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Abstract 
The bibliographic part of this report focuses on the growth mechanisms of zeolites. A large number of 

theories that have been developed up to date are presented, it is important to realize that even though 

some of them are contradictory, the wide range of conditions used for synthesis allows for differences.  

More emphasis has subsequently been brought to 3 different fields of applications of zeolites: clear 

solution synthesis for nanoparticles, synthesis from gel and synthesis of membranes.  

Experiments were done on all of those applications. For synthesis from gel the goal was to produce 

12µm crystals, a time study has also been conducted which shows some of the steps of the synthesis.                

For the nanoparticles the effect of TPAOH content variation was studied, and 500nm particles were 

synthesized.  For membranes the goal was to improve reproducibility, and different setups were tried to 

reach it.  

 

 

Introduction 
Zeolites were first discovered in the middle of the 18th century, commonly reported as under 

the natural form of Stilbite, even though Colella and Gualtieri recently came to the conclusion it 

was mostly stellerite, with small amounts of stilbite (1). Since then much more zeolite 

structures have been found and artificial zeolites arrangements were created. Barrer and 

Milton were responsible for an important part of the progress in zeolite crystallization, and in 

the development of characterization techniques (2), (3).  The research in this field is still active, 

and new synthetic zeolites are being developed, which brings new catalytic, adsorption and 

separation properties. Zeolites have numerous applications taking profit of their high internal 

surface, for example they are widely used as catalysts for the petrochemical industry, are used 

to separate oxygen from air in Pressure Swing Absorption processes, and in their membrane 

form can either perform separations or be used as component specific captors. 

Zeolites are crystalline aluminosilicates, even though in some cases such as silicalite -1 there is 

no aluminum in the structure.  

Their interest resides in the formation of unique framework structures, with different internal 

porous structures that grant zeolites the properties they are valued for. The IZA Atlas of Zeolite 

Frameworks Types is currently in its 6th edition (4). It is published by the IZA Structure 

Commission which assigns a three letter code to each known framework. Silicalite are 

attributed the MFI code, along with ZSM-5. (2)  
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Bibliographic report: zeolite growth mechanisms 

 

General hydrothermal growth mechanisms 

Hydrothermal synthesis specifications 

Different theoretical mechanisms have been developed, and it is still not clear which are the most valid 

and if their validity depends on synthesis conditions. For this reason the most probable mechanistic 

pathways to the formation of zeolite crystalline structures will be presented.  The commonly used steps 

are induction, nucleation and crystal growth. A fundamental part of those mechanisms is the T-O-T bond 

(where T stands for either Al or Si) formation and breaking reactions.  

The hydrothermal reaction can be simplified as the transformation of an amorphous precursor, usually 

containing Si-O and Al-O bonds, into a crystalline zeolite product in the presence of a “mineralizing” 

agent (5)(Figure 1).  Research showed that most oxide forms of Silicon and Aluminum have quite close 

enthalpies (6), which leads to a kinetically controlled outcome.  

 

Figure 1 : Hydrothermal zeolite synthesis (5) 
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Overview of main suggestions 

Richard Barrer 

This consideration traces back to 1959. In the discussion section of a paper (7), Barrer wrote that “The 

development of elaborate and continued space patterns by progressive additions of single (Al,Si)O4 

tetrahedra is difficult to imagine, particularly in the case of very open zeolite structures. “ To explain it 

he introduces the concept of “secondary building units in the form of rings of tetrahedra or polyhedral.” 

Some of the possible ions then considered were rings of 3-6 tetrahedra, double 4-rings and double 6-

rings. 

