique for synthesizing MFI zeolite layer on

Alpha-alumina substrate, and this requires:

©)

Synthesis of nano-sized MFI zeolite crystals using microwave to be
used as seeds.

Deposition of the seeds by spin-coating technique.

Growth of zeolite layer using microwave synthesis technique.
Calcination of the zeolite layer to remove the TPA from the MFI

zeolite channels/pores.

» To gain an understanding of the mechanism/Kinetics of these processes by

carrying out a thorough characterization of the surface morphology, phases,

crystallinity, pore size, porosity thermal stability and continuity of the MFI zeolite

membrane/layer using FE-SEM/EDS, XRD, PSA, TGA/DSC.



CHAPTER 2 LITERATURE REVIEW

2.1 Zeolite membrane

Zeolites, crystalline aluminosilicate materials, possess 3-dimensionaly connected
framework structures constructed from corner-sharing TO4 tetrahedra, where T is any
tetrahedrally coordinated cation such as Si and Al. These framework structures are
composed of n-rings, where n is the number of T-atoms in the ring (e.g. 4-, 5-, and 6-
rings), and large pore openings of 8-, 10-, and 12-rings are framed by these small rings.
Figure 5 shows the pore sizes and framework structures of typical zeolites. The sizes of
the intracrystalline pores and nanospaces, depending on the type of zeolite providing the
framework, are close to the molecular diameters of lighter hydrocarbons. Moreover,
strong acid sites exist on the nanopore surfaces, enabling the zeolites to be used as shape-
selective catalysts in industrial applications such as fluid catalytic cracking of heavy oil,

isomerization of xylene and synthesis of ethyl-benzene[9].
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Figure 5 Zeolite structure, pore size and molecular diameter of
hydrocarbons [9].
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Recently, zeolite membranes have attracted considerable interests in both industrial and
academic sectors. Zeolite membranes can be applied to high-temperature and high-
pressure conditions. They offer high permeance and excellent separation properties
because of the mo-lecular sieving pore size with uniform distribution, and excellent
adsorption properties of zeolites. Zeolite membranes can be used in membrane reactors

by taking advantage of both separation and catalytic properties.

2.1.1 MFI zeolite membrane

Zeolite with MFI framework topology has an orthorhombic crystal symmetry with nearly
cylindrical, 10-member ring channels (diameter~5.6 A). Silicate-1 (PSZ) has a crystal
structure like zeolite ZSM-5. It can be crystallized from a relatively simple mixture of
tetrapropylammonium hydroxide (TPAOH) acting as template, a silicon source, and
water. Moreover, it is considered as AL-free analogues of ZSM-5. The characteristic
crystal shape of TPA-silicate-1 is a hexagonal prismatic shape, more commonly referred

to as a coffin shape.

With the order of crystal dimensions Lc¢ > La > Lb (where Li indicates crystal size along
i-axis), 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 [10]. The pore diameter of
zig-zag channels is 0.51x0.57 nm. No channels are present in c-direction as shown in

Figure 1.
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Figure 6 (a) A shematic identifying the crystal faces and directions along with
corresponding framework projections.(b) Typical SEM images of coffin-shaped
crystals. (c).Schematic of the pore structure of PSZ with the TPA located at channel
intersections [10].

However, mass transport is still possible in this direction, since molecules can jump from
the straight channels to the sinusoidal channels at their intersections and thus diffuse in a
tortuous path in the c-direction [8]. Because the MFI Zeolite membrane it is easy in
preparation and show high separation performances, the number of papers and patents are

increasing on this specific topic.

To this aim, MFI is a particularly interesting Zeolite structure topology due to the pores
with a size close to the kinetic diameter of many industrially important molecules. Due to
their excellent chemical, thermal, mechanical stabilities and microstructure, PSZ
membranes are potentially useful for treating saline wastewater by reverse osmosis RO
technique [9]. Until now, most of the zeolite membranes are still in laboratory study, and

there exist some challenges in both synthetic and application aspects [10].
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2.1.2 Synthesis of Zeolite membrane

The traditional synthesis procedure for zeolite powders has been adapted and improved
upon for the preparation of zeolite films and membranes. Moreover, in the synthesis of
high-quality zeolite films, the accurate manipulation and optimization of their
microstructures, such as crystallographic preferred orientation (CPO), thickness,
intergrowth and grain boundary structures, is critical. These microstructures may
dramatically influence the performance of devices incorporating zeolite films. Mainly the

synthesis of MFI Zeolite membrane can be through two deferent techniques:

1- In-Situ Crystallization Technique.

2- Secondary Growth Technique.

2.2 MFI film formation by in-situ technique:

The in-situ synthesis method has been widely used for preparation of zeolite films and
membranes. By using this technique, the substrate is placed in a synthesis mixture
containing the zeolite precursors and growth-directing agents. The zeolite is then
crystallized by the hydrothermal action generated either by conventional or microwave
heating of the mixture. During the synthesis, nuclei formed on the support grew into
crystal that inter-locked to create a continuous layer free of nonzeolitic transmembrane
pathways. The benefit of direct in-situ method is its simplicity. Generally, it is a one-step
process where the need is eliminated for specially designed substrates (e.g., organic-

functionalized or microstructured) and for preparation of a seed crystal layer by dip- or

13



spin-coating[11]. In-situ crystallization also has the advantages that it produces excellent
adhesion to a wide variety of substrates and can easily coat surfaces of complex shape
and in confined spaces. The orientation of the zeolite microcrystals can influence the
membrane performance in most of these applicationsbecause the zeolite pore structure
varies through different crystal axes.Hence, many researchers investigated the influence
of synthesis parametersto control the orientation of the MFI crystals on the top of
different supports. G. Xomeritakis et al. observed that the film obtained by in situ growth

exhibits [OkQ] or [h00]-out of-plane preferred orientation [18].

Crystal orientation control in a continuous MFI thin film can be achieved by simple
adjustment of synthesis compositions using direct in- situ crystallization. Yushanand co-
workers showed that within the synthesis system of TPAOH:NaOH:TEOS:H20:NacCl,
OH-/ Si and Na+/TPA+ ratios play a critical role in controlling crystal orientation by
direct in- situ crystallization in stainless steel as shown in figure 6.1t should be noted that
this map is generated by using TEOS as the silica source and may not be directly

applicable to composition in which other silica source (e.g., colloidal silica) is used.[11]
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Figure 7 Crystal orientation-synthesis composition map. [11]

A heterogeneous nucleation model has been proposed to explain formation of b-oriented
MFI films. Koegler et al. [24] proposed a model for the growth mechanism in which a
thin gel layer with low template content is formed on the silicon wafers substrate by the
agglomeration of primary gel particles present in solution, which are transported to the
support by Brownian motion. This gel layer formation is relatively independent of the
type of support and of its positioning in the autoclave. Both Nucleation and growth occur
at the interface of gel and liquid, Where only the region both silicon source and template
are present in abundance. Crystal growths proceeds into the gel phase until the crystals
bond with the support and finally align with their (010) faces parallel to the substrate. At
a stage where the gel layer formation is reduced, nucleation will occur at the interface of
the gel and the (clear) synthesis solution. Further gel settlement is probably still
proceeding, either burying or otherwise disturbing some of the nuclei. The nuclei
themselves already have a preferred orientation, as described above, but a second

orienting mechanism provided by the fact that the nuclei at first can grow only in the

15



plane of the gel and liquid interface as shown in stage 2 of Figure 7. Therefore, only the
nuclei with their preferred growth directions i.e. the a- and c-axes in the plane of the
interface can give rise to crystals. The crystals will consume the gel, thereby sinking to
the substrate surface. Here they will be subject to even stronger orientation by the flat
surface shown in stage 3 from Figure 7. When conditions are chosen properly, the crystal

coverage at that point is as high as possible.
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Figure 8 Growth mechanism model [24].

When synthesis proceeds beyond this point, a secondary crystal layer will be formed on
top of the first, which is undesirable. This secondary layer, surprisingly, also has a
preferred orientation, with the a-axis perpendicular to the surface. The secondary nuclei

probably start from the b-planes of the first crystal layer and have a strong tendency to
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form 90 intergrowths. Although, this modal can explain well the fact that b-oriented
crystals are formed on both horizontally and vertically placed substrate, it will be difficult
to use this modal to explain why a-oriented crystal appear in the film sometimes. This
modal also has difficulty in the explaining why second layers are present under certain

conditions.

Zhengbao Wanget al. [12] proposed and discussed an alternative film formation
modal(Figur8) to explain all of their observations. From Figure 8 the film formation
process can be separated into five stages. The first stage is the formation of colloidal sub-
micron crystals which is less than 0.5 um possibly via aggregation of nanoslabs in bulk
solution. In the second stage, the colloidal crystals in the vicinity of the substrate are
attracted onto the substrate surface to form a nearly continuous first layer due to
favorable electrostatic and van der Waals interactions. Since these sub-micron MFI
crystals are disk shapes with a—c plane is the largest flat surface, they are most stable

when they are b-oriented.
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Figure 9 A schematic drawing of a possible formation mechanism for b-oriented
MFI zeolite membrane on Stainless steel [12]

This deposition process is a self-assembly process and b-orientation helps maximize the
favorable interaction between the crystal and the substrate surface. In the third stage, both
the sub-micron crystals inside the first layer film and in the bulk grow larger. Because of
the limited space available on the surface, a continuous film soon forms on the substrate.
By contrast, the crystals in the bulk continue to grow until they reach certain size (e.g., >1
um) and then they start to settle primarily by gravity, as it is clear from the fourth stage of
figure 8. Unlike the sub-micron crystals, these relatively large crystals (e.g., >1 um) have
well-developed faucets (coffin shaped). Under normal synthesis conditions described [12]
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horizontally fixed substrate with 4 g solution loading, these settling large crystals form a
continuous loosely packed second layer on top of the first-layer film.To form a
continuous b-oriented MFI film, sufficient high concentration of disk-shaped colloidal
crystals is required within relatively short crystallization time. If the number of these
disk-shape colloidal crystals is too low, the substrate will not receive sufficient coverage
for the first layer in stage 2. And then in stage 3, large coffin-shaped crystals with well-
developed faucets will settle into the open surfaces. These large crystals can sit on their
b-c plane with reasonable stability leading to a-oriented crystals. Although b-oriented
may still be favored thermodynamically, these crystals may not be able to achieve this
configuration because they are relatively large and there is insufficient driving force
within the system. MFI crystals with their b-axis perpendicular to the substrate surface
prepared by In-situ crystallization were usually deposited on nonporous substrates such
as stainless steel, aluminum alloy. However, in 2005, Takahashi et al. studied the growth
of MFI crystals on alpha-alumina substrates and they showed the effect of coated the
substrate with mesoporous silica sublayer (Fig.9, 10).While b-oriented membranes with a
thickness between 2-3 micrometer at 453 K and sufficient coverage of the substrate
surface with preliminary crystals can be grown by in situ crystallization on porous alpha-
alumina precoated with a mesoporous silica sublayer due to some reasons such as; Si-OH
groups may provide a strong interaction between the silica sublayer surface and the
silicate species, Smoothness of the silica sublayer and the elimination of intrinsic defects
on the porous substrate, a membrane with a randomly oriented top layer with long period
of hydrothermal heating was obtained on the uncoated alpha-alumina substrate using the

same preparation conditions[13].
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Figure 10 SEM of the surface and cross section on silica sublayer coated (A,B) and
uncoated alpha-alumina substrate (C,D) with 10 h crystallization. [13]

Intensity

5 10 15 pLl 25 3 35 40
20 F

Figure 11 XRD patterns of MFI powder at the bottom
of the autoclave when using silica sublayer-coated
substrate (A), MFI membrane on silica sublayer-coated
substrate (B), and uncoated alpha-alumina substrate (C)
with a crystallization of 10 h."*" is for the substrate.
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The low nucleation site density often observed in membranes crystallized in situ can be
improved by using synthesis conditions that favor a high nucleation site density, e.g. a
highly alkaline synthesis mixture for MFI synthesis [14] and [15]. When applying in situ
crystallization methods, multiple crystallization steps are usually required to close all
defects [15] and [16]. To avoid these multiple immersions, it is also possible to increase

the synthesis temperature in a stepwise manner to induce further zeolite deposition [17].

However, this method has a number of disadvantages. Because of a relatively low
nucleation site density, a considerable film thickness of several micrometers is necessary
to close all defects or complex treatment technique used to repair the defects(e.g.
Chemicalvapor deposition CVD). The synthesis mixture can also penetrate the pores of
the support, which has several consequences. Firstly, the synthesis mixture may leach
components from the support, which may contaminate the growing zeolite film.
Secondly, zeolite crystals or amorphous material may deposit inside the pores of the
support. This may reduce the support pore size, increase the effective zeolite film
thickness, and also reduce the effective membrane area, since the porosity in the top layer
of supports is typically 30-50%. All of these factors will limit the flux significantly. In
addition, the combination of leaching and zeolite crystallization within the support may
change the mechanical properties of the support, leading to cracks in the film and the

support.
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2.3 The secondary Growth

The secondary Growth of the supported zeolite seed layers, which brought in improved
flexibility for crystal growth and greater control of film microstructure, is now
recognized as one of the most attractive methods for orienting the formation of
consolidated thin membrane, including good quality ZSM-5 and silicatel [23].Several
MFI zeolite membranes have been successfully made into a membrane using this
synthesis method[18-25,34&35]. The technique provides a better control over the zeolite
membrane growth and morphology. Lovallo and coworkers [35] have reported the
preparation of well-orientated membranes using this procedure. In the typical synthesis,
the zeolite crystals grow outward from the seed layer towards the synthesis solution.
Chau and coworkers [38] have demonstrated that the zeolite growth direction is not fixed,
but can be manipulated by the surface structure of the support. Most of the porous
supports used in the preparation of zeolite membranes are made of sintered crystalline
particles and are inherently heterogeneous. Some supports like the stainless steel, are
alloys and contain several structural phases. The heterogeneous nature of the support
material contributes to the poor reproducibility of the zeolite membranes prepared by in
situ method. G. Xomeritakis et al. [8]and Chu et al. [34] have demonstrated that pre-
seeding the support with colloidal zeolites can significantly reduce the influence of the
support that lead to better reproducibility in both the deposited microstructure and

separation properties of the membrane.
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The synthesis of membrane by this technique can be divided into four steps:

=

Seed preparation.
2. Seed deposition.
3. Secondary growth.

