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IN-SITU GROWTH OF POROUS ALUMINO-SILICATES AND 

FABRICATION OF NANO-POROUS MEMBRANES 

 

PRADEEP KODUMURI 

ABSTRACT 

 

     Feasibility of depositing continuous films of nano-porous alumino-silicates, 

primarily zeolites and MCM-41, on metallic and non-metallic substrates was 

examined with an aim to develop membranes for separation of gaseous mixtures and 

also for application as hydrogen storage material. Mesoporous silica was deposited 

in-side the pores of these nano-porous disks with an aim to develop membranes for 

selective separations.  

     Our study involves supported zeolite film growth on substrates using in-situ 

hydrothermal synthesis. Faujasite, Silicalite and Mesoporous silica have been grown 

on various metallic and non-metallic supports. Metallic substrates used for film 

growth included anodized titanium, sodium hydroxide treated Titanium, Anodized 

aluminum, and sintered copper. A non-metallic substrate used was nano-porous 

aluminum oxide. Zeolite film growth was characterized using Scanning Electron 

Microscope (AMRAY 1820) and High Resolution Transmission electron microscope. 

Silicalite was found to grow uniformly on all the substrates to form a uniform and 

closely packed film. Faujasite tends to grow in the form of individual particles which 

do not inter-grow like silicalite to form a continuous film.  

     Mesoporous silica was found to grow uniformly on anodized aluminum compared 

to growth on sintered copper and anodized titanium. Mesoporous silica growth on 
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Anodisc
®

 was found to cover more than half the surface of the substrate. 

Commercially obtained Anodisc
®

 was found to have cylindrical channels of the pore 

branching into each other and since we needed pore channels of uniform dimension 

for Mesoporous silica growth, we have fabricated nano-porous alumina with uniform 

pore channels.   

     Nano-porous alumina membranes containing uniform distribution of through 

thickness cylindrical pore channels were fabricated using anodization of aluminum 

disks. Free-standing nano-porous alumina membranes were used as templates for 

electro-deposition in order to fabricate nickel and palladium nano-wire mesh with 

large surface area to volume ratio. Such nano-wire metallic alloy meshes have a 

strong potential for application as advanced hydrogen storage material.  

     Statistical image analysis techniques were used to determine the dependence of the 

pore morphology and distribution on the crystal orientation by anodizing single 

crystal aluminum disks that were oriented with their surface normal along [111], 

[110] and [111] directions. The [100] oriented disks were found to have the highest 

tendency to anodize in oxalic acid electrolytic solutions.  
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CHAPTER I 

 

INTRODUCTION 

1.1 Hydrogen Storage System and Nano-porous Membranes 

 Materials having three dimensional sub-nano structured grid porous structure will 

not only provide large surface area to volume ratio to increase the amount of adsorbed 

hydrogen but also increase hydrogen uptake and release kinetics as compared with the 

materials that are solid.  Overall purpose of this research is to explore the feasibility 

of creating such a nano-porous hydrogen-storage material using the following 

approach.  

(a) Create a nano-porous silica based template with interconnected three 

dimensional networks of channels on a metallic substrate (most preferably a 

zeolite, to coat a base metal).  

(b) Electrochemically grow the metal alloy (suitable for hydrogen storage) into 

the ceramic nano pores by using the base metal as a cathode and metal alloy 

as an anode by electro-deposition.  

(c) Dissolve the ceramic template in basic solution to yield the metal alloy grid.   
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This research will specifically target the task “a” above, that of creating a nano-

porous silica based template coating on a metallic substrate. Zeolites with pore size in 

the range 0.3 – 1.5 nm, such as faujasite or silicalite will be employed. Mesoporous 

silica (3-5 nm pore diameter) is another potential candidate for such application and 

will be investigated.  

Second purpose of this research is to develop nano-porous membranes to be used 

as templates for nano-wire fabrication and also for filtering applications. This 

research will specifically target development of 60 - 100 µm thick nano-porous 

alumina membranes with uniformly distributed pores of size 50 - 100 nm. Anodized 

alumina is important for this study since this material can be used both as a substrate 

for zeolite growth and also as a template for metallic growth inside the pores. The 

nano-structured metallic alloy material would be of great importance for hydrogen 

storage.  