Breck and Flanigen 

This contribution is based on a time-study of crystallization with X-Ray Diffraction (XRD) measurements 

realized in 1960 (8). Besides showing the S-shaped growth curves, morphological changes were 

observed (9) that were interpreted as a sign that crystallization essentially takes places in the solid 

phase. Breck then described his view in (10):” the gel structure is depolymerised by hydroxide ions; 

rearrangement of the aluminosilicate and silicate anions present in the hydrous gel is brought about by 

the hydrated cation species present; tetrahedra re-group about hydrated sodium ions to form the basic 

polyhedral units (24-hedra); these then link to form the massive, ordered crystal structure of the 

zeolite.” 

Kerr  

In 1966 George Kerr published a paper describing experiments he had conducted on the synthesis of 

zeolite A. A sodium hydroxide solution heated at  was circulated first through a filter containing 

amorphous solid and then through a filter containing sodium zeolite A. After the experiment, almost all 

the amorphous solid had been dissolved, and about 90% of it had been converted in type A zeolite in 

filter B. He explained his results by a mechanism composed of a quick dissolution of amorphous solids in 

the alkaline solution, leading to the formation of soluble active species. The concentration of those 

species would remain constant until the end of the reaction, thus explaining the S shape of growth 

curves. In his conclusion he reported that “ The observation that zeolite A crystals serve as growth 

centers for further zeolite A formation explains the finding of Flanigen and Breck, who reported the 

sudden, rapid growth of zeolite A crystal. (8)” (11) 

Cirric 

An advanced study of the crystallization of zeolites was published in 1968 by Julius Cirric (12). His 

experiments included use of water sorption to determine conversion values, and analysis of filtrate from 

synthesis mixture. He noted the absence of influence of stirring, explained by microscope observation 

(Figure 2), and a mechanism of diffusion happening in crystals surrounded by gel. His results are 

consistent with the concepts of anionic blocs and of catalytic effect of hydroxide ions. 
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Figure 2: zeolite A surrounded by amorphous particles in silica-rich gel  (12) 

Studies at Leningrad 

Zhdanov reported in 1970 his findings at the Second International Zeolite Conference (13). With his 

work on Zeolite A he presented the result that crystals grew at a near-constant rate for most of the 

synthesis. By adding product crystal size distribution he was able to determine the nucleation rate 

during the reaction. With measurements of chemical composition of the solution phase, he introduced 

the concept of solubility equilibrium between the solid and the liquid phase as shown in Figure 3. In this 

model condensation reactions form “primary aluminosilicate blocks ( 4- and 6- membered rings)” and 

crystal nuclei. 

 

Figure 3 : Zhdanov solubility equilibrium (5) 
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Beyond 1971 

Contradictory opinions were formulated in the late 1970s, based on Raman spectroscopic studies. Mc 

Nicol et al. reported that “The Raman and phosphorescence results do not show any observable changes 

occurring in the liquid phase but do show significant alteration in the solid phase, which supports the 

view that crystal growth occurs from the solid gel phase. (14)”. This view was not shared by Angell and 

Flank (15), who by combining Raman spectroscopy, XRD, sorption and particles size measurement, 

demonstrated the existence of an amorphous aluminosilicate intermediate, and of solution transport. 

Introduction of organic templates 

Introduction of organic cations in synthesis mixtures was done in 1961 by Barrer and Denny (16) for 

zeolites A and X, while Kerr and Kokotailo (17) used tetramethylammonium to synthetize the silica-rich 

ZK-4 zeolite. Other zeolites were synthetized with different organic cations, and it was observed that 

they all contained the latter encapsulated in their structure, which lead to the consideration of those as 

structure-directing agents (SDAs).  Further work by Flaningen et al. (18), (19) proposed a mechanism 

including “the clathration oh the hydrophobic organic cation in a manner analogous to the formation of 

crystalline water clathrates of alkylammonium salts.”  