4. Template elimination.

2.3.1 Seed preparation

The secondary growth method allows a free selection of crystal seeds with different sizes
and shapes. The size of zeolite seeds isimportant parameters. If the size is too small, it
can enter into the pores of the support, which will reduce the permeation flux. Moreover,
the small size will grow to tiny crystallites and those crystallites formed gaps in between,
leading to a reduction in separation performance.On the other hand, if the size of seeds is
too large, the cross-linkage of the membrane will be decreased. As aresult, the thickness
of the membrane would be increased. The crystal size of the zeolites seeds varies with
synthesis conditions. However, conditions that favor the synthesis of smaller crystals are

typically accompanied by a lower zeolite yield and/or a longer crystallization time.

2.3.1.1 Influence of synthesis parameters on seeds size

Table.1 shows different recipes for preparing MFI zeolite seeds with result of different
sizes .The crystal size of these zeolites seeds vary with synthesis conditions. However,
conditions that favor the synthesis of smaller crystals are typically accompanied by a
lower zeolite yield and/or a longer crystallization time.Many researchers investigated the
influence of synthetic conditions and parameters such as the concentration of water,

template temperature etc.
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Table 1 Synthesis conditions and recipes of MFI-type zeolite seeds. [27]

Recipes Temperature  Duration Size
25Si02:9TPAOH:360H20 60 C 2 weeks 60 nm
25Si02:9TPAOH:0.1Na20:480H20 98 C 24 h 95 nm
25Si02:9TPAOH:0.1Na20:480H20 Reflux 48 h 100 nm
10Si02:2.5TPAOH:0.8NaOH:110H20 125C 8h 120-15 nm
10Si02:2.4TPAOH:1NaOH:110H20 125C 8h 100 nm
5Si02:1TPAOH:500H20:20EtOH 130C 12 h 500 nm X 200
nm X 100 nm
Si02:0.12TPAOH:0.08NaOH:60H20 95C 50 h 400 nm
Si02:0.12TPAOH:0.008NaOH:60H20 95C 1 week 2000 nm

2.3.1.2 Influence of temperature

Temperature is an effective synthesis parameter for controlling the final average crystal
size of the product. A lower synthesis temperature favors the formation of a larger
number of nuclei resulting in a product with a smaller final crystal size. However to
produce a product with a smaller final crystal size, the lower linear growth rates at low

temperatures greatly extend the total crystallization time and also the final zeolite yield is
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reduced. Q. Li et al.[26] studied the effect of varying temperatures on the size of MFI
zeolite seeds. From Table.2, it is apparent that at 100°C a product with an average final
crystal size of 96 nm could be produced after 34 h with a yield of 62%, whereas at 45°C
the final crystal size could be reduced to 50 nm as shown in figure.6but this required an
excessively long crystallization time of 2040 h and gave a product yield of only 51%.
Independent of temperature, the crystal size distributions are rather narrow with

coefficients of variation ranging from about 10 to 11%.

Table 2 Effect of MFI zeolite seeds synthesis temperature on the final crystal size. [26]

Temperatre  Synthesis ~ Final - Zeole  Linear (sl CV.
fime crystal  yield  growthrate  concentration
size
[ B m) @ (mb) a0 ()
M % 8 35 085 10.34
80 61 moos Ll 154 1076
il 360 5% 00 343 1097
4 040 854 S0 S1 0007 503 10,8
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Figure 12 SEM image of zeolite seeds synthesized at 45°C. [26]

D. Creaseret al. [27] proposed a relation between the crystal size and the duration of
crystallization. As it is shown in figure 12, single particle population with an average
hydrodynamic diameter of 4nm existed for the hydrolyzed suspension prior to
hydrothermal treatment (time zero). Upon heating, the sub-colloidal particles existed for
the first 15 h of crystallization, during which their size is nearly constant at 4 nm. After
10 h of hydrothermal treatment, a second particle size population with an average size of
26 nm appeared. This second larger particle population represents the growing MFI
Zeolite particles. They increased in size almost linearly during the crystallization, until
about 31 h, when they reached an ultimate average crystal size of 96 nm and this

confirms the SEM image of the product of the one-stage synthesis at 100°C in Fig.13.
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Figure 13 Effect of crystallization time on the average particle size at 100 °C. [27]

Figure 14 SEM image of the ultimate product of MFI zeolite Nano-crystals at 100°C.
[13]
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Such a two-stages varying temperature synthesis procedure was first proposed by Li et al.
[26] and was shown to produce 60 nm nanocrystals within 7 days (aging 6 days at 60 °C
and then raising to 100 °C for 1 day). Following the same logic, Mintova et al. [29]
synthesized 30 nm silicalite nanocrystals by aging at room temperature for 30 days before
heating to 90 °C for a few hours. Moreover, figure 14 represents a comparison between
the two stages heating and one-stage showed by the study of Q. Li et al. [26]. The
average crystal sizes for two-stage syntheses shown in Figure 12 are those measured only
after the temperature increase to 100°C.They found that the rate of crystal growth greatly
increases after the temperature increases and is about the same as that for the one-stage

synthesis at 100°C,3.5 nm h™.

100 < ;I:wo-stage syntl_u;ses _100{0One-stage synthesis
irst stage duration E 80 + as°C
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Figure 15 Comparison of average crystal size for one and two-stage crystallizations
starting at 45C and ending at 100C. [26]
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The inset diagram in Figure 12 shows the average crystal size during a one-stage
synthesis at 45°C and there is a long induction period during which only subcolloidal
particles with a constant size of about 4 nm are detected and it is not until 17.5 days that
the growing crystal population was first detected. Linear growth at 45°C occurred slowly,
at a rate of 0.027 nm h™. When the duration of the first stage is extended, the series of
two-stage syntheses in Figure 2 indicate that the final crystal size decreases gradually
until it is approximately equal to that obtained for a complete synthesis at the first stage

temperature, 45°C.

Table 3 lists the result of Person et al. [28], the synthesis times, yield, linear growth rates
and coefficient of variation for all two-stage syntheses started at 45°C and ending at
100°C In all cases the zeolite yield ranged from 60.7 to 61.5% and was closer to that for a
one-stage synthesis at 100°C 62%, than that for a one-stage synthesis at 45°C 51%. It is
apparent that the zeolite yield for a two-stage synthesis is determined by the
thermodynamic equilibrium at the final synthesis temperature, irrespective of the duration
of the first stage. Van Grieken et al. [33] who used the same template/ silica ratio (0.36)
as that of Persson et al. [28], but at a water/silica ratio of 10.8 instead of 19.2, was able to
produce smaller colloidal zeolite than that of Persson et al. [28] at a higher reaction
temperature 170 °C [26].Also, as indicated in Figure 2, the linear growth rate at 100°Cfor
all of the two-stage syntheses is close to that for a one-stage synthesis at 100°C The
crystal size distributions of the products of two-stage syntheses are constant with
coefficients of variations ranging from 10 to 11%, similar to those for one-stage

syntheses (Table 3).
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Table 3 Effect of first stage duration on product of two-stage synthesis starting at 45°C
and ending at 100°C [26].

Durationof ~ Total two-stage Zeolite yield Growth rate CV.
first stage (d) synthesis time (d) (%) (nmh™" (%)
4 5 61.03 3.26 10.66
8.5 9.5 60.75 3.67 10.70
12.5 13.5 61.96 345 9.95
14 14.8 61.47 3,51 10.81
16 16.5 60.69 3.69 10.35
18 18.5 61.01 348 10.12
22.5 23 60.84 3.72 10.72
29 29.5 60.96 3.91 10.39

It is possible to use the effects of temperature on nucleation, growth rate and yield in a
two-stage crystallization to synthesize particularly small crystals of silicalite-1 with
shorter total crystallization times and higher yields. Knowing the duration of the
nucleation stage, crystallization can be started at a lower temperature that favors the
formation of a larger number of nuclei. After nucleation is completed, the temperature

can be increased to accelerate the growth of crystals and obtain a higher yield ofsilicalite-

1.

2.3.1.3 Influence of the Structure Directing Agent SDA

Many researchers studied the influence of the TPAOH content in the synthesis mixtures
on the size and the yield of MFI zeolite crystals and they found a clear dependence of the
average particle size and the particle number on the TPAOH content. From Table 4, the
particle size decreases while the particle concentration increases with increasing TPAOH
contents, thus indicating that the TPAOH concentration influences the events occurring

during nucleation. A greater number of particles per unit volume are the result of a large

number of nuclei produced during the nucleation event.
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Table 4 The influence of alkalinity on the average particle size, the particle concentration,
and the conversion of SiO, to TPA-silicate-1 in synthesis mixtures with the molar ratio:
X TPABR:Y TPAOH:0.1 N,0:25Si02:480 H,0:100 EtOH [28].

Average Particle
particle size concentration  Conversion
Run x (nm)  (#/gsol) - 107" (%)

S1 00 90 95 1.2 64
52 30 60 10 b.7 81
S3 00 50 155 2.2 82
S4 45 45 188 1.2 86
S5 00 30 307 0.3 88

In order to investigate more the influence of the TPAOH, the contribution of the TPA *
and the OH" ions need to be separated by adding TPABr in addition to TPAOH, so that

the total TPA * content is constant.

Persson et al. [28]emphasized that in spite of the fact that the total TPA content (as
TPA") is constant; the ultimate particle sizes obtained do not follow the general trend of
decreasing particle size with increasing TPA content. The particle-size curve shown in
Figure 15 confirms this fact. This indicates that it is not the TPA" content that affects

nucleation but, rather, the alkalinity expressed as the TPAOH + NaOH concentration.

Also in their work they gave a proper explanation for why the linear growth rate is
independent of alkalinity. By using a synthesis mixture composition: X TPAOH: 0.1
Na,O: 25 Si02:480 H,0: 100 EtOH and varying X in which both TPA™ and OH are
present in amounts that are sufficient to sustain growth, They found that the integration of

reacting species onto the surface is rate-determining and the linear growth rate is constant
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for synthesis mixtures in which the silica concentration is constant but the alkali content

varies.
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Figure 16 The increase in the average particle size as a function of synthesis time for
synthesis mixtures molar ratio shown in Table 4 [28].
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Figure 17 The calculated mass growth curves for synthesis molar ratio shown in Table 4.
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2.3.1.4 The influence of varying the water content

When the level of dilution of the standard synthesis composition is reduced the following
will be decreased: alkalinity, the final crystal size [26-32] and the linear growth rate
[28&29],but the reduction of the final crystal size at the expense of a slightly longer
crystallization time and lower yield of silicalite-1.0n the other hand, Using the combined
effects of reduced temperature and dilution the final crystal size will be further reduce
with an even longer crystallization time and lower yield [27]. Q. Li, D et al. [26]
investigated the effects of dilution and temperature on one-stage syntheses as it is shown
in table 5. and they found that the synthesis at 60 C and reduced dilution is a more
optimal one-stage synthesis for producing small colloidal crystals compared to the higher

dilution synthesis at low temperature (e.g. 45 C)[26].

Temperature y*  Crystallizaton  Average Crystal Zeolite
(H,0 molar tme  crystalsize  Concentration  yield
(°C)  ratio) (d) (m) (s’ x10%) (%)
100 480 14 96 0.85 62
100 200 2 66 2.2 52
ol 200 18 46 5.29 42

Figure 18 Effect of dilution of the solution with molar ratio: 9 TPAOH: 25 SiO2: Y H20:
100 EtOH [16]
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Persson et al. [18] studied the effect of dilution of synthesis mixtures with the same molar
composition, which will as consequence reduce the silica and by varying the silica
content from 1.705 M silica to 0.926 M silica. They found there would be an increase in
the linear growth rate from 3.79 nm/h to 7.78 and 10.1 nm/h, respectively h as it is shown
in Table 5. On the other hand, more concentrated solutions result in a reduction in the
linear growth rate to 2.61 and 1.30 nm/h. Moreover, the linear growth rate is constant

irrespective of the alkali content for given water content.

Table 5 Effect of the dilution on the ultimate particle size. [28]

Molar compoition linear —~ Partcl Average

growthrate  concenfration  partice size
fun  TPAOK Mo 80, KO EOH  fmh) [#gsol 107" (nm)

§12 5 0 5w M 175 - 8
513 3 01 AWM 17 09 U
o] g 01 hoo® 0 i 1 %
5 d 01 5o ® 0 in ¥ 155
& ] 01 Ho &0 0 in 03 0
8 ! 01 5 M0 00 101 08 18
§10 § 01 5 W0 w 01 01 K]
it 3 01 o W0 10 0.006 Kl
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In addition, they stated that for a given SiO,/TPAOH molar ratio, the degree of
conversion is constant and the rate of mass growth is constant. The alkalinity differs (due
to dilution effects), thus resulting in a differing number of particles, which results in
differing linear growth rates. A logical consequence of the constant mass growth
behavior with different particle concentrations is that the linear growth rate in each run
must vary with the synthesis mixture, with the highest particle concentration must exhibit
the slowest linear growth rate, while the opposite must be true for the synthesis mixture
with the lowest particle concentration whereas the linear growth rate is essentially

unaffected by varying alkalinity. This conflicting behavior needs to be explained.