1.1.1 Organization of Dissertation 

This work is primarily composed of two research activities: 

(a) Porous alumino-silicates and electro-deposition of metal into their pores – 

Characterization for growth and presence of metal in the pores 

(b) Nano-porous alumina membranes - Fabrication and statistical characterization 

using image analysis techniques.  

Each major chapter will deal these two activities as sub-sections. Results and 

discussion and conclusions are presented in chapters 3 and 4 followed by proposed 

future work and bibliography.  
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1.2 Micro-porous Alumino-Silicates – Growth on Metallic and Non-metallic 

Substrates 

Sections 1.3 thru 1.4 will describe: 

(a) Porous alumino-silicates and their crystalline structure and their growth on 

substrates 

(b) Growth mechanism involved. 

1.3 Growth of Porous Alumino-Silicates  

Porous alumino-silicates used in our study can be classified into two groups: 

(a) Zeolites: Faujasite and silicalite 

(b) Mesoporous silica  

Zeolites are hydrated alumino-silicates with a porous structure composed of silica 

(SiO4) and alumina (AlO4) tetrahedra sharing all corners with each other. The porous 

structure of a synthetic zeolite usually accommodates a wide variety of cations which 

are usually alkali, alkaline earth or rare earth cations, as well as organic cations. 

These cations are rather loosely bound to the framework and can be exchanged which 

makes them good ion-exchange beds for use in industrial and commercial 

applications. Zeolite templates with pore size in the range 0.3 – 1.5 nm, such as 

faujasite, silicalite and mesoporous silica have been used in this study. Faujasite has a 

three dimensional pore structure with pores running perpendicular to each other in the 

x, y and z planes. Framework structure of faujasite with a pore size of 0.74 nm is 

shown in Figure 1 [1].  



 

 

4 

 

Figure 1 Framework structure of faujasite 

Silicalite is the pure siliceous form of ZSM-5 type of zeolites. Figure 2 shows 

typical framework of microstructure of silicalite with perpendicularly arranged zigzag 

channels in the size range 6 A
0
 x 6 A

0 
[2].  

 

Figure 2 Framework structure of silicalite 

Mesoporous silica belongs to MCM-41 class of materials. It has arrays of non-

intersecting hexagonal channels with high surface area. Figure 3 shows the lamellar 

structure of mesoporous silica composed of hexagonal micellar rods with silica 

condensed in between these pore channels [3]. 
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Figure 3 Lamellar structure of mesoporous silica 

Conventionally zeolites have been grown on various kinds of supports. Various 

metallic and non-metallic supports used for zeolite growth are shown in Table I.  

Metals Composites Single crystals 

 

Aluminum, silicon, 

titanium, copper, nickel, 

stainless steel, gold, 

platinum 

Cordierite, mullite  

and mica 

Quartz, rutile  

and Sapphire 

 

Table I Supports used for zeolite crystallization 

Free standing zeolite membranes can be obtained by using a sacrificial support as 

substrate for zeolitic growth. Sano et al. [4] have used filter paper to promote zeolite 

growth at 170
o
C. The filter paper was later burnt out at 500

o
C resulting in a free 

standing zeolite. Davis et al. [5] reported the growth of zeolite Na-Y (aka Faujasite) 

on different metal substrates including copper, silver, platinum, titanium, 
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molybdenum, iron and tin. Continuous polycrystalline MFI crystals of size range 50 μ 

– 80 μ have been grown by Geus et al. [6] on porous ceramic/clay supports and they 

were reported to be thermally stable up to 400
o
C.   

The substrates that we have used can be classified as metallic and non-metallic 

substrates. Metallic substrates used were sintered copper, anodized titanium, sodium 

hydroxide treated titanium, and anodized aluminum. Non-metallic substrates used for 

zeolitic film growth were commercial anodic alumina Anodisc
®

 and laboratory 

synthesized alumina.  