Chang and Bell and after 

In 1981 Chang (20) published the results of his work based on the synthesis of ZSM-5 from AL-free 

precursor gels. Those were analyzed using XRD, 29Si MAS Nuclear Magnetic Resonance (NMR), 

spectroscopy and ion exchange. It was surmised that embryonic structures, with a Si/TPA+ ratio of 20-24, 

form rapidly when the gel is being heated. Those structures resemble the channel intersections in ZSM-

5. As shown in Figure 4 those structures, which at first link randomly together, become ordered through 

repeated destruction and creation of siloxane bonds by hydroxide anions.  

A team at Leuven (21) identified so called “nanoslabs”, measuring 1.3x4.0x4.0 nm, with 9 intersections 

and containing one Tetrapropylammonium (TPA) cation in each of those. Those nanoslabs aggregated in 

bigger particles before producing the MFI crystalline colloidal final product.  

 

 

Figure 4 Representation of ZSM-5 gel nucleation mechanism (20) 
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Specific applications 

Application to films synthesis 

2000 review 

In July 2000 J. Caro et al. (22) published a review of the current development of zeolite membranes and 

of their use. Two main synthesis methods were identified; direct in situ crystallization and seeding 

supported crystallization. These methods influence the orientation of the crystals, which considering the 

anisotropy of zeolite crystals has a crucial role in diffusion properties. 

Direct in situ crystallization 

This technique uses the crystallization of a silica gel layer over the support surface. Geus et al. (23) 

produced continuous layers of MFI supported by stainless steel, Kapteijn (24) also used stainless steel 

support, and worked on the permeation and separation properties of silicalite-1 membranes. In (23) 

synthesis mixtures contained silica, TPA as a template and water. 

It was found that the silica particles precipitate to form a gel layer on the surface of the support. The 

TPA ions were only found in the solution, which leads to the conclusion that the crystallization starts 

where both Si (from gel) and TPA (from solution) can be found, i.e. at the gel/liquid interface. The crystal 

then grows inside the gel towards the support. As shown in Figure 5 the result is a single layer of crystals 

oriented in their b direction.  The consequence of this is that straight channels are perpendicular to the 

support. 

 

Figure 5:Schematic of the orientation of MFI microcrystals in a zeolite top layer resulting from : (a) Direct in situ crystalisation 
(b) Seeding supported crystallization (22) (c) axis in the crystalc 
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Seeding supported crystallization 

Seeding techniques present the interest of separating the nucleation and the crystal growth parts.  This 

method was studied by Hedlund (25) to synthetize silicalite-1 films using cationic polymer to attach the 

seeds to the support, Lovallo et al. (26) used pH variation to match the zeta potentials of the Al2O3 

support and of the SiO2 seeds. 

As shown in Figure 5, the produced layer is mostly oriented in the c direction.  Indeed the seeds oriented 

with their c-axis, which is the axis which is the preferred growth direction of crystals, in the direction of 

the silica source had the fastest growth rate.  It was later found that the orientation of crystals can be 

influenced by layer growth rate variations.  

Control of the orientation of silica-1 films 

Hedlund (25)studied more specifically the orientation in silicalite films synthesized by seeding. He found 

that most of the crystals always have either their a- or b-axis perpendicular to the substrate surface.  

Furthermore in thin films most of the crystals have their b-axis perpendicular to the support surface, 

while for thick films it is the a-axis that is perpendicular to the surface. The explanation formulated for 

this difference is “that the mother crystals are adsorbed with the largest face on the substrate and 

dominate in the thin films, whereas the intergrown twins dominate in the thick films” 

 

Application to clear solution synthesis 

By opposition to gel synthesis, clear synthesis is a form of zeolite synthesis where crystals are formed in 

a homogeneous and clear synthesis solution. 

TPA-silicalite-1 synthesis 

Persson (27) worked on the synthesis of colloidal particles of MFI-zeolite using TPA as a template agent. 