Additional evidence for the effect of the water/silica ratio can be found in the works of
Kirschhock et al. [30-32] in which they proposed a 33-mer and the so-called “nanoslab”
as the precursor units obtained from 1 SiO,/4 EtOH/0.37 TPAOH/4 H,0 system at room
temperature. Since the precursors were prepared by the direct hydrolysis of TEOS in a
40% aqueous solution of TPAOH, the water/silica ratio was determined by the TPAOH/
silica ratio. Strangely, however, this low water recipe was never employed again in other
works at least by the same group. A possible reason may be the difficulty in hydrolyzing
TEOS in such a low water recipe. In fact, Kirschhock et al. [30-32] had to add the
required TEOS to the 40% TPAOH solution in steps, with a few to 40 min of stirring

each time to hydrolyze the TEOS.

Hsu et al. [29] were able to produce silicalite-1 nanocrystals smaller than 50 nm via the
two-stage varying-temperature procedure within a day, this is far shorter than that
required by the “rapid synthesis” claimed in the literature, on the order of several days.
They were able to increase the concentration of the synthesis sol by using rotary
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evaporation; as a result, his will accelerate the formation of aggregates. The generation
and growth of more aggregates quickly consumed most of the primary units in the system
and set a limit to the size it can grow. Therefore, although the aggregates generated were
initially larger than that observed previously in more dilute systems, the ultimate crystal

size was slightly smaller.

In contrast with the classical heating which required several days or even months for
preparation of zeolite nano-seeds[26 - 32], the Microwave heating is fast , simple and
energy efficient method , which reduces significantly the synthesis time of MFI zeolite
seeds especially the synthesis of nano-sized seeds (45-1000) nm into several minutes [20

- 25].

2.3.2 Deposition of the seeds

In order to obtain a good quality MFI zeolite layer, seeding deposition is very important
and critical step. Moreover, the seeds need to be uniform and with dense distribution.
Dip-coating, rubbing, pulsed layer ablation and vacuum seeding are some the seeding

methods employed for coating the support surface with seed crystals.

One of the most frequently used methods is dip-coating. 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. The multi-seeding method is very promising since it gives a very

dense deposition of seeds with good reproducibility. The drawback is that the deposition
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is slightly too thick. Thin and uniform seed layers are obtained with this method but 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. 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. 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.

Seeded layers can also be prepared by pulsed ablation method. Although uniform seed
layers are obtained through pulsed laser ablation technique, it 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.

Electrophoretic deposition (EPD) could be used for seeding the support. With EPD,
colloidal particles suspended in a liquid medium migrate under the influence of an
electric field and are deposited on an electrode. It can be used for a wide variety of
particles as long as they are charged and in suspension. This process is already widely

used in the industry for coating. Its main advantages are fine uniformity of the deposition,
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easy manipulation and convenient control process. It should be noted that the process
yields only results in a powder compact and therefore should be followed by a

densification step if a fully dense material is needed.

2.3.3 Secondary Growth

The secondary growth on seeded support technique was studied under different synthesis
conditions in order to guide for an excellent synthesis procedure for having a high quality
MFI zeolite membranes. However, modeling the seeds growth mechanism play a role on

understanding and controlling the effect of synthesis parameters.

2.3.3.1 Seeds Growth Mechanism

The formation mechanism of zeolite under hydrothermal condition is complex and not
fully understood. It involves several reaction steps, molecular level self-organization,
nucleation, aggregation, crystallization and growth. Pre-seeding the support with zeolite
nanocrystals is a convenient way of circumventing the complex processes involved in the
early formative stage of MFI zeolite and allows the direct measurement of zeolite crystal

growth.

Tsapatsis et al. [18] proposed that in the present of precursor gel layer the nucleation
stage is bypassed and growth of the seed particles starts directly once they come in touch
with the synthesis solution. In the presence this indicate that growth of the existing
crystals , once initiated, is self-preserved by preventing the nucleation or incorporation
of new crystals in the vicinity of the growing film. The steady consumption of nutrients,
precursors and extended structures able to contribute to crystal growth is proposed as a

possible explanation for the absence of new grain formation during secondary growth,
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even under conditions which can lead to nucleation and growth in solution. In this
respect, the role of the precursor layer is dual. It is not only leads to growth without the
need for nucleation but also may prohibit or limit the incorporation of newly formed
crystals. Based on the above, the final film quality will depend on the quality of the
precursor layer. The absence of close-packed precursor seeds throughout the area of the
substrate can contribute to the development of the defects. In fact, whether seeds directly
grow or provide nucleation sites strongly depends on seed properties, such as sizes and

calcinations, and synthesis conditions.

2.3.3.2 Influence of varying silica precursor on the MFI zeolite growth

Wan et al. [25] found that the growth rate was slow at low TEOS concentration, but the
growth rate increases monotonically with addition of more silica source. However, this
increasing will reach to a certain limit in which more addition of TEOS will result in
slower growth. And this optimum value for TEOS concentration was 0.05 M according to
their synthesis condition figure 17(a). Moreover, X-ray diffraction characterization
technique was used to study the impact of varying the amount of TEOS on the MFI
zeolite membrane. Figure 17(b) plots the intensities of the two main diffraction peaks
detected from the analysis of the samples. The figure shows that the intensity of the (2 0
0)/(0 2 0) diffraction peak remained unchanged with increasing TEOS concentrations.
This indicates that the zeolite film grew preferentially along the (1 0 1) direction. From
the results, the growth rates at 0.027 and 0.22M TEOS were identical, but the film

deposited from the more concentrated TEOS solution has a better crystallinity.
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Figure 17(a) Growth rate of Sil-1 membrane and (b) XRD intensities of (101) and
(200)/(020) zeolite crystallographic plane as a function of TEOS concentration ([TPA+]

=0.027 M, [OH-] =0.027 M, T =403 K, t = 24 h).
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2.3.3.3 Influence of Varying Structure Directing Agent (SDA) on the MFI zeolite
growth

The organic template, TPAOH had a dual role in this synthesis study. It served as
structure-directing agent in the assembly of the zeolite framework and also maintained
the alkalinity of the synthesis solution. Moreover, investigating the effects of alkalinity of
zeolite growth using synthesis solutions containing a mixture of tetrapropylammonium
bromide (TPABr) and TPAOH was reported [18,25]. Wan et al. [25] showed that the film
growth rate increases with the addition of TPAOH reaching a constant value for TPAOH
concentrations greater than 0.01 M. In addition, they investigated the impact of varying
the TPAOH on The orientation and they noticed that the zeolite film had a pre-dominant
(1 0 1) orientation and the zeolite film prepared at TPAOH of 0.04M exhibited poorer
crystallinity compared to films of comparable thickness prepared at lower concentrations
(i.e. [TPAOH] = 0.014 M).In addition, they found that the effects of alkalinity of zeolite
growth after keeping TPA" ion content in the solution constant at 0.04 M, while the
concentration of OH  was systematically varied. The highest growth rate and best
crystallinity was obtained for synthesis solution containing 0.03M hydroxide ions. Higher
alkalinity gave slower deposition and poorer crystallinity. Furthermore, zeolite
dissolution is known to occur at high alkalinity. The result suggests that alkalinity has a
stronger influence on film growth and crystallinity than [TPA'] at the range of

concentrations used in the experiments.
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2.3.3.4 Influence of varying water content on the MFI zeolite growth

In the dilution experiments, the concentrations of the reactants were varied at a constant
[TEOS]J/[TPAOH] ratio. In very dilute synthesis solution, the zeolite growth was
negligibleand some etching of the seed layer was observed. The dilution has a different
effect on the growth behavior of zeolite layer prepared from synthesis solution with
[TEOS]/[TPAOH] ratio of 4. The growth rate displays an optimum with water
concentration. The zeolite deposition was slow for the concentrated solutions due to their
high alkalinity. In extreme cases, etching and dissolution of the porous glass support were
observed. The growth rate was also slow for very dilute concentrations of reactants.
Water concentrations between 52 and 55M gave a constant growth rate of 0.1 pm/h. Fig.
10d indicates that the crystallinity and orientation of the deposited film are sensitive to
dilution. The intensity of the (1 0 1) diffraction peak reaches a maximum at water

concentration of 54.5 M [28].

2.3.3.5 Influence of varying synthesis temperature and duration on the MFI zeolite
growth

Xiao Lin et al. [28] silicate membranes prepared on silicate crystal seeded mullite tubes

at 175 °C for 4 and 8 h of hydrothermal treatment with two different seeded size. They

found with larger seed that After 4 h of hydrothermal treatment the seed crystals hardly

grew at this stage, After 8 h of hydro- thermal treatment, a well-intergrown silicate.

Recently, in the hydrothermal pretreatment-induced synthesis of highly c-oriented
AIPO4-5 film by Tsapatsis et al. [73], the microstructure transition from random
orientation to c-preferred orientation was also ascribed to the nutrient dilution effect

induced by pre-crystallization. Moreover, they deduced that the in-plane secondary
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growth proceeded through the oriented intergrowth of the original AIPO4-5 seeds [22].

These results confirmed the rationality [29]

JIANG et al. [29] introduced in their work a systematic investigation about the effect of
hydrothermal pretreatment on the growth dynamics of b-oriented MFI seed. The study
was carried out to investigate the influence of the secondary growth
(5Si02:1TPAOH:1000H20:20EtOH, glass) temperature (at 130, 150, and 170°C) and
duration (for 1.5, 3, and 5 h) after hydrothermal pretreatment on the morphologies of
prepared MFI films. Moreover, the higher the synthetic temperature, the shorter the
synthetic time required to completely seal the gaps in the seed layer without inducing
undesired a-oriented growth: 5 h at 130 °C, 3 h at 150 °C, and less than 3 h at 170°C.
Hence, they concluded that high-quality MFI films could be synthesized by combining

appropriate secondary growth temperature and duration.

Another systematic investigation was also conducted to elucidate the influence of the
synthetic parameters on the final microstructures of the zeolite films by preventing the
twin growth. Twin growth which also known as the epitaxial growth along a-direct or (k
0 0) crystal faces would arise before the complete sealing of the growing MFI seed
layers, potentially leading to significantly decreased performance of the prepared films
[28]. They found that at a fixed synthetic temperature with the extension of the duration
of secondary growth, or by fixing growth duration and synthesis temperature was
increased these MFI seeds gradually grew larger and began to merged with each other

and the more severe the a-oriented.
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In addition, the influence of hydrothermal pretreatment parameters on the microstructures
of the prepared zeolite films were investigated. The hydrothermal pretreatment
temperature was changed from 110 to 185 °C, and the preheating duration was fixed at 2
h. As shown in Fig. 18, twin growth of the b-oriented seed layer could be effectively
inhibited at hydrothermal pretreatment temperatures between 130 and 170 °C. However,
if the pretreatment temperature was 110 °C (Fig. 18a), extensive twin growth arose
during secondary growth; in contrast, increasing the synthetic temperature to 185 °C led
to incomplete intergrowth among the MFI seeds (Fig. 18d), probably due to the over-
consumption of the nutrient during the hydrothermal pretreatment. The effect of the
duration of hydrothermal pretreatment was also investigated. The preheating temperature
was fixed at 150 °C, while the hydrothermal pretreatment duration was changed from 0.5
to 12 h. As shown in Fig. 19, high-quality b-oriented MFI films were obtained at
pretreatment durations from 1 to 5 h. If the preheat time was 0.5 h (Fig. 19a), twin growth
was not effectively suppressed during secondary growth. At longer durations of
hydrothermal pretreatment of the precursor solution (e.g., 12 h, see Fig. 19d), some bare
space would remain uncovered by the MFI films after secondary growth, possibly due to

insufficient nutrient supply.
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Figure 19 SEM images of MFI films synthesized in secondary growth solutions subjected
to hydrothermal pretreatment at (a) 110 °C, (b) 130 °C,(c) 170 °C, and (d) 185 °C with
the duration of 2 h. The secondary growth was initiated at 150 °C for 3 h

Figure 20 SEM images of MFI films synthesized in secondary growth solutions subjected

to hydrothermal pretreatment at 150°C with durations of (a) 0.5 h, (b) 1 h, (c) 5 h, and (d)

12 h. The secondary growth was initiated at 150°C for 3 h
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As shown above, hydrothermal pretreatment exerted great influence on the final
microstructures of prepared MFI films. To elucidate the growth mechanism of MFI seed
layers during secondary growth, the synthesis process was investigated in detail at 130°C.
As shown in Fig. 20, if the precursor solution was not preheated before hydrothermal
synthesis, the original seed layer served as an intermediate layer to facilitate nucleation
and subsequent growth of the newly formed zeolite crystals on the substrate. Then new
MFI nuclei formed and grew on the b-oriented MFI seed layer at the initial stage of
secondary growth (Fig. 20a). Subsequently, with the extension of the synthesis duration,
these newly formed seeds gradually grew larger and larger, and began to merge with each
other (Fig. 20b). Finally, the original b-oriented MFI seed layer was fully covered by the
secondary growth portion simultaneously, undesirable twin growth arose and became
more and more severe (Fig. 20c), probably due to the high nutrient concentration in the

solution.