1.3.1 In-Situ Hydrothermal Synthesis and Film Growth 

In-situ hydrothermal synthesis of a clear solution containing a silica source, an 

aluminum source and an alkali source results in crystallizing zeolites. Hydrothermal 

synthesis is a process of carrying out the reaction chemistry at elevated temperatures 

and pressures. During crystallization in hydrothermal synthesis, the zeolite crystals 

that form are inter-grown; this results in the formation of a continuous film. Structure 

of zeolites during crystallization of ZSM-5 is determined by organic template 

molecules which are also known as structural directing agents (SDA). Commonly 

used template ions are (TMA
+
) Trimethyl Ammonium and (TPA

+
) Tetrapropyl 

Ammonium. The template molecule is later burnt off by calcination, heating the 

sample at high temperature in air for a certain length of time followed by cooling to 

room temperature. Industrially synthesized aluminum rich zeolites [X, Y, A, L etc] 

have a crystal size ranging from 100 nm – 10 µm. 
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Magdalena Lassinantti[7] has discussed three routes to synthesize zeolites: 

(a) In-situ crystallization or direct crystallization – The substrate is treated 

with the zeolite precursor solution hydrothermally during synthesis. 

Synthesis of a zeolite film is a function of nucleation and crystal growth 

on the substrate. Many types of zeolites including faujasite and silicalite 

can be synthesized by this method. 

(b) Vapor phase transport method – Zeolites are crystallized in the presence of 

a dry alumino-silicate amorphous gel under the vapors of the reacting 

ingredients. This method has been used to synthesize various kinds of 

zeolites such as MFI, MOR. 

(c) Seed film method – Seed crystals are attached to the surface of the support 

which act as growth centers for crystallization. Zeolite Y, Zeolite A and 

Faujasite membranes have been grown on supports using this method.  

The third method is generally referred to as the seed film method and is a very 

well established technique for growing polycrystalline zeolite layers on supports. 

Here the substrate was positively charged using a cationic polymer. Negatively 

charged seed crystals were then adsorbed onto the surface which acted as nucleation 

sites for zeolite crystallization and growth. Hedlund et al. [8] have also described a 

seed film method to grow thin silicalite-1 films on silicon wafers with thickness 

varying from 80 nm to 800 nm.  Gossens et al. [9] have schematically described the 

direct crystallization and seed film method as shown in Figures 4 and 5.  
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Silica Gel Spheres Synthesis solution

Macroscopic support

Nucleation and Crystallization

Poly-crystalline MFI layer on top of the macroscopic support

Gel layer

 

Figure 4 In-situ crystallization of zeolites on substrates 
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Figure 5 Seed film method 
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1.3.2 Nucleation, Crystallization and Film Growth 

The various reaction steps involved in the formation of zeolite film on a support 

during hydrothermal synthesis include self-organization at the molecular scale, 

nucleation, agglomeration, crystallization and inter growth into a film. Jansen et al. 

[10] have studied the growth of MFI crystals on silicon substrate to describe the 

crystallization and film growth mechanism. 

The process of crystallization is envisioned to be occurring mainly due to the 

presence of a homogenous gel layer on the surface of the macroscopic support during 

hydrothermal synthesis. Initially small globular shaped fast growing crystals are 

formed as gel spheres. Nucleation is believed to occur at the gel/liquid interface as 

has been suggested by the presence of loose crystallites in the top layer of the gel. 

Crystallization then proceeds into the gel layer and forms an intergrown 

polycrystalline zeolite film.  

1.3.3 Mechanism of Crystal Growth on Macroscopic Support 

The macroscopic supports get oxidized and form hydroxyl groups on the surface 

which are protruding into the synthesis solution during hydrothermal synthesis. The 

zeolite growth is expected to start via condensation mechanism thus resulting in a 

firm chemical bonding of the zeolite crystals with the surface.  

Kaschiev et al. [11] studied the growth of silicalite on silicon to record the various 

events that occur in-situ. The observation of crystallization in-situ and evaluation 

using elemental analysis and infrared radiation has led the authors to describe the 

process as a series of sequential events as shown in figure 6. 