On what he called the standard run, he was able to measure the size of nanocrystals versus synthesis 

time, thanks to dynamic light scattering (DLS). The result is shown in Figure 6: Particle size as a function 

of time  . The earlier points could not be directly used for DLS measurements and had to be 

concentrated beforehand. It is interesting to note at this stage the particles appear crystalline according 

to FT.IR but amorphous to XRD. 
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Figure 6: Particle size as a function of time (27) 

The effects of the variation of the molar ratios in the synthesis solution were also studied, the reference 

run S1 had the following composition: 9 TPAOH 0.1 Na2O 25 SiO2 480 H2O 100 EtOH. The comparison of 

the influence of TPAOH and TPABr showed that the TPA+ cation does not influence nucleation; the 

actual parameter is the alkalinity of the solution. Increasing the pH increases the nucleation rates, this 

ultimately leads to smaller particles.  

 

Application to synthesis from gel 

Synthesis of MFI zeolite from gel 

ZSM-5 

Chang (20) worked on the synthesis of Al-free ZSM-5 zeolite from gel. 2 different gels were studied, both 

used TPA as a template agent, the first one used TPABr and a basic silica solution, the second TPAOH 

and silicilic acid. Samples were periodically withdrawn and analyzed by ion exchange,  XRD and NMR. 

NMR was used to link the Q3/Q4 ratio to the crystallinity, where Qn refers to the number of oxygen 

atoms the Si atom is linked to in the structure, peaks in the Q3 region are due to silanol groups, or 

framework defects. His work tended to support the cation template mechanism presented in page 6 of 

this report. 

Silicalite-1 

In 1988 Hayhurst (28) published a paper about the effect of hydroxide on growth rate and morphology 

of silicalite-1 zeolite. As for the ZSM-5 synthesis TPA+ cation was used, and the source of alkalinity was 

either TPA+’s counter anion HO- or sodium hydroxide in which case TPA+ was brought by TPABr. Degree 

of reaction was determined by XRD, thermal analysis was used to determine water and TPA content of 
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both dried unreacted gel and final product crystals. Concerning the morphology it was found that the 

length to width ratio of crystals increases with lower alkalinity, and is identical to the growth rate ratios 

(c-axis over a-axis).  

 

Advances in microwave synthesis 

Microwave has been used as a mean of heating the synthesis mixture for all the different systems. One 

of the key advantages of this technique is the reduction in the duration of the synthesis it brings. 

Films 

The work of Sebastian et al. (29) showed that using a microwave (MW) oven gives a very good 

reproducibility to the preparation of membranes. The membranes developed were designed for 

pervaporation, using a porous alumina ceramic support with a MFI-zeolite membrane on both sides. 

Secondary growth technique was used; seeds were also prepared with a MW oven route as described 

below in this report.  The synthesis time for those is very short, 2 hours with MW against 5 hours for a 

comparison run heated by classical heating. However those membranes do not present as good 

separation properties in the case studied of water/ethanol separation as the best membranes published 

in literature to this day. 

Crystals 

Recent work by Xiaoxin Chen et al. (30) introduced the use of a co-solvent and MW heating to control 

the aspect ratios of silicalite-1 crystals. The synthesis solutions used Tetraethylorthosilicate ( TeOS)  as a 

silica source, TPAOH, water , and different diols, such as Ethylene Glycol. Those solvents have an 

important effect on the length of the resulting crystals, whilst their impact on width and heath is less 

marked. A new parameter for those mixtures, the CC/OH, which combines the concentration of diol and 

its nature, was successfully correlated to the aspect ratio of the final crystals. This parameter is the 

product of the C/OH ratio of each diol by its concentration. This dependency cannot be reproduced by a 

classical solvothermal synthesis system. 