In contrast, when the precursor solution was hydrothermally pretreated before the
secondary growth, only a continuous and uniform epitaxial layer gradually formed on the
surface of the b-oriented MFI seed layer (Fig. 20d, €) because MFI nuclei formed in the
precursor solution during secondary growth and no new heterogeneous nucleation, which
is one cause of twin growth nucleation, on the b-oriented seed layer was observed.
Another reason, as the nutrient was largely over-consumed during the hydrothermal
pretreatment. At the prolonged synthesis durations, these original MFI seeds gradually
grew larger and began to merge with each other (Fig. 20f). As a result, the gaps among

these MFI seeds were fully filled.
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Figure 21 SEM images of MFI films synthesized in secondary growth solutions not
subjected to hydrothermal pretreatment. The secondary growth was initiated at 130°C for
(@) 1 h, (b) 2 h, and (c) 3 h, respectively; the MFI films were synthesized in secondary

growth

2.3.4 Template Removal

In synthesis of MFI Zeolite membranes by the methods mentioned above, an organic
agent, normally tetrapropylammonium is employed as a template. This template is
required for formation of MFI Zeolite crystal structure. When the MFI membrane is
formed, the SDA blocks the channels and needs to be eliminated either thermally or
chemically in order to “activate” the zeolite pores. In most cases, the template is removed
by thermal treatment with controlled conditions (atmosphere, heating rate, temperature
and duration). A very low-heating rate (typically 0.1-0.5 °C/min) up to 400 °C is
generally recommended in order to limit the formation of defects in the supported
membranes. There numbers of attempts to prepare MFI Zeolite without the effect of

template removing have been reported in order to avoid crack formation.
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Motusaz J et al. [23] demonstrated that higher heating rates (5°C/min) can be applied to
ultra-thin membranes without altering their performance. Assuming that the thermal
behavior of MFI crystallites in a supported film is the same as for MFI crystallites in
powder also it is stated that the residual stress in the film at a certain temperature during
calcination is independent on heating rate and the template degradation treatment could

even be shortened for thinner membranes.

In the work of M. Pan et al. [72], high quality MFI type zeolite membranes were prepared
by the secondary growth process using a silica sol without organic template. Aluminum
can transfer via solid state diffusion from the alumina support into the zeolite layer during
the calcination step. At 650°C aluminum from the support can penetrate into the zeolite
layer in the range from 2 to 5 um from the interface within 8 h. Aluminum from the
support can also get into the framework of the zeolite layer via dissolution into the
synthesis sol. The amount of aluminum transferred to the zeolite layer by the first
mechanism depends respectively on calcination temperature and time, and that by the
second mechanism depends on the alumina solubility in the synthesis solution and

hydrothermal synthesis conditions.

2.4 Use of microwave for MFI zeolite synthesis

In the past few years, synthesis of zeolite membranes using microwave was achieved. In
many cases, microwave synthesis has proven to remarkably reduce the synthesis time.
Moreover, the positive impact and the ability of controlling the orientation, thickness and
morphology have been reported [21-25]. By considering the advantages of microwave

dielectric over the conventional heating, the microwave can show a higher heating rate
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compering with conventional one also it is volumetric and instantaneous heating with no
wall or heat diffusion. Moreover, hot spot yielded on local boundaries by reflections and
refractions may result in a super-heating effect, which can be described as local
overheating and is comparable to the delayed boiling of overheated liquids under

conventional condition [66].

2.4.1 Microwave

Microwave lie in the electromagnetic spectrum between infrared waves and radio waves.
They have wavelengths between 0.01 and 1 m, and operate in a frequency range between
0.3 and 30GHz. For industrial applications the typical bands are 915 + 15 and 2450 + 50
MHz. There are many distinct frequency bands, which have been allocated for industrial,
scientific, and medical (ISM) use, as shown in Table 6, with the principal frequencies
centered at 896 MHz (915 MHz in the USA) and 2450 MHz for which equipment can be
readily purchased [51]. All the reported microwave chemistry experiments are conducted
at 2450MHz with a corresponding wavelength is 12.24 cm and this may occur because
near to this frequency the microwave energy absorption by liquid water is maximal also
there is another reason which is that 2450MHz magnetrons are mostly often used in the
available commercial microwaves chemistry equipment[50]. In the microwave 2450
MHz, the dominant mechanism for dielectric heating is dipolar loss, also known as the re-
orientation loss mechanism. When a material containing permanent dipoles is subject to a
varying electromagnetic field, dipolar molecules try to orient themselves or be in phase
with the field. However, the dipoles due to the motion restriction caused by inter-particle

interaction and electric resistance they will be unable to follow the rapid reversals in the
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field. This ensures that the resulting current density has a component in phase with the

field, and therefore power is dissipated in the dielectric material.

Table 6 Frequency allocation for industrial, medical and scientific purposes [51]

Frequency MHz Frequency Area Area permitted
permitted
MHz tolerance + or -
433.92 0-2% Austria, The
Netherlands, Portugal,

West Germany,

Switzerland

896 10 MHz UK

915 13 MHz North and South
America

2375 50 MHz Albania, Bulgaria,

Hungary, Romania
Czechoslovakia, USSR
2450 50 MHz worldwide except where

2375 MHz is used

3390 0-6% The Netherlands
5800 75 MHz Worldwide
6780 0-6% The Netherlands
24150 125 MHz Worldwide
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2.4.2 Synthesis of MFI zeolite membrane by microwave

Mainly, there are two strategies developed for zeolite membranes synthesis using
microwave. The most widely and the simplest technique used is the in-situ microwave
synthesis [21-25&53-61] in which the surface of the substrate is exposed directly to the
precursor solution. As a result, both of the nucleation and crystallization will occur in one
stage. Whereas the microwave assisted secondary growth [21, 23, 44] consists of two
stages. The first stage, the surface of the substrate is coated with seeds that have been
synthesized by different techniques and different sizes. In the second stage, the coated
substrate is placed in the Teflon reactor vessel in microwave oven for the secondary
growth of the zeolite crystals on the substrate. Although the largest amount of work has
been done on membranes with framework topology of MFI for both ZSM-5 and Silicate-
1, the articles published on microwave synthesis of MFI zeolite membranes are limited.
For a synthesis of MFI zeolite membrane, the conventional hydrothermal treatment lasts
from 8h up to 3 days, depending on synthesis gel composition and temperature, which
can cause chemical attack of the alumina support and aluminum incorporation into the
zeolite layer [25]. Microwave synthesis of MFI zeolite membrane was reported by
Koegrler et al. Films containing oriented 100nm Silicate-1 crystals have been in-situ

synthesized on a silicon wafer using rapid cooling and heating. Table 7 below
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summarizing most of the MFI zeolite membranes had been synthesized on Alumina

substrate by using Microwave technique.

Table 7 MFI Zeolite membrane on Alumina substrate by Microwave

References Substrate  Synthesls Secondary growth solution molar ratio
Strategy

Procedure / Conclusion/Application

J. Motuzas a-Al,O, Seeded 25810, 3TPACH: 1500 H;0 : 100 C,H;0H
asymmetric
tubes

Reyes Capilarya-  Seeded 25 8i0;: 3 TPAOH: 1500 H;0 : 100 C;H;0H
Mallada ALO,

Mean pore

diameter;

200 or 800 nm

ZhongTang  c-alumina Seeded  0.0095 NaOH + 0.0167 Si0; + 231 H;0 + X

discs AL(§Qu); * 18H,0.
Mean pore
diameter: * X(0t00.069)
0.1ym *  Without TPAOH
Jinqu Wang  Alumina tubes  Double- 18i0:0.3TPAOH:80H;0:4C,H;0H
Meanpore  Seeded
size 2-3ym

Duration: 30-150 min

Maximum temperature: 120-180 °C
Conclusion: 160°C and 2h for
preferred orientation oblique
(101)(1.2um thick)

Application: Gas separation.
Duration: 2h

Temperatures: 155-160 °C
Conclusion: 155°C for preferred
orientation oblique (101) (1.2-1.4um
thick)

Application: Pervaporation E{OH/H,0:
5/95 wi.% mixture

Duration: 2h, 3 h and 4 h.
Temperature: 180°C

Conclusion :>3h for well intergrown
membranes Si/Al ratio of 111 (2-4um
thick)

Application; Gas separation

Duration: 2 h

Temperature: 150°C

Conclusion :(4um thick) dense and
continuous

Application; Gas separation
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Motuzas et al. [21][23][50] Their synthesis was by combining microwave heating with
secondary growth strategy on alumina supports for MFI Zeolite with (101) and (001)
preferred orientation. They have studied the influence of different parameters such as;
ramping rate, temperature and the duration of heating in order to fully understand the
effect of these parameters on the quality of the membranes.one of the most important
factor, which will affect the use of these membranes especially on separation processes,
is their thickness. Hence, the evolution of the silicalite-1 membrane thickness as a
function of the synthesis temperature (403 K to 453 K) and with various synthesis

durations (30-150 min) was reported (Fig.22).
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Figure 22 MFI zeolite membrane thickness at different heating temperature and time by
microwave [24]
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Very thin membranes can be obtained (below 500 nm) at low temperature (below 410 K)
whatever the synthesis duration. The influence of the synthesis time on the membrane
thickness is more effective at high temperature. A comparison of thickness of the
silicalite-1 membranes with two different synthesis durations at either 453 K or 413 K is
shown in Fig.1. At 453 K, the membrane thickness decreases from 4 micrometer to 1.2
micrometer, respectively when the synthesis is shorten from 150 to 30 min. The influence
of synthesis duration on membrane thickness is lower at 423K. In addition, The influence
of the synthesis time on the membrane thickness is more effective at high temperature i.e,
from 420K and above. Figure 23 Shows the surface morphology and cross-section of a
series of silicalite-1 membranes with different synthesis conditions. For a given synthesis
duration of 150 minutes, the membranes typically have a columnar morphology and their
thickness increases from 300 nm to about 4 um when the temperature increases from 393
K to 453 K. Less oriented and angular morphologies can be obtained for shorter synthesis

duration or at low temperature.
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Figure 23 FESEM observations (surface in top al,bl,cl,dl and cross-sections in the
bottom a2,b2,c2,d2) of MFI zeolite membranes made by microwave with different

synthesis conditions: a) 2.5h,180C; b) 2.5h, 160C; c¢) 2.5h,140C; d) 2.5h,120C [24]
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2.5 Defects

For good separation performance, no alternative pathways in the form of defects such as
open grain boundaries, pinholes and cracks should exist in the film. Cracks are possibly

the most troublesome type of defect and may form during calcination[43].

2.5.1 Types of defects

Typical defects that are observed by SEM are presented in the following Figures 24&25.
As can be seen from these figures, some grains appear to grow larger and to an
inclination compared to the rest of the columnar grains that form the dense
polycrystalline film. These larger grains extend above the film surface, constituting a
hemispherical dome. The formation of these defects is attributed to the absence of a
close-packed precursor layer underneath the area of the defect, allowing for a less-
competitive growth in this neighborhood and resulting in the inclined, less intergrown,

and larger grains.

Figure 24 SEM photos of pinholes and cracks. (a) Pinholes.(b) cracks
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Figure 25 Dome-like defects and their formation model. (a) SEM photo of dome like
defects.(b) model of defects formation

2.5.2 Defects Test

Uncalcined membrane allows the rapid assessment of the quality before the time-
consuming calcination step. At this stage, a good quality membrane should be
impermeable for SF6. The SF6 kinetic diameter of 5.5 A is similar to the pore dimensions
of the calcined ZSM-5 zeolite (diameter range 5.1 — 5.6 A). Substantial SF6 diffusion
through the uncalcined membrane indicates the presence of detrimental membrane

defects larger than the zeolite pores which will be opened during calcination[36].

2.5.3 Defects on MFI Zeolite membrane

Pachtov'a et al. [38] studied the TPA removal in large silicalite-1 crystals of three
different sizes. No cracks were observed in the smallest crystal (Lc = 130um) after

calcinations in air. In larger crystals, cracks developed in both air and nitrogen
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atmosphere. In the medium-sized crystals (Lc = 190um), cracks were found after
complete template removal, whereas in the largest crystals (Lc = 230um) they already
appeared after partial calcination. Hence, in concert with the results of Geus and van

Bekkum[41], the formation of cracks was apparently dependent on the crystal size.

The MFI structure experiences a strong contraction during template removal, which
occurs in the approximate temperature range 300-500 -C [40].Den Exter et al. [42]
studied b-oriented silicalite-1 films on dense silicon wafers. Derived from
crystallographic data for as-synthesized and calcined silicalite-1, the authors reported that
the change (%) in the unit cell dimensions after calcination was—0.71, +1.05 and—0.105
for the a-, b- and c-axis, respectively. Based on these results and a quantitative estimation
of the a- and b-oriented crystallites in the film, the calcined crystal layer would show an
expansion with respect to the as synthesized film. In fact, a buckling of the calcined
crystal layer was evident. The cracks observed in the film were attributed to compressive
stress in the calcined layer. Instead, the alpha-alumina supports used for MFI films
expand during heating [40]. To better understand the crack formation process in MFI
membranes, the thermal behavior of the porous support as well as that of the zeolite film

must be investigated.

An appropriate technique is high temperature X-ray powder diffraction (HTXRPD)
which allows to follow the d-spacings of the crystal planes as a function of temperature.
Consequently, the strain in the sample can be followed as a function of temperature by
comparing the d-spacings in the film with those in a non-stressed sample was used

[36,40].
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Dong et al. [40] performed a HT-XRPD study of silicalite- 1 films on porous yttria-doped
zirconia (YZ) supports as well as ZSM-5 films on porous alpha-alumina supports. In
addition, the thermal expansion of the contraction ratio of the YZ-supported MFI zeolite
film (0.65%) is larger than that for the alumina-supported MFI zeolite film (0.20%), it is
expected that the former will have larger intercrystalline gaps than the latter. Assuming
an isotropic shrinkage for the MFI zeolite film, changes in the size of the gap between the
two crystallites due to template removal can be estimated from the contraction rate using

the following equation(1):

o I ] T T 1 1< ] — (1)

Where KT(%) is the thermal expansion ratio of the substrate and LO is the linear
crystallite size of the as-synthesized MFI zeolite. These intercrystalline gaps clearly

constitute the micro-porous non-zeolitic pores of the zeolite membranes [39].

2.5.4 Cracks Models

Models for crack formation or absence of cracks in MFI membranes were reported by

researchers [36,40].