(i) Large gel spheres are formed in the reaction mixture during the synthesis. 
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(ii) Crystallization starts at the gel/liquid interface and later on proceeds into 

the gel. 

(iii) With time the gel layer gets consumed and the crystal growth rate 

decreases 

(iv) Crystals form with increased dimensions  

(v) Layer by layer growth leads to a polycrystalline layer 

2.Crystallization at the

 gel/liquid interface

3.Gel layer gets consumed 

and crystal growth rate 

decreases

    
   

1.Nuclei formation

4.Crystal formation

5.Polycrystalline layer

Gel layer

Crystal

 

Figure 6 Crystallization of silicalite on silicon substrate 

The reaction mixture is believed to have two nutrient pools near the 

substrate/gel/liquid interface. The gel layer is believed to be rich in SiO2 and the 

liquid has TPA or the structure directing molecule. The gel phase diminishes with 

time as the crystal grows and the crystal growth rate decreases with time. The 

crystallites which are oriented parallel to both the nutrient pools have the fastest 

growth rate. Chemical bonding occurs between surface hydroxyl groups of the 

substrate and the (OH) groups of the crystals formed due to condensation. The 

crystals thus deposit onto the substrate and intergrow with good surface bonding 

resulting in a polycrystalline layer. 
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1.3.4 Film Growth Mechanisms after Zeolite Crystallization on the Surface 

Four growth modes for homogeneous zeolite film growth on substrates, as shown 

in figure 7, have been discussed by Kaschiev et al [11]. These are layer, island, layer 

and island, and continuous growth modes. The layer mode involves growth of the 

layer by the spreading of one or few mono-atomic layers. This kind of growth is 

mediated by nucleation with building up of one monolayer upon another. Island 

growth occurs by the nucleation and growth of separate island like crystallites of 

varying multi-atomic height.  

Layer and island growth mode incorporates both the island and the layer mode as 

the name suggests. The growth mechanism occurs first by building up of one or more 

mono layers. This is then followed by the formation of island-like crystallites on top 

of the preformed mono layers.  

Continuous growth mode covers the substrate by random and simultaneous filling 

of the surface by several crystallite mono layers. This growth process differs from the 

layer mode in that the former is not nucleation mediated.  

 

Substrate

Monolayers

  Substrate

Crystallites 

 
                          Layer Mode                                       Island Mode 

 

Substrate

Crystallites + Monolayers 

  Substrate

Random Monolayers

 
                      Layer and Island Mode                 Continuous Mode 

 

Figure 7 Film growth modes 
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The continuous growth results in films with low degree of crystallinity even 

though the layers are polycrystalline and are found to cover the substrate well in 

many cases. In the island mode the crystallites develop grain boundaries between and 

around them in the film and are polycrystalline. However, since the growth is not 

uniform in the form of homogeneous crystalline layers, the purpose of coating is not 

served well. The layer mode is the most favorable growth process which can result in 

thin films for membrane and catalyst applications. 

The study done by Kaschiev et al. [11] also describes the growth mechanism of 

zeolites in the form of poly layers on substrate. The bare membrane is smooth at a 

microscopic level, free of any screw dislocations. The surface of the substrate has 

nucleation sites due to adsorbed molecules or edge dislocations. Growth occurs by the 

building up of layer filling, each one filling on top of an already deposited layer of 

thickness equal to or greater than a mono atomic layer as shown in figure 8. The 

number of layers deposited and the continuous film growth process are functions of 

the growth conditions and the film/substrate system. 

Bare and smooth substrate

Nucleation sites

Polylayer growth

 

Figure 8 Poly-layer film growth 
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Gossens et al. [9] have described the intergrowth mechanisms of zeolite film 

formation. Polytypism and epitaxy are the two kinds of intergrowth mechanisms 

proposed for phase-pure zeolites. Polytypism is the most common intergrowth 

mechanism in zeolites. It is envisioned as occurring in each individual crystals by 

stacking of the various structurally uniform domains without any mismatch of the 

bonds. In case of MFI and FAU type zeolites, the periodicity with which the stacking 

occurs is due to an alternative bonding sequence of a common sheet. Epitaxy involves 

the oriented overgrowth of one zeolite phase upon other. This kind of overgrowth 

leads to materials which change composition across the interface. One example of 

epitaxial overgrowth involved seeding the synthesis mixture of zeolite X with zeolite 

A which resulted in the epitaxial overgrowth of the former.  