Silicalite-1 seeds were synthesized by Motuzas (31) using a microwave assisted hydrothermal path. Their 

goal was to quicken the seed preparation process, and after reviewing previous work done on MW 

assisted synthesis of seeds, the bottleneck appeared to be the ageing time since seeds could be 

produced very fast after a long aging. The products used were TEOS, TPAOH and water. A two steps 

synthesis procedure was developed, which combined with a much shorter ageing drastically reduced 

total synthesis time to obtain silicalite-1 seeds 
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Experimental 

Materials and procedures 

 Silicalite-1 particles synthesis from gel 

The silica source used for this part was precipitated silica (Silicic acid precipitated extra pure light, 

particle size < 0,1 mm (about 99 %), 99,0-100,5% SiO2, Merck) . The first syntheses were 

conducted using old silica, newly opened silica was used for run 20, and then from run 22 

onwards. The alkali source used was Tetrapropylammonium hydroxide (TPAOH ) (Solution 40% 

wt, AppliChem ). The work was started using distilled water, MilliQ (18M Ω.cm) water was used 

instead when no distilled water was available. 

The synthesis procedure was taken from (28). The molar composition used was: 2TPAOH 25SiO2 250 

H2O, the goal was to produce 12μm Silicalite-1 crystals. 

Additionally in order to study the kinetics of the particles formation a time study was 

conducted. The composition of the gel was the same and synthesis was stopped at 0,6,12,18 

and 24 hours, the mixture was then filtered and dried. 0 corresponds to the gel dried and 24 is 

the normal synthesis time.  

The synthesis mixture was prepared in a plastic beaker. The water was poured first, and then 

the TPAOH was added. The first runs were done without using magnetic stirring, so the 

precipitated silica was added to the beaker and mixed with a plastic spoon until a sufficiently 

thin mixture was obtained. Subsequently water and TPAOH were mixed with magnetic stirring, 

and silica was added with stirring running. Eventually the gel became too thick and the agitation 

had to be done manually to add the remaining silica. 

Agitation made the mixture thinner, when it was thin enough the gel was transferred to a 

Teflon autoclave, if a magnetic barrel was used it was also added to the Teflon lined autoclave. 

For normal runs hydrothermal treatment was carried out at 170 °C under autogenous pressure 

for 24 hours without stirring. 

After treatment the autoclaves were cooled with cold water for 15 minutes, and the particles 

were separated using Büchner filtration, hard clumps on the wall and bottom of the autoclave 

had to scraped and rinsed several times to remove most of them. A Munktell 00H filter paper 

was used; the obtained hard cake could be redispersed in water. 

All the powders were dried until constant weight, and weighted to determine the yield. The 

later had a strong relationship to how good the mixture had been transferred from the beaker 

to the autoclave. 
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The beaker, spoon and autoclave were scraped as much as possible to remove remaining silica, 

and cleaned with a 4% Fluorhydric acid (HF) solution. 

Runs 1 to 25 were done in a big oven which had a very long reaction time and was found to be 

at 160 °C 2 hours after a synthesis was started. Runs 26 to 29 were done in a smaller oven 

which showed a more accurate temperature control. 

 

Silicalite-1 particles from clear solution 

The silica source for those syntheses was Tetraethyl orthosilicate (TeOS). The alkali source used 

was Tetrapropylammonium hydroxide (TPAOH ) (Solution 40% wt, AppliChem ).As for gel 

synthesis, distilled water or MilliQ water was used. 

The synthesis procedure was taken from (27) 

The goal was to produce 500nm silicalite-1 crystals. In the publication the runs S11 and S10 are 

used as basis. The variable is the TPAOH quantity, the composition is: X TPAOH; 0,1Na2O;  25 

SIO2; 1500H2O; 100EtOH. The results are an average particle size of 350nm for x=5 and 830nm 

for x=3. 

The results of the publication have been verified with a run for X=5, then other runs were done 

with sodium removed as it was wished that the zeolites were sodium free for further utilization. 

Experiments have been done with 0,25 steps from X=3,5 to X=4,5. 

The synthesis solution is prepared in a bottle, which has been cleaned with detergent, rinsed 

with deionized water and dried. The water is added first, then the TPAOH and finally the TeOS. 