Margaret E. et al. [36] presented a modal for the crack formation based on that the
crystals constituting the MFI film are strongly bonded to the support. During heating, the
MFI crystals experience a weak contraction at about 175°C (dehydration) and a strong
contraction in the temperature range 275-500°C (template removal). Instead, alpha-

alumina support expands which results in a difference in the expansion coefficients of the
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two phases inducing thermal stress in the composite. In the case of a relatively thick film
it is expected for the cracks in the film after calcination does not only run between
crystals but also within crystals, the thermal stress is released mainly via crack formation.
In addition, part of the stress is also released via formation of structural defects in the
alpha alumina support. Despite the formation of cracks, the thick zeolite film is not
completely relaxed as a tensile stress is present in the film also at room temperature.
However, In the case of a thin film in which it is assumed crystals are less intergrown,
less or no stress develops and the grain boundaries are opened, as also suggested by Dong
et al. [40]. In fact, defect distribution calculations for this type of membrane showed that
defects with a width of a few nanometers are present. These nano-defects are probably
open grain boundaries formed during calcination, according to Margaret E. et al. [36] The
type of defects which can be cracks or open grain boundaries formed in MFI membranes
during calcination should mainly be determined by the degree of intergrowth between
adjacent crystals in the film. If the crystals are highly intergrown, the bonds between
crystals and within crystals are equally strong and cracks may develop even within
crystals. Less or no intergrown crystallites should result in the formation of open grain
boundaries upon calcination.it is important to point out that the thickness of the film is
not the only possible factor responsible for the crystal intergrowth and the associated

defect formation.

Therefore, the synthesis conditions are probably important. Another factor which
probably has a large influence on the quality of the membrane after calcination is the type

of support and its properties such as; grain size, degree of sintering...etc. In fact, a large
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difference in the quality of calcined membranes was observed for MFI films prepared on

porous supports of a-alumina and yttria-doped zirconia [40].

Dong et al. [40] proposed the following model for the formation of defects in a-alumina
supported MFI films (about 3um thick):YZ material is inert to the synthesis solution and
lacks hydroxyl (groups) on the surface. The as-synthesized MFI film will be devoid of
strong chemical bonds to the YZ support, as shown in Fig. 26(a). During template
removal at high temperature, the zeolite crystals may move on the support surface to
maintain good contact between crystallites, as shown in Fig. 26(b). Therefore this zeolite
film does not experience tensile stress, which is consistent with our findings that no
cracks were formed during the heating process. After keeping the membranes at 450—
500°C for 6 h, a chemical bond formed between the zeolite film and the YZ surface, and
the zeolite crystals were no longer movable [Fig. 26(c)]. Severe compressive stresses
develop in the zeolite film during the cooling process due to expansion of the zeolite

crystals and shrinkage of the YZ support.
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Figure 26 Schematic diagram showing template-removal associated microstructure
development of a supported zeolite film with strong bonds between the crystallite and
support formed after template removal. [40]

2.5.5 Defects Elimination

Although many researchers tried to solve the problem in order to eliminate the formation
of defects on the layer, there is no a breakthrough solution until now for this problem.
One of these solution is to repeat the hydrothermal synthesis with shorter time and more
diluted solution to get rid of any existing large defects; partial coverage of the substrate
and micro-cracks using a shorter reaction time and more diluted starting solution
[37].Dong et al. [8] proposed a solution for YSZ substrate which has a poor chemical
bond with MFI zeolite crystals. They introducing an annealing step at Annealing at 350°C
for 6 h prior to template removal. [Fig. 27].The stress at the interface between the zeolitic
layer and the alumina substrate due to thermal expansion mismatch can be minimized by
using slow heating rates below 1°C/min. A typical successful temperature profile for the

calcination is a heating and cooling rate of 0.5°C/min with a maximum temperature of
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600°C maintained for 6 hours. This ensures the removal of water from the pores without

creating detrimental defects within the membranes.

The situation is different from substrate to another depends on the substrate chemistry
and condition.Dong et al. [40] proposed that for the alumina-supported MFI zeolite
membranes. Due to good chemical reactivity of aluminum with silicate crystallites, the
MFI zeolite crystallite can be chemically bonded to the support surface during the in situ

synthesis and heating process of the calcination step [Fig. 28(a)].
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(b) Crack-free membrane calcined by P2

Figure 27 SEM top view of the YZ-supported MFI membranes (a) calcination directly.
(b) Hydrothermal pretreatment [40]
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From 350 to 500°C, the template is removed and the MFI zeolite crystallites shrink. This
may create tensile stress in the zeolite film if the bonding between the zeolite crystals is
strong. With the strong chemical bonds already formed between the crystallites and
support surface prior to template removal, shrinkage most likely results in opening up the
gap between the two well-contacting crystallites [Fig. 28(b)] or enlarging gaps that
existed prior to template removal. Cooling to room temperature is accompanied by
expansion of the MFI zeolite crystallite and shrinkage of the alumina support. The
intercrystalline gap becomes narrower but will not return its original gap size because the
zeolite crystallite after template removal at room temperature is smaller than the as-

synthesized zeolite
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Figure 28 Schematic diagram showing template-removal associated microstructure
development of a supported zeolite film with strong bonds between the crystallite and

support formed prior template removal.[40]
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CHAPTER 3 EXPERIMENTAL PROCEDURE

3.1 Materials

The list of materials, chemicals and their specifications are given in table 8. Moreover, all

of these materials were used as they were received.

Table 8 Material information

Material Specification

1-Propanol High purity, FW:60.10, d:0.8, Riedel

Tetrapropylammonium hydroxide solution 20% in water , MW:203.36, d: 1.012,

TPAOH Sigma-Aldrich
Tetraethyl orthosilicate TEOS 99.99% MW:208,d:0.933, Sigma-Aldrich
Polyethylene glycol 400 PEG Average M, 400, d:1.466, Sigma-Aldrich

3.2 Preparation and Characterization of ceramic substrate

The substrates were prepared by two main steps; 1) preparation of supports which will
provide the mechanical strength to protect the unity of the membrane under pressure and
I1) modification of supports to enhance the chemistry of the surface in order to get a

selective membrane layer on the top of the support surface.
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3.2.1 Preparation

The ceramic supports were prepared by cold-pressing of a-Al,O; powders with uniform
particle size distributions. The particle size distributions of ceramic powders were
determined by using the particle size analyzer. Starch which is commonly used as a
binder in ceramic processing was added to these powders (~2 wt. %) before uniaxial cold
pressing at 40,000 Ib (figure 29). After pressing, the starch was burnt out by heating the
substrates at 450°C for 3 hours .Then the supports with their disk shape were placed into
the high temperature furnace and heat-treated at 1400°C for 2hours with heating rate
5°C/min (figure 30) which allow the formation of a porous structure with considerable
mechanical strength. Porous a-Al,O3 disks (home-made: 25.3 mm in diameter, 2.5 mm in
thickness,0.15-0.2 um pore radius, ~40% porosity) were used as supports. The surfaces
of the support were grinded with 240, 400 and 800 grit-sand papers (figure 31), polishing
with smooth cloth impregnated with alumina particles and cleaned with deionized water
in a probe sonication (Sonics) for 10 minutes to remove the loosely particles created
during Grinding and polishing. Before coating the seeds or hydrothermal synthesis, one
of the surfaces of the supports were treated by washed with HNO3 for 3 hours followed
by washing with deionized water for 1 hour and dry them at 200C for 2h .After the
substrate surfaces pretreatment, they were coated with seeds layer by using spin-coating

technique with 3000 RPM for 60 seconds.
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Figure 29 (a) The compaction die, (b) The compaction die inside the compaction machine

Figure 30 Conventional tube furnace for sintering
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Figure 31Handimet 2 Roll Grinder Buehler USA

3.2.2 Substrate pretreatment

The structure and chemistry of support materials play an important role in zeolite film
formation and have a significant influence on the separation property of the membrane
material. The most basic modification of a substrate is cleaning to remove organics that
have accumulated on the surface and may prevent zeolite film formation. In many cases,
the choice of the support affects the final film or membrane properties. For instance,
Surface roughness and pore size define the optimum zeolite crystal size and membrane
thickness. The chemical nature of the support surface influences zeolite nucleation,

crystal growth and film adhesion.

Substrates may be modified to accommodate the needs of a specific zeolite composition
or synthetic technique. Chemical and mechanical polishing techniques are used to modify
the surface roughness of the substrate, as thin films are less likely to adhere to rough
surfaces than smooth. Adhesion of the film to the substrate is generally a function of the
hydrophilicity of the surface due to various van der Waals and hydrogen bonding
interactions this enables, and can be improved by immersing the substrate in solutions of

HNO3;, which increase the number of surface oxygen groups and therefore the
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hydrophilicity of the surface. It also increases the number of potential nucleation sites.

Moreover the impact of using Ultraviolet (UV) for surface treatment was studied.

3.3 Seeding

3.3.1 Synthesis MFI zeolite seeds

The preparation of seeds started with preparing the seeds clear precursor sols. The
precursor sols were prepared from TEOS (Tetraethyl orthosilicate and TPAOH
(Tetrapropylammonium hydroxide solution). TEOS was added to a mixture of TPAOH
and DI water. After stirring at room temperature in a sealed beaker for 50 min, the two
phase mixture turned into a clear single-phase solution (pH=11.5-12) with the following
molar ratio 1 TEOS: 0.25 TPAOH: 18 H,0.For this molar ratio seeds synthesis solution
there were different methods of preparation in order to understand the impacts of

different parameters on the final size of MFI Zeolite seeds.

3.3.2 Aging

In order to see the effect of using Rotary evaporator for aging instead of aging with not
sealed beaker at same temperature and duration (90°C, 80 min), two methods were used
for comparison purpose. However, the aging with Rotary evaporator will be used for the
rest of this work. Rotary evaporation was done for the prepared solution at 80°C in a 250
mL PFA round-bottom flask to remove ethanol and water. The concentrated precursor sol
from the Rotary evaporator or the precursor sol which is aged in not sealed beaker was
then aged at either Room temperature or 80°C for 24h. The aged solution at 80°C was
aged for 24h or 48h in order to investigate the impact of the aging duration in a sealed

beaker before hydrothermally treated.
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3.3.3 Hydrothermal treatment

By considering the precursor solution which is aged by Rotary evaporator, there were two
methods of hydrothermal treatments have been used for compering purpose; Microwave-
assisted hydrothermal treatment and Conventional furnace hydrothermal treatment. After
dilution the precursor solution 10 times in water, the solution was poured either into the
vessel reactor and was placed on the microwave (Synthos 3000) for 120 min at 160°C or
Teflon-lined stainless steel autoclave and was placed on Conventional furnace at 160°C
for 120 min. Then the synthesized solution was centrifuged at 14000 rpm 5 times, after
each time the solution were washed with DI water to bring the pH number to 7.
Moreover, the solution was placed on the oven by using watching glass for drying
overnight at 80°C. For comparison purpose the aged solution for 48 h was hydrothermally
treated at different duration to investigate the effect of hydrothermal duration on the final

MFI Zeolite Seeds size.

3.3.4 Seeding techniques
The surface of alumina substrate was seeded either by dip-coating or spin-coating

technique.

3.3.4.1 Seeding by Dip-coating

The dip-coating technique was used in this research work in order to seed the surface of
the substrate prior to the growth of MFI Zeolite crystals to form the active layer. The
coating solution was prepared by dispersing 10 wt. % seeds in Deionized water. In
addition, the solution was used for coating the substrate at Room temperature with

varying both the dipping duration and the repeated number of dip-coating runs.
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3.3.4.2 Seeding with spin-coating

One of the surfaces of each alumina substrate was coated with seeds layer by using spin-
coating technique with 3000 RPM for 60 seconds and dried at 80C for 3hours. The
concentration of the seed solution and the number of repeated spin-coating can play a
vital role in the uniformity and coverage of the seeds on the top of Alumina substrates
which at the end affect the formation and morphology of the final active layer. The
concentration of the spin-coating solution was varied by dispersing different amount of
MFI Zeolite seeds on Deionized water by using ultra-sonication probe for 20 min. There

were 2 solution concentrations; 0.1%wt and 1%wt.

3.4 Secondary Growth of MFI Zeolite

The solution used for secondary growth was prepared by mixing TEOS, TPAOH and
Deionized water with following molar ratio 25 TEOS: 3 TPAOH: 1500 H,0. Sealed Sol
were aged in air under stirring for 3 h at room temperature 24°C. After aging, the solution
was poured in vessel reactor autoclaves and placed on the microwave for secondary

growth at 160°C for 120 min.

3.5 Characterization

Using MFI Zeolite membrane for separation process required certain properties to be
characterized and measured in order to enhance the quality of the fabricated membrane.
Generally the characterization techniques for ceramic membranes can be classified
according to the nature of obtained parameters: (1) morphology/structure related
parameters and (2) permeation related parameters. Hence, characterization techniques

such as scanning electron microscope (SEM) or field emission electron microscopey
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(FESEM), transmission electron microscopy (TEM), atomic force microscopy (AFM)
and X-ray diffraction (XRD) was used for morphology/structure related parameters.
Moreover, this membrane will be under pressure and fluctuation forces as consequence
these membranes need to have enough mechanical strength in such application and this
can be determined by conducting mechanical strength test such as three point test and

diametrical compression test.

In this thesis work there are different characterizations methods have been used in order

to build up a deep understanding of the results which lead to more accurate conclusions.

3.5.1 Scanning electron microscope (SEM)

Investigating the microstructure of any materials leads to a better control of the properties
because of that scanning electron microscope (SEM) technique is widely used to generate
high-resolution images of the shapes of objects, to show spatial variations in chemical
compositions and to identify phases based on qualitative chemical analysis and/or
crystalline structure. According to the powerful and capabilities of this type of technique,
there is no doubt that SEM is one of the main characterization techniques on many

science fields.
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Figure 32 Schematic of Scanning Electron Microscope [74].