1.3.5 Effects of Synthesis Parameters on Film Growth, Membrane Thickness, 

and Crystal Orientation  

Film growth was found to be a function of various synthesis parameters. Many 

studies have been done in this area to investigate the effect on film growth rate, 

membrane thickness and crystal orientation. Magdalena Lassinantti [7] has examined 

the effects of time, repeated hydrothermal synthesis and temperature on supported 

zeolitic deposition.  

1.3.5.1 Effect of Synthesis Time on Microstructure of Zeolite Formed 

 Increasing the time of hydrothermal synthesis for faujasite led to the conversion 

of zeolite X into Zeolite P. The crystal structure of the zeolite formed was needle like 

indicating the formation of a different p-type zeolite. 
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1.3.5.2 Effect of Repeated Hydrothermal Synthesis on Crystalline Films 

Repeated hydrothermal synthesis results in the formation of uniform and densely 

packed zeolite layers on supports. Fresh synthesis solution was added periodically to 

the cleaned samples and it was found that the film growth rate was higher for the 

repeated synthesis as compared to the one-step synthesis. Repeated hydrothermal 

synthesis was also found to increase film thickness as compared to the conventional 

one-step synthesis. 

1.3.5.3 Effect of Synthesis Time and Temperature on Film Thickness 

Film thickness was found to be linearly proportional to the time and temperature 

of hydrothermal synthesis. Film thickness was found to increase with increase in time 

of synthesis. However, a maximum film thickness always existed and further 

synthesis resulted in a different zeolite phase as in the case of faujasite converting to 

zeolite P.  

1.3.5.4 Effect of Reactant Concentrations on Zeolite Film Growth 

The effects of different concentrations of various synthesis parameters like silica 

precursor [TEOS], organic template [TPA
+
], hydroxide [TPAOH], dilution and 

temperature on the growth, membrane thickness and orientation of the MFI type 

zeolites grown on seeded substrates including porous glass and alumina have been 

investigated by Wong et al. [12] in their study. This study involves growth of MFI 

membranes on supports using the pre- seeding method. Porous vycor tube with a 

uniform pore structure of 5 nm was employed as the support for seeded MFI 

membrane growth. 
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(a) Effect of Silica precursor [TEOS] on film growth: 

For a fixed amount of TPAOH in the synthesis solution, the growth rate was 

found to increase montonically (strictly increasing) with increase in the silica 

precursor, with slow increase in the lower concentration regions of the silica 

precursor. XRD intensities showed that (1 0 1) peak intensity increased with 

increase in TEOS concentration. This indicated that zeolite film grew 

preferentially in the < 1 0 1 > direction. Crystallinity of the zeolite film was much 

better for the higher silica precursor concentrations. 

(b) Effect of Organic template [TPAOH] on film growth: 

 Film growth rate increased with increasing concentration of TPAOH and 

reached an optimum value beyond which the growth rate either stayed constant or 

decreased with further addition of TPAOH. Alkalinity was found to have a much 

stronger influence on film growth and crystallinity than TPA
+
 concentration. The 

growth rate and (1 0 1) intensity increased to a certain optimum value and further 

increase resulted in poor film growth and crystallinity.  

(c) Effect of Dilution on film growth: 

 Film growth and crystallinity decreases with increasing dilution of the 

solutions for a constant [TEOS] / [TPAOH] ratio. However, the film growth is 

very slow for highly concentrated solutions because of their high alkalinity and 

results in the etching of the substrate and dissolution of the zeolite also.  