The bottle is agitated by hand and then placed in agitation during 24 hours to complete the 

TeOS hydrolyzing. Centrifuge tubes that have been cleaned with HF are then filled up to 4,5cm 

from the top with synthesis solution, and the tubes are placed for synthesis during 48 hours in 

an oil bath at 100C, the tubes are immerged up to 3,5 cm from the top. 

The synthesized product is purified by repeated centrifugation, which is done using a Beckman 

Coulter Avanti J-301 centrifuge. 

 The centrifugation procedure used is: 

- 2 hours first centrifugation  

-2 times 1 hour centrifugation 
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After centrifugation has been conducted, the liquid is immediately emptied and distilled water 

is added, the crystals are redispersed overnight in a shaker. The centrifuge is run at 20000 RPM. 

The nanoparticles are redispersed after final centrifugation and kept in solution for 

conservation. 

 

Silicalite-1 membranes synthesis on silicon wafers 

The silica source for those syntheses was Tetraethyl orthosilicate (TeOS). The alkali source used 

was Tetrapropylammonium hydroxide (TPAOH ) (Solution 40% wt, AppliChem ). As for gel 

synthesis, distilled water or MilliQ water was used. 

The supports used are monocrystalline silicon wafers with 1 polished face that is used for study. 

The wafers are mounted on Teflon holders placed in plastic centrifuge tubes for the whole 

process. They are first cleaned according to the process described in (32), that is Acetone 

ultrasonification, basic oxidizing boiling, acid oxidizing boiling.  

After cleaning the wafers are bathed for one hour in a 0.4wt% solution of cationic polymer 

(Berocell 6100, Eka Nobel AB, Sweden) adjusted to pH 8 with an ammoniacal solution, in order 

to reverse the surface charge. Two variations were used, for the first runs the goal was to 

produce a homogeneous film so no spinning was done and during rinsing some liquid was kept 

on the wafer by maintaining it as horizontal as possible.  The second solution is described 

below; the first solution is the same without spinning. After polymer adsorption the wafers 

were rinsed 4 times with a 0.1M NH3 solution and thoroughly spun each time to remove excess 

polymer. A monodisperse colloidal solution of TPA-silicalite-1 seeds was then poured in the 

tubes and the seeds were allowed to electrostatically adsorb as a monolayer on the wafer for 1 

hour. The  same rinsing procedure used after polymer was then applied. The wafers still 

mounted on teflon holders were then transferred to dry centrifuge tubes and progressive 

drying could be observed. For the first alternative synthesis solution was added without waiting 

for any drying.  For the scond solution when about the third of the wafer was dry a synthesis 

mixture of molar composition 3TPAOH 25SiO2 1500 H2O 100EtOH was added. The 

crystallization was effected in an oil bath heated at 100/110°C for 3 days. 4 extreme positions in 

the bath were used to assess the impact of different positions in the cooling circuit (1 input of 

Coldwater flowing through all coolers) 

At the end of the synthesis the wafers were removed from their Teflon holders and abundantly 

rinsed with a 0.1M NH3 solution in a spray bottle, then left to dry on filter paper. 
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Characterization 

SEM 

The size and morphology of silicalite-1 particles and membranes were investigated using a FEI 

Magellan Scanning Electron Microscope (SEM).  

For larger particles from gel samples were prepared by adding powder on the top of an 

aluminum covered with an adhesive carbon sheet, excess was removed with compressed air.  

For nanoparticles a few drops of the dispersion were put on the surface on an aluminum stab, 

and then the water was evaporated in an oven.  

For films the main investigation was the determination of the thickness of the film through a 

horizontal line. For that the silicon wafer was cut in two, and the newly created section was 

observed. It was observed that whether the fracture propagation is done from (i) cutting on the 

side of a wafer with pliers or (ii) precutting the bottom face of the wafer and then propagating 

the fissure in the depth of the film, plays a role on the structure of the observed results. The 

two different ways of creating the fracture are illustrated in Figure 7. The second way was used.