In scanning electron microscope, an electron beam is emitted from an electron gun fitted
with a tungsten filament cathode. These accelerated electrons in SEM carry significant
amounts of kinetic energy, and this energy is dissipated as a variety of signals produced
by the interactions between the electron beam and the sample. Simultaneous to scanning
the beam across a selected sample area, generated signals are being recorded and thereby
an image is formed pixel by pixel (figure 32). These signals include secondary electrons
which produce SEM images, backscattered electrons (BSE), diffracted electrons (EBSD)
that are used to determine crystal structures and orientations of minerals, photons(
characteristic X-rays that are used for elemental analysis and continuum X-rays), visible
light and heat[75]. For imaging samples, both secondary electrons and backscattered
electrons are common used. Secondary electrons are most valuable for showing
morphology and topography on samples whereas backscattered electrons are most
valuable for illustrating contrasts in composition in multiphase samples(i.e. for rapid

phase discrimination).
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3.5.1.1 SEM of MFI zeolite supported membrane
The final microstructure of the MFI zeolite layer, MFI zeolite seeds and alpha-alumina

substrate can be investigated by using scanning electron microscope (SEM).
Characteristic such as; crystals size, crystals orientation, defects, number of layers and
others can be viewed clearly by using this technique. In this work, the morphology of the
zeolite crystals, films and support was examined by scanning electron microscopy (SEM-
JEOL, JSM-6460LV) (Fig.33). In order to inhibit "charging"”, reduce thermal damage,
and enhance secondary electron emission, the samples were coated with a layer of gold
using a sputter coating machine (Fine Coat lon Sputter JFC-1100) (Fig.35) and imaged

by SEM operated at 15 kV.

Figure 34 SEM-JEOL, JSM-6460LV
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3.5.2 X-ray diffraction techniques

In 1919 A.W.Hull gave a paper titled, "A new Method of chemical Analysis". Here he
pointed out that"... every crystalline substance gives a pattern; the same substance
always gives the same pattern; and in a mixture of substances each produces its pattern
independently of the others"[77]. Therefore, The X-ray diffraction pattern of a pure
substance is can be considered as a fingerprint of the substance. Therefore the powder
diffraction method is a powerful and rapid experimental tool used to study various
aspects of crystalline materials. X-ray powder diffraction technique is most widely used
for (1) chemical identification of unknown samples (2) crystal structure determination,
(3) lattice size measurement, (4) quantitative analysis of powder mixture. Various kinds
of crystalline materials can be characterized by XRD including metal, polymers and
ceramics. Chemical composition identification of unknown samples crystalline materials
is possibly by comparing the diffraction pattern of the unknown samples to a computer
database of diffraction pattern of known materials. Files for hundreds of thousands of
inorganic compounds are available from the International Centre for Diffraction Data
(ICDD). ICDD's release 2011 of the Powder Diffraction File (PDF) contains 715,953
uniqgue material data sets. Each data set contains diffraction, crystallographic and
bibliographic data, as well as experimental, instrument and sampling conditions, and

select physical properties in a common standardized format[76].

X-rays, which are considered to be the heart of the X-ray diffraction technique, are
electromagnetic waves with wavelength allocated in the range 0.05 to 0.25 nm. When a
beam of x-rays (in phase) having a wavelength on the order of the distances (d-spacing)

between planes of atoms strikes a flat crystalline specimen, x-rays are scattered in all
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directions. There are two types of waves interfaces; constructive interference (mutual
reinforcement of the scattered x-rays) and destructive interference (scattered beams are
out of phase and cancel each other). While Most of the scattered waves undergo
destructive interface, constructive interference of waves only contribute to build the
diffraction pattern.A typical diffraction spectrum consists of a plot of reflected intensities
versus the detector angle 26 or © depending on the goniometer configuration (figure 36).
The 20 values for the peak depend on the wavelength of the anode material of the X-ray
tube. It is therefore customary to reduce a peak position to the interplanar spacing d that
corresponds to the h, k, I planes that caused the reflection. The value of the d-spacing
depends only on the shape of the unit cell. In addition, the d-spacing as a function of
20can be calculated by using Bragg’s law. Each reflection is fully defined when we
know the d-spacing, the intensity (area under the peak) and the indices h, k, I. If we know
the d-spacing and the corresponding indices h, k, | we can calculate the dimension of the

unit cell.
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Figure 35 Schematic of X-Ray Diffractometer
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3.5.2.1 XRD analysis of MFI zeolite

X-ray diffraction is used to ensure crystallinity of the MFI Zeolite crystals and Alumina
support and to give a good view about the orientation of the crystals deposited on a
substrate and this parameter is one of the most important parameter which play role on
the permeation process. In order to use the XRD pattern for characterizing the structure
of MFI zeolite it is important to know the diffraction angles of this type of material and
their related planes. As shown in Table 1 which gives a clear picture about the diffraction
angles and their related planes and it can be noticed that all MFI zeolite crystals
orientation angles allocated on the range between (7-25degree) as shown in table
9.Knowing that can contribute on a better understanding of the effects of different
parameters such as; temperature, time and chemicals on the final orientation of the MFI
Zeolite crystals. Hence, the permeation process can be enhanced dramatically.

In this work, A BRUKER D8 Advance X-ray diffractometer (as shown in Figure 37) was
employed for identifying the zeolite type, crystallinity and morphology of the zeolite
crystals/layers. Using a CuKa radiation source (A=0.1508), data were taken between

5° <26 > 80° at a scanning rate of 0.02°/s.

Figure 36 BRUKER D8 Advance X-ray diffract meter
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Table 9 Planes and related differaction angles for MFI zeolite structure

Degree Plane
75 (101) (011)
8.7 (200) (020)
13 (002)
135 (102)

14 (112)
20.2 (103)
23.1 (501)
23.7 (303)

24 (133)
24.5 (521)

3.5.3 Particle size analysis (PSA)

The particle size distribution of the excess product obtained during seeding and the size
analyzing to the collected crystals from the bottom of the vessel reactor after
hydrothermal treatment were determined by dynamic light scattering using Microtrac,

Germany (figure 38).
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3.5.4 Thermo-Gravimetric Analysis (TGA)

Powders were analyzed by Thermo-Gravimetric Analysis (TGA) to determine moisture
and organics content. By using this technique it will be easy to know what required
temperature is in order to completely remove the organic template from the channels of

MFI zeolite.

Figure 37 Microtrac particle size analyzer machine
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CHAPTER 4 RESULTS AND DISCUSSIONS

4.1 Alpha-Al,05 ceramic substrate

A number of supports with the following specification were prepared by uniaxial cold
pressing, from alumina powders which have fine submicron particle size distribution.
The size distribution for the alumina powder given in figure 38 showing that almost over
95% of the particles are smaller than 1 micrometer. The heat treatment temperature was
also effective on mechanical strength. Increasing the temperature increases the
mechanical strength while decreasing the porosity. The porosity values of the supports
were between 40-60 %. The supports have been characterized with SEM. The SEM
image of the alumina support heat treated at 1400°C is given in figure39. As it is seen in
Figure 40 the alumina support heat treated at 1400°C has a uniform pore structure. The
porosity was to be approximately 45% by using the dry and soaked weight of the support.

The SEM picture indicates that the pores are open.
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Figure 38 Particle size distribution of alumina powder
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Figure 39 (a) Sintered alumina substrate. (b, ¢ & d) SEM images of alumina substrate at
different magnifications

4.2 In-situ crystallization technique

There were different approaches in order to fabricate the active layer by using this
technique. While other techniques involve number of parameters and procedure steps, In-
situ crystallization consider the easiest technique due to the simplicity of the experimental
procedure. Figure 40 shows the SEM images of the MFI zeolite crystals synthesized after
hydrothermally treated inside the oven for 2h at 160°Cat the top of alpha-alumina
substrate placed horizontally in the bottom of the Teflon cup. From this figure it is shown
the coverage of the synthesized crystals for the whole surface area of the substrate in
which there is no chance to see the surface of alpha-alumina substrate. However, do all of
these crystals deposited on the alumina surface or these crystals shown here are
representing the precipitate crystals that formed in the solution during the synthesis in

other words, these crystals are not related to the substrate. In order to answer this
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question the alumina substrate was placed horizontally under a stainless steel stirrer.
Moreover, this type of stirrer will try to prevent the participated crystals from attaching
the surface. The results which are shown by SEM images in figure 41 answer the
question clearly. In figure 41 the synthesized MFI zeolite crystals are not fully covering
the surface of alumina which means most of the crystals shown in figure 40 were not
bonded strongly to the substrate because they were not deposited on alumina surface. In
addition, still there is a doubt about the crystals shown by SEM images whether are these
images reflecting only the deposited crystals or most of what are shown are a mixture of
deposited and precipitate. Furthermore, introducing a stirring condition during the
synthesis may prevent the deposition of the crystals. In order to avoid these problems the
substrate was placed vertically in the synthesis solution. After hydrothermal treatment for
2h at 160°C the X-ray diffraction pattern shown in figure 42(a), present the existing of
crystallized MFI zeolite and alumina. Although, the SEM images confirmed the existing
of these crystals on top of alumina surface, the small number of crystals which are
distributed over the alumina surface make the formation of a continuous zeolite layer

somewhat difficult to achieve.

Furthermore, in order to enhance the results there were two approaches; one approach
was by increasing the duration to 24 h the second one was by increasing the temperature
to 275°C during the hydrothermal treatment. The results of both increasing the duration
and temperature of Hydrothermal stage were analyzed by XRD and SEM. Figure
42(b&c) show the existing of crystallized MFI zeolite crystals beside to alumina. In
addition, The SEM images shown in figure 44 confirm the existing of these crystals.

However, these different conditions still resulting in very few crystals which cannot
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contribute to form a continuous layer. In addition, investigating the SEM images it is easy
to notice that all the images contain 3 parts; MFI zeolite crystals, alumina surface and gel
layer. Moreover, the existing of this gel layer is due to the dissolution of aluminum ions
from the substrate and these ions try to incorporate into the formation of the zeolite
crystals as a result this will delay the formation of these crystals. Hence, one can
conclude that increasing the temperature of heating or/and the duration by using this
technique will not contribute towards increasing the coverage of the substrate. On the
other hand, it will facilitate the dissolution of alumina particles from the substrate and
these leaching components from the support will contaminate the growing zeolite film.
As a result, that will affect the MFI zeolite layer by delaying the crystallization and
deposition on the support. In addition, the combination of leaching and zeolite
crystallization within the support may change the mechanical properties of the support,

leading to cracks in the film and the support.

This technique are not practical in order to get a continuous layer in the top of alumina
substrate due to low nucleation centers which required long period in which the alumina

substrate will effect negatively on the final results.

Figure 40 SEM images of MFI zeolite crystals hydrothermally treated inside the oven at
160°C for 2h on the surface of alumina substrate placed horizontally at the bottom of the
stainless steel vessel
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Figure 41 SEM images for MFI zeolite crystals hydrothermally treated inside the oven at
160°C for 2h on the surface of alumina substrate placed horizontally at the bottom of the
stainless steel vessel under stirring at 200 rpm
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Figure 42 XRD patterns for MFI zeolite crystals synthesized in the top of alumina
substrate by using in-situ crystallization at different conditions (a) 2h,160°C, (b)
2h,275°C& (c) 24h, 160°C
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Figure 43 SEM images for MFI zeolite crystals synthesized in the top of alumina
substrate by using in-situ crystallization at 160°C for 2h

Figure 44 SEM images of MFI zeolite crystals synthesized on top of alumina substrate
using In-situ crystallization at different conditions: (a) 24h, 160°C& (b) 2h, 275°C

4.3 Synthesis of MFI zeolite seeds

For seeds synthesis, different methods were followed but with the same molar
composition solution in order to study the effect of using Rotary evaporator for aging,
duration of aging, aging temperature, types of hydrothermal treatment and duration of
hydrothermal treatment on the seeds size and distribution which as a consequence affect
the growth and final morphology of MFI zeolite membrane/layer. Figure 45 shows the
result of particle size distribution for the seeds synthesized by using Rotary evaporator
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during aging and microwave for hydrothermal treatment. From this figure, the average
particle size is around 89 nm which is also confirmed by the SEM image as it is shown in

Figure 46.
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Figure 45 Average Particle size distribution of MFI zeolite in
case of using Rotary evaporator during aging.

Figure 46 SEM images of MFI zeolite in case of using rotary evaporator
during aging.

However, when the aging was done without the using of Rotary evaporator there was a
clear difference on the average size of the synthesized MFI zeolite seeds. Figure 47
shows the particle size distribution of the Seeds synthesized by normal aging. The
average particle size increased by almost 20% from the seeds size that synthesized by
using Rotary evaporator to be 117 nm with same molar solution composition and heating

temperature and duration as it is shown in figure 46. This result can be explained by
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understanding the nucleation stage and how the aging with rotary evaporator affect the

nucleation and finally affect the size of the synthesized seeds.
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Figure 47 Particle size distribution of MFI zeolite seeds synthesized by microwave
without the using of Rotary evaporator during aging.