(d) Effect of Hydrothermal synthesis temperature: 

 Growth rate of the film increased exponentially with increase in temperature 

based on Arrhenius law: 
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 In conclusion this study has showed that seeding the support results in faster film 

growth and protects the substrate from getting etched at higher solution 

concentrations.  

 Toshikazu et al. [13] have studied the effect of synthesis parameters such as 

stirring time, drying and heating temperatures on the orientation of MFI crystals. 

Jansen et al. [10] have shown that for low temperature and low silicon concentration 

the silicalite crystals grow with the long axis perpendicular to the substrate and for 

high silicon concentration the crystals grow with their long axis parallel to the 

substrate. 

1.3.5.5 Effect of Pre-treating the Substrate on Film Growth 

 Zeolites (ZSM – 5 and silicalite) were formed on carbon membranes at 120
o
C. 

Prior to hydrothermal synthesis carbon membranes were oxidized, TEOS (Tetra-

ethoxy silane) adsorbed and heat treated by Smith et al [14]. This resulted in good 

adhesion and growth of ZSM – 5 and/or silicalite. In a study done by Bratton et al 

[15] it was shown that mechanical treatment of the substrate would result in much 

denser films as compared to the substrates which were not mechanically treated. 

Metal substrates plastically deformed were found to support growth of dense films as 

opposed to pure metals and/or alloys with low surface tension which did not produce 

such dense films.  
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APPENDIX D 

ANALYSIS – ONE WAY ANOVA-PORE DIAMETER AND NEAREST 

NEIGHBOR SPACING – SCAA  

 

 

Analysis – One way ANOVA of pore diameter – SCAA 

 

One Way Analysis of Variance 
 

Data source: SCAA in Notebook 1 

 

Group Name  N  Missing Mean Std Dev SEM 

Row 1 2056 0 38.031 11.132 0.246 

Row 2 1651 0 21.191 7.007 0.172 

Row 3 2100 0 30.786 12.922 0.282 
 

Source of Variation  DF   SS   MS    F    P 

Between Groups 2 259769.954 129884.977 1098.599 <0.001 

Residual 5804 686194.207 118.228 

Total 5806 945964.161 

 

The differences in the mean values among the treatment groups are greater than would be expected 

by chance; there is a statistically significant difference  (P = <0.001). 

 

Power of performed test with alpha = 0.050: 1.000 

 

 
All Pairwise Multiple Comparison Procedures (Holm-Sidak method): 

Overall significance level = 0.05 

 

Comparisons for factor: 

Comparison Diff of Means t Unadjusted P Critical Level Significant? 

Row 1 vs. Row 2 16.840 46.866 0.000 0.017 Yes 

Row 3 vs. Row 2 9.595 26.828 1.478E-149 0.025 Yes 

Row 1 vs. Row 3 7.246 21.478 1.573E-098 0.050 Yes 
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Analysis – One way ANOVA of nearest neighbor spacing – SCAA 

 

 

 

 

One Way Analysis of Variance 
 

Data source: Data 1 in Notebook 1 

 

Group Name  N  Missing Mean Std Dev SEM 

Row 1 2056 0 63.240 14.300 0.315 

Row 2 1651 0 45.720 11.360 0.280 

Row 3 2100 0 52.320 18.130 0.396 

 

Source of Variation  DF   SS   MS    F    P 

Between Groups 2 294095.877 147047.939 645.054 <0.001 

Residual 5804 1323093.583 227.962 
Total 5806 1617189.460 

 

The differences in the mean values among the treatment groups are greater than would 

be expected by chance; there is a statistically significant difference  (P = <0.001). 

 

Power of performed test with alpha = 0.050: 1.000 

 

 

All Pairwise Multiple Comparison Procedures (Holm-Sidak method): 

Overall significance level = 0.05 

 

Comparisons for factor: 

Comparison Diff of Means t Unadjusted P Critical Level Significant? 

Row 1 vs. Row 2 17.520 35.114 4.183E-245 0.017 Yes 

Row 1 vs. Row 3 10.920 23.312 5.616E-115 0.025 Yes 

Row 3 vs. Row 2 6.600 13.290 1.004E-039 0.050 Yes 

 

 

 

 