To increase the nucleation rate, the conventional wisdom suggests the use of higher
supersaturation conditions, that is, by using a lower water/silica ratio. Kirschhock [78] , 1
SiO, /4 EtOH/0.37 TPAOH/4 H,0 system at room temperature. Since the precursors
were prepared by the direct hydrolysis of TEOS in a 40% aqueous solution of TPAOH,
the water/silica ratio was determined by the TPAOHY/ silica ratio. A possible reason may
be the difficulty in hydrolyzing TEOS in such a low water recipe. In fact, Kirschhock et
al [78] had to add the required TEOS to the 40% TPAOH solution in steps, with a few to
40 min of stirring each time to hydrolyze the TEOS. In their synthesis, the precursor sol
was prepared with a recipe of 1SiO, /0.36 TPAOH/19.2 H ,0/4 EtOH. The clear sol was

aged. To highlight the difference of our approach, we have compared our results with that
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of Cundy et al. [80].. In their synthesis, the precursor sol was prepared with a recipe of
1Si0, /0.36 TPAOH/19.2 H,O/4 EtOH. The clear sol was aged at 22 °C for days and then
subjected to a microwave synthesis at 175 °C for 2 h. Nanocrystals about 50 nm could
only be produced after 150 days of aging. A similar exponential decay curve had been
reported by Li et al. [79]. on the same recipe using an aging temperature of 60 °C. The
required aging time for producing 50 nm nanocrystals was 150 h. In our case, 50 nm
nanocrystals were produced with just 12 h of aging. The mechanism of forming silicalite-
1 from a clear solution has been articulated by a number of reports as beginning with the
aggregation of primary units followed by the zeolitization (restructuring and
densification) and growth of these aggregates. It is believed that the higher silica
concentration we employed led to a faster and more complete aggregation of the primary
units and consequently eliminated crystal growth during the later hydrothermal process.
All researchers agreed on the fact that the silicalite-1 precursor solution formed by
hydrolysis of tetraethylorthosilicate in a TPAOH-containing solution under ambient
conditions comprises discrete particles with a size of about 3 nm.

While the hydrothermal treatment under the irradiation of Microwave for the normal
aging show average seeds size with 117 nm as shown in figure 46, the conventional oven
for hydrothermal treatment with same heating temperature and duration showed bigger
seeds size with average seeds size around 384 nm as shown in figure 48 and confirmed

by the SEM images in figure 49.
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Figure 48 Average particle size distribution of MFI zeolite seeds hydrothermally treated
in the oven
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Figure 49 SEM images of MFI zeolite seeds hydrothermally treated in the oven

In addition, when the same molar composition ratio and aging with Rotary evaporator
was used but with some of the parameters were changed such as the aging time, and
hydrothermal duration, there were significant changes on the synthesized seeds sizes. For
instance, when the synthesis aging period changed from 24 h to 48h at 80°Cand with the
same hydrothermal condition, the result of the average particle size distribution technique
showed a wide range of Seeds size. The SEM images shown in figure 51 prove and

confirm the PSA results. The proper understanding for having this kind of result was
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generated after watching the condition of the solution during the aging period. It has been
noticed that when the period of time exceed 32h at 80°Cthe liquid solution transformed
to completely transparent solid. After 48 h the solid was crushed and diluted with
deionized water prior to hydrothermal treatment. The proposed mechanism of the
nucleation and growth for this condition is due to the temperature gradient throughout the
solution with the height of the beaker during the aging as a consequence when the most
of the water and organic material evaporated and the synthesis solution transformed to
solid, this temperature gradient will vary the nucleation and growth stages from one point
to another. After this 48 h of aging there were three different hydrothermal durations for
synthesis of MFI zeolite seeds. It is found that increasing decreasing the hydrothermal
duration (0.5h, 2h and 3 h) have direct impacts on the size range of the seeds. In addition,
by considering the result shown in figure 50, it is clear that increasing the duration of

hydrothermal stages will broaden the range of the seeds sizes.
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Figure 50 Average particle size distribution of MFI zeolite aged for 48h and
hydrothermally treated by microwave for a) 3h, b) 2h and c) 0.5 h.
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Figure 51 SEM images at different magnification (a&b) of MFI zeolite seeds aged for
48h and hydrothermally treated by microwave for 3h
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4.4 Secondary growth after seeding with dip-coating

Figure 53 shows the XRD patterns of the coated substrate by using the dip-coating
technique for different dipping durations (10s or 180s) and different number of dip-
coating runs (1run or 3 runs). It was observed in all dipping durations and number of runs
that the MFI Zeolite peaks are existed which obviously confirm the deposition of MFI
Zeolite crystals on the surface of alpha-alumina substrate. However, the X-ray diffraction
patterns cannot tell about whether there is intergrowth between crystals toward forming a
layer or the crystals are only distributed on alumina surface without having intergrowth
between them and in case if there is layer, is it continuous layer or it is involved different
type of defects. In order to answer these questions the SEM images needs to be
investigated. After Investigations of SEM images which are shown in figure 52, it was
observed that although the MFI Zeolite crystals covered completely the surface of the
substrate in all the cases, the morphology of these layers differ from one condition to
another. For instance, in figure 52 (a) the SEM image can be divided into two areas; one
is dark area in which there is a good intergrowth between the crystals and a light area in
which there is scattered crystal that are not intergrown well. The proper explanation for
this difference is the non-uniformity and low seeds density of the dip-coated layer before
the growth as a consequence there will be location with low/no nucleation sites and other
with high nucleation sites. This difference will lead to a good intergrowth on the location
where there is good number of nucleation sites and not well intergrowth on different

location where there are low/no nucleation sites.
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Figure 52 SEM images of MFI zeolite layer grown on alumina support at 160°C for 2h
with different seed dip-coating parameters: (a) 10s, 1ltime. (b) 10s, 3times. (c) 180s,
1time. (d) 180s, 3times.

94



{ . )

| |
| ’,.‘ 24 Lo "/J )4 e ! —h A e .
‘ A | L] YT 4 B 11 - 1 . 1 . , L 2

Figure 53 XRD patterhs of MFI Zeolites growth on Alumina support at 160C for 2h with
different seed dip-coating parameters: (a)10s, 1time. (b)10s, 3times. (c)180s, 1time.
(d)180s, 3times.

As the dipping durations and number of dip-coating runs were further increased there is
significant improvement in crystal intergrowth as the density of seeds increased
underneath the grown MFI zeolite crystals. However, the bad quality of this type of
membranes can be seen clearly by analyzing the SEM images(figure 52&54) which are
taken over the surface of the membrane in which the cracks appeared in many
locations(Fig.55) and the issue of non-uniformity of seeds distribution still exist even

though if the repeated number of dip-coating runs increase.
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Figure 54 SEM images of top and cross sections for MFI zeolite crystals grown in the top
of alumina substrate after seeding by dip-coating technique at different conditions;
(a,b)180s,3times, (c,d)180s, 1time,(e,f)10s,3times &(g,h)10s,1time
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Figure 55 Top view of SEM image showed the exsiting of cracks for the Grown MFI
zeolite crystals after seeded by dip coating with 180 s dipping ,3 times

Indeed, it is important to understand the reason for having cracks and the non-uniform
distribution of seeds by using dip-coating technique. In the dip coating process, the
capillary force drives the zeolite seeds in the colloidal suspensions move to the support
surface slowly with water being sucked into the support pores. When the support pores
are fully filled with water, the action of the capillary force disappears, and the zeolite
seeds in the colloidal suspensions moving onto the support surface are stopped.
Consequently, it is necessary to repeat the drying and dip coating in order to obtain high
coverage seeding layer by the capillary force only, so lengthening the coating process. In
addition, more zeolite seeds move to the bottom surface of the support owing to negative
influence of the gravitation force, so it is difficult to obtain uniform seeding layer by dip
coating method. In addition , by looking to which type of bonds are generated between
the surface of alumina substrate and MFI zeolite crystals, it is known that both of them
has negative charge on the surface as a result there will be no chemical bond between
them but only physical bond. In order to remove the excess amount of water from the

coated layer for coating a second layer or for hydrothermal treatment there will be two
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choices; either to dry the coated layer in furnace at 80°C for several minutes which will
generate cracks due to the internal stresses that are created within the coated layers after
each dipping especially when this layer is coated porous and rough surface as the one
used in this research work. In addition, drying at this temperature my break the hydrogen
bonds which hold the seeds on the substrate and as a result the seeds will be easily
disattach from the surface of alumina substrate. The second choice in which the coated
layer is kept on air to be dried and according to this slow drying mechanism, this will
take several hours which will not be practical especially this seeding mechanism needs

several layers in order to fully cover the surface of the substrate.

This limitation of this seeding technique requires either a further investigating of different
dip-coating techniques or using another technique which can overcome the above
mentioned dip-coating disadvantages. Hence, in this research work the spin-coating

technique is a proposed as a promos technique for seeding the alumina surface.
4.5 Secondary growth after seeding with spin-coating:

4.5.1 Seeding by spin coating

The SEM images of the seeded substrate with the 0.1% concentration of MFI Zeolite
seeds solution for different number of spin-coating are shown in figure 56&57. When the
magnification was increased while investigating the coverage of the coated layer it was
observed clearly how the MFI Zeolite seeds distributed on the top of the alumina surface

after the spin-coating(see figure 56&57(b).

In Figure 56 (a,b) the seeds can be seen deposited on the surface of the alumina substrate

but with poor coverage of seeds. Furthermore, most of these seeds try to fill the pores
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between the alumina grains with almost no contributing on covering the outer grains of
the substrate. On the other hand, when the number of repeated spin-coting increased to
ten times, beside of filling the pores the seeds seems to be able to cover some of the outer
big alumina grains as it is shown in figure 57 (a,b). Although, the number of repeated
spin-coating increased from one to ten times (Fig.56 (a,b) and Fig.57(a,b), respectively)
the MFI Zeolite seeds are not fully covered the alumina substrate surface. As a result, the
concentration of 0.1%wt MFI Zeolite seeds solution is not practical because it needs
more than 10 times of repeated spin-coating in order to reach a fully coverage of this type

of material.
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Figure 56 Top view of SEM images for seeded alumina substrate with spin-coating
solution concentration of 0.1 wt. % seeds in water after 1 spin-coating run

SEM HV: 10 KV WD:8.96 mm SEM HV: 10 kV
View field: 14.4 ym Det: SE View field: .82 ym |
SEM MAG: 10.0 kx | Date(mid): 03111112 SEMMAG: 30.0 kx | Date(m/d): 03/11/12

Figure 57 Top view of SEM images for seeded alumina substrate with spin-coating
solution concentration of 0.1 wt % seeds in water after 10 spin-coating runs
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Figure 58 Top view at different magnifications of SEM images for the seeded substrate
by spin-coating with 1 wt.% concentration of seeds in water at; (a,b) 1 seeds layer, (c,d) 2
seeds layer & (e,f) 3 seeds layers

101



As the concentration increased from 0.1%wt to 1%wt there was an obvious enhancement
on the Coverage of MFI Zeolite seeds as it is shown in figure 58. In figure 58(a,b) it is
parley to see the alumina surface after the spin-coating of 1wt% concentration of MFI
seeds solution for one time of spinning as the seeds almost covered the surface except
small areas of the surface. Moreover, increasing the number of the repeated spin-coating
can completely cover the surface of the substrate with a continuous layer of seed which is
able to eliminate the difference between different roughness and morphology of the
substrates (see figure 58(c,d,e&f). As a consequence, this type of surface modification
will have an important role on the formation of a continuous and defect free active layer.
However, increasing number of repeated spin-coating mainly can have two negative
impacts on the final active layer need to be considered; 1). The concentration of the spin-
coating suspensions has a proportional relation with the thickness of the MFI zeolite
films. As a result, increasing the thickness will increase the resistance of the permeation
through the membrane. Il) Possibility of creating cracks on the seeds layer during the
drying stage after each spin-coating run. Hence, it is important to state clearly what is

objective of having the seeds layers.

The main goals for having these seeds layers are to provide nucleation sites which can
ease the growth and deposition of MFI zeolite crystals on the top of alumina substrate,
also to control the orientation and to neglect the morphology or the surface chemistry on
the grown crystal. As a result, an optimum number of layers needs to be specified in
order to achieve these goals without consuming more chemicals or/and increasing the
permeation resistance by increasing the thickness of the active layer. Another approach

toward approving the deposition of the seeds on the top of alumina substrate was
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examined. This approach is to modify the surface of the alumina support by UV before
the spin-coating step. The SEM image in figure 59 compares between the deposition of
MFI Zeolite seeds by spin-coating for alpha-alumina substrate treated and non-treated
with UV. Indeed, The result was opposite to what it can be expected from the impact of
UV on the surface as it is usually used as a surface pretreatment before the deposition. It
is found that the UV will remove the loosely bonded OH group from the surface which

will affect the deposition of seeds on alumina surface.
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| View field: 7.22ym | Det: SE | View field: 2.89 ym Det: SE
SEM MAG: 20.0 kx| Date(m/di): 030312 | SEM MAG: 50.0 kx| Date(m/dly): 0310312 |

Figure 59 Top view of SEM images for the UV treated alumina substrate after seeding
with spin-coating solution concentration of 1 wt. % , 3 runs.
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In order to investigate the effects of these different seeding conditions on the final active
layer, further investigations need to be done for these different seeded substrates. Hence,
the seeded substrates were exposed to synthesis solution for the secondary growth in
which the analysis of the characterization results can build a good understanding for the

impact of seeding on fabrication of MFI zeolite layer.

Zeolite membranes can be reproducibly prepared by the secondary growth method with
spin-coating seeding technique for seed particle size of 87nm, suspension concentration

of 1wt.% in deionized water with 3000 RPM for 60 seconds and dried at 80°C for 3hours.

4.5.2 Secondary growth after seeding

Seeding the support introduces more growth centers resulting in greater competition for
nutrient and space. This also causes perturbation in the local nutrient concentration that
can have a large impact on the zeolite growth. Figure 60 shows top view of MFI Zeolite
film grown into uniformly seeded alph-alumina substrates by using the spin-coating
technique with different number of seeds layers. It can be seen from these figures that all
the MFI Zeolite crystals formed continuous, homogeneous well intergrown layers. In
addition, figure 11, 12 &13 show cross section SEM images of a MFI membrane
fabricated by using the secondary growth technique with (1 wt.% seeds solution, one
run). The MFI film appears to consist of three layers. The thick top layer consists of
crystals with columnar character. The next layer with around 89-180 nm thick and is
composed of small grains. Zeolite is also formed in the pores of the support. This
penetrating on the support pores assures a strong anchoring of the film to the support and

the crystals in the film appears to be well intergrown.
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View field: 7.22 um Det: SE 2 pm
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Figure 60 SEM images of MFI zeolite crystals grown after Secondary Growth for
different seeding conditions; (a) 1 seed Layer, (b) 2 Seed Layers &(c) 3 Seed Layers

105



The cross sectional views indicate that there is only one layer of crystals grown on the
seeded surface and most of the weakly bonded crystals from the solution were removed
after the formed layer were washed with water. As a result, thickness of these formed
layers ( ~1.3 um) is similar to the particle size distribution results of MFI Zeolite crystals
formed in the solution during the hydrothermal heat treatment in MW as shown in figure
61.As shown in figure 62, for one seeds layer the grown film was continuous but with
some defects existed on the surface of MFI Zeolite layer which are referred to the
seeding condition. Although one seeds layer can almost cover the rough alpha-alumina
surface, this low concentration of seeds cannot eliminate the impact of the alpha-alumina

surface morphology on the formation of MFI zeolite membrane.

Moreover, it is apparent from the cross-sectional views the crystals which formed the
MFI zeolite layer show different orientation. This result was confirmed by X-ray
diffraction which is shown in figure 61. The X-ray patterns for this membrane display
diffraction peaks corresponding to MFI zeolite crystals in which they are randomly

oriented in different directions including (1 0 1) peak intensity.
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Figure 61 Particle size distribution of MFI zeolite hydrothermally treated by microwave
at 1600C for 2h.
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Figure 62 Cross Sectional SEM images of MFI zeolite crystals grown after Secondary
Growth for different seeding conditions; (a) 1 seed Layer, (b) 2 Seed Layers, (¢ & d) at
different magnifications for 3 Seed Layers
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As the seed population was further increased there is a significant improvement in crystal
intergrowth. From the cross-section it can be seen that the MFI Zeolite crystals start to
deviate from random orientation to be aligned nearly vertically on the support with (1 0
1) direction. The XRD pattern shown in figure 63 indicates that the crystals in the film
with (1 0 1) orientation can be deducted and the ratio between the peaks intensities (1 0
1)/ Highest Peak (h k 1) is greater than the ratio of (1 0 1)/Highest Peak (h k I) for one
layer seeds. Figure displays the zeolite film obtained after the growth of 3 seeds layers.
The intergrowth between neighboring crystals is excellent as shown in figure. From both
the cross-section and the X-ray data, it can be seen that a large fraction of the crystals in
the film aligned with (1 0 1) crystallographically preferred orientation with the highest
ratio (1 0 1)/ Highest Peak (h k I) compering to the pervious seeds conditions. Moreover,
it is important to note that as the deviation from random orientation to an oblique (1 0 1)
crystal preferred orientation (CPO) as the surface morphology change from being rough
to be smooth. These results demonstrate that the growth environment also plays a
determining role in MFI Zeolite film orientation and morphology. The local growth
environment was manipulated through seeding of the support with MFI Zeolite
nanoparticles. Hence, the seeds concentration can play a vital role on the growth and
formation of MFI Zeolite layer and there will be no elimination for the effects of the
substrate surface before having two seeds layers with seeds size, spin-coating conditions

and substrates similar to what had been used in this work.
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Figure 63 XRD Patterns for Grown MFI zeolite Crystals before calcination at different
seeding conditions; (a) 1 seeds layer,(b) 2 seeds layer& (c) 3 seeds layers

109



Table 10 lists the Al and Si concentrations measured by XPS on the surface of the zeolite
layers on alumina supports prepared in different conditions. Moreover, these result can
tell how much of the aluminum ions can incorporate during the secondary growth due to

the leaching from the substrate.

Table 10 Energy-dispersive X-ray spectroscopy (EDS) for the MFI zeolite crystals grown

at different seeding conditions

Situation Si (%) Al (%) Al/Si
One time spin-coating 46.34 2.02 0.043
Two times spin-coating 37.25 1.26 0.033

Three times spin-

. 37.31 0.0 0.0
coating

The final Al/Si ratio of the zeolite membrane was determined by (EDS) technique after
the secondary growth process. As shown in table 10, one seeds layer by spin-coating has
Al/Si ratio of 0.043. Twice spin-coated seed layer has a smaller Al/Si ratio with
0.033.However, the ratio of Al/Si become zero in which no aluminum was found on the
surface of the three spin-coated seed layers membrane. This indicates that this number of
spin-coating is sufficient to prevent the incorporation of the aluminum into the formation

and MFI zeolite framework.
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Since silicate seeds suspension or silicate synthesis solution used for zeolite membrane
synthesis contained no aluminum source, the aluminum in zeolite layer must have come
from the alumina support. During the synthesis of MFI zeolite crystals a template was
used as a structure directing agent. Furthermore, this template has to be removed from the
zeolite pores to activate the membrane since the TPA™ ions for MFI zeolite membrane is

blocking the zeolite channels as shown in figure 64.

In order to determine the minimum calcination temperature required for eliminating the
template from 1.2 pm membrane thickness, the different degradation steps of the
template were studied by TGA on MFI Zeolite powders with average crystal size of 1.2

um.

The TGA curve of MFI zeolite powders consists of two stages when heated at 5°C/min
up to 800 °C in Argon atmosphere as given in figure 65. It has shown that heat treatment
at 500°C was enough to get a stable zeolite layer, since the weight loss approach to
negligible level after that temperature. The first stage is from room temperature to around
270°C where approximately 1% weight loss occurred which was probably due to water
removal which was only absorbed on the surface of the MFI Zeolite as it is proved by
Mass spectrometer (MS).The second stage is between 320 and 480°C during which 12%
weight loss occurred. This amount of losses associated to stepwise thermal degradation of
TPA entrapped within zeolitic pores. According to this result, this evacuation and totally
template removed is completed at 490°C for MFI Zeolite crystals. However, removing
this template from the channels from the MFI zeolite layer will introduce several issues

which will affect the permeation properties of MFI zeolite membrane.
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Figure 64 A sketch view of the MFI channel system showing the sinsoidal channels
running along the a-direction, and the stright channels running along the b-direction. The
TPA" template molecules are trapped in the channels/pores of the zeolite structure
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Figure 65 Thermo-gravimetric analysis (TGA) for MFI zeolite crystal heated at 5°C\min
up to 800°C in Argon atmosphere for 6 hours.
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4.6 Effect of calcination step

The calcination step was carried on in order to remove the template from the MFI zeolite
membrane channels. However, this step will affect the properties of the fabricated
membrane which needs to be investigated on this study. Top view SEM images for the
calcinated membrane are shown in figure 66-68. Indeed, the results of SEM images differ
from one condition to another. For example, for the calcinated grown crystal after one
seeds layer, the existing of large voids between the MFI crystals is higher than the other
conditions as shown in figure 65. Furthermore, as the seeding layer is increased as the
existing of these voids decrease more and more. The possible explanation behind these
results is due the nature of bonds between the crystals and the bonds between the crystal
and the substrate. Moreover, for this thin membrane the crystals are chemically bonded to
the substrate which will be stronger than the bonds between the crystals. As a
consequence, the zeolite crystal will be displaced and moved as response for the
expansion behavior of the alumina substrate during heating stage. On the other hand, the
MFI zeolite crystal will be displaced and moved as response to the contraction of alumina
substrate. As a result, the resultant of this moving will be in term of grain opening
between the crystals. In addition, increasing the seeds density underneath the zeolite layer
help the crystals in the film appears to be well intergrown that’s mean the bonds between
the crystal will increase so the resultant of moving during the calcination will be less as

shown in figure 67&68 for 2 and three seeds layers.
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Figure 67 Calcinated MFI zeolite membrane grown after 2 seed layers
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Figure 68 Calcinated MFI zeolite membrane grown after 3 seeds layers

The Energy-dispersive spectroscopy (EDS) results for the calcinated membranes In
which the Al/Si ratio are presented. The (EDS) results for the calcinated MFI zeolite
membrane grown from one seeds layer has Al/Si ratio of 0.1076 and this ratio is
decreased to 0.0565 for 2 seeds layers. However, for 3 seeds layers the result showed a
zero ratio. The proper explanation for these results can be generated by understanding

what is happening during the calcination.

Beside the effect of calcination on the final morphology of MFI zeolite membrane there
is another important issue which is the diffusivity of the Aluminum ions which can
transfer to the MFI zeolite layer via two paths as shown in figure 69. This figure shows
that the aluminum can transfer from the alumina support to the zeolite layer in a form of

dissolved AL** via the synthesis solution during secondary growth process also the

115



aluminum ions can diffuse during the calcination and this hypothesis can be proven by

comparing the Al/Si ratio before and after the calcination.

Seeds Layers

' @ '-
Alpha-aAluming Substrate é

Figure 69 Influence of AI** from alumina substrate on seed layer and membrane

Figure 70 presents a comparison between the AL/Si ratio before and after calcination for
different seeding layers. For the grown crystals after one spin-coating seeding the ratio
after the secondary growth was 0.0435 however this ratio increased to 0.1076 after the
calcination. Moreover, similar results are shown for crystals grown after two seeds layers
in which the ratio increased from 0.033 to 0.0569. While three seeds layers were
sufficient to prevent the incorporation of aluminum ions during the secondary growth, the
aluminum ions can diffuse for this seeding condition during the calcination. Hence, the
results shown in this figure prove the hypothesis which was expected regarding the

diffusion of aluminum ions during the calcination.
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Figure 70 Comparison between the Al/Si ratio on the MFI zeolite crystals before and
after the calcination for different seeding conditions

Another impact of calcination on the grown MFI zeolite membrane which is needed to be
considered is the effect of calcination on the orientation of MFI zeolite membrane. The
XRD results for the calcinated MFI zeolite membrane shown in figure 71-74. The results
show peaks refer to MFI zeolite crystals with different orientation depending on the
seeding conditions. For one seeds layer, the XRD results in figure 70 still show randomly
oriented crystals with the highest peak refer to (0 0 2) followed by (1 0 1) for a- and
oblique oriented crystals, respectively. Furthermore, the calcinated MFI zeolite
membrane for two seeds layer in figure 71 also showed a randomly oriented crystals but
with the increase on the intensity of (1 0 1) peak comparing with figure 70. Moreover, the
intensity of (1 0 1) increased significantly comparing with previous results and become a

predominant orientation on the layer as it is illustrated on figure 73 in which the ratio of
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the Intensity of (1 0 1) peak to the highest intensity peak was used to compere between

different conditions.
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Figure 71 XRD results of calcinated MFI zeolite membrane after one seed layer
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Figure 72 XRD results of calcinated MFI zeolite membrane after two seed layers
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Figure 73 XRD results of calcinated MFI zeolite membrane after three seed layers
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Figure 74 Effect of seeding layers on orientation of calcinated MFI zeolite crystals
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The XRD result for the calcinated membrane after 3 seeds layers was confirmed by SEM
images shown in figure 69. Furthermore, this SEM images shows how these crystals
oriented with the crystallographic preferred orientation which is (1 0 1) direction or what

is called oblique orientation with increasing on the thickness from 1.3 pm to 1.8um.

et E S S 3 e
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Figure 75 SEM cross-sectional images of MFI zeolite layer after calcinations, taken at
different magnifications.
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CHAPTER 5 CONCLUSIONS AND FUTURE

SCOPE

Porous ceramic supports were prepared by cold-pressing a-Al,O3 powder with uniform
particle size distribution. Starch powder, commonly used as a lubricant in ceramic
processing, was added to alumina powder (~2 wt.%) before uniaxial cold pressing at
40,000 Ib. The starch was burnt out by heating the substrates at 450°C for 3-6 hours and
supports with a disk shape were placed into a high temperature furnace and heat-treated
at 1400°C for 2hours with heating rate of 5°C/min resulting in the formation of a porous
alumina substrate with good mechanical strength with following characteristics: 25.3 mm
in diameter, 2.5 mm in thickness, ~1 um pore diameter, ~40% porosity. The surface of
the alumina supports were then treated mechanically and chemically in order to enhance

the growth of MFI zeolite layer on those substrates.

The fabrication of MFI zeolite layer on top of porous alumina substrate was performed
using two techniques, namely in-situ crystallization and secondary growth. Although
being relatively simple, the in-situ crystallization technique did not yield a continuous

zeolite layer making it inadequate for processing such membranes.

Continuous MFI zeolite thin layer, defect free, with good morphology was grown on
porous alumina substrate using secondary growth technique with the assistance of
microwave irradiation at 160°C for 2h. For seeding the zeolite nano-sized crystals on the
surface of porous alumina substrates, spin-coating technique showed much better results,

as compared to dip coating technique, in term of uniform seeds distribution and short
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process time. The uniform morphology of MFI zeolite layer was improved as the number
of seeding runs was increased from one to three times, and the orientation of the grown
crystals was controlled with their crystallographic preferred orientation (CPO) (1 0 1).
Thermo-gravimetric analysis (TGA) showed that 500°C was required for the removal of
Tetrapropylammonium hydroxide (TPAOH) from the channels/pores of MFI zeolite
crystals and the calcination step was one of the most sensitive steps due to the reported
contradictory behavior of expansion and contraction between the zeolite crystals and the
alumina substrate. Hence, MFI zeolite membrane was calcinated at very low heating and
cooling rate 1°C/min at 500°C for 6 hours. The results revealed that the MFI zeolite layer
was crystalline, and using three seeding layers with a thickness of 120 nm was
appropriate to prevent the diffusion of aluminum ions towards the top surface of MFI

zeolite crystals.

Further work in this research is proposed to investigate several additional aspects. For
instance, the optimum amount and size of zeolite seeds required for enhance the seeding
conditions and the correlation between the seeding parameters and substrate’s surface
roughness will allow a better understanding and control on the subsequent zeolite layer
morphology. It is also important to consider such membranes for separation/filtration
applications, and for that testing such membranes using the dedicated test flow cells
developed in the research group of Prof. Laoui will be very valuable and may open new

avenues for tailoring the processing of these membranes for specific applications.
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