 

Figure 7: Fracture propagation for film observation 

AFM 

Atomic force microscopy was used to study wafers after the polymer addition step. The samples were 

prepared following the normal procedure until the end of the polymer step, they were then rinsed with 

water and finally rinsed with acetone and left to dry.   

The AFM was a NTegra Prima (or for sample 2: a Solver) from NT-MDT and the imaging mode was 

tapping mode (semicontact mode) using NSG01 probes (NT-MDT). Both those pieces of equipment were 

funded by the Kempe foundation (contract SMK-2546). 
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Results and discussion 

Silicalite-1 particles from gel 

Full time runs 

Over a large number of runs, only a small fraction had the 12 microns size expected from the 

composition chosen. Most of the runs not having the expected size were too small, even though after 

changing of oven some too big runs were obtained. No significant difference in morphology was 

observed between 16 µm and 12µm crystals, whereas when crystals get much smaller they tend to 

show a decreasing c/a ratio. 

 The runs producing correctly sized crystals have also shown a quite low integrown crystals proportion. 

Runs with smaller particles tend to have a higher proportion of intergrown crystals. It is not clear what 

the reason for those smaller crystals is, intergrown crystals could suggest seeding from incomplete 

washing. Since for most of the runs two autoclaves were done consequently, the beaker and spoon 

were only thoroughly cleaned with water in-between the preparations of gels. However even in run 29 

which has very big crystals as shown in Figure 11 intergrown crystals are found which tends to prove 

intergrowth and size is not obviously linked.  

Results tend to show that the second run, in autoclave IV, is smaller than the first run in autoclave II, 

however this trend is only true for the runs using magnetic stirring. The Table 1 sums up the results on 

the different runs. There is no clear indication that either autoclave is defective, as crystals of the 

expected size were synthesized in autoclave 2 with runs 2 and 16, while runs 6, 20, 21 and 27 were 

successful in autoclave 4. Some 12 microns crystals pictures from SEM are inserted in this report: run 

2(Figure 8), run 14(Figure 9). The bi-crystal characteristic shape can clearly be noticed.  A picture from 

run 21 with smaller integrown crystals is also added in Figure 10.  

In all runs some agglomerates were produced, mostly where the meniscus was and also in the bottom of 

the autoclave. They seem to start forming quite early, as an agglomerate was spotted after 12 hours of 

synthesis, as is shown on Figure 16. 

The last two runs were prepared by doubling the quantities in one beaker and then splitting  the gel 

between the two autoclaves. As crystals obtained in both autoclaves had the same size it is a solid 

argument to say that the non reproducibility observed is not induced by the autoclaves, so it would 

either come from gel preparation of temperature variations. 



16 
 

 

Figure 8: run2 

 

Figure 9:run 14 

 

Figure 10: integrown crystals in run 21 
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Figure 11: intergrown crystal in run 29 

Table 1: gel syntheses summary 

Without magnetic 
stirring       With magnetic stirring     

  
       

  

  
    

Batch # 
l approx 
(µm) autoclave 

yield 
(%) 

  
    

new 
silica(14) 10 4   

Batch 
# 

l approx 
(µm) autoclave yield(%) 

 
old silica(15) 9,5 4   

1 4,5 2 60,99% 
 

16 10 2 77,65% 

2 9,5 2 83,95% 
 

17 4,5 4 83,70% 

3 12 4 64,20% 
 

18 13 2 79,63% 

4 10 2 74,07% 
 

19 5,5 4 86,67% 

5 8 4 86,42% 
 

20 6,3 2 88,15% 

6 7,5 2 77,53% 
 

21 6 4 88,64% 

7 9 4 81,23% 
 

22 6 2 90,00% 

8 5,5 2 75,31% 
 

23 5,3 4 88,15% 

9 6,5 4 81,36% 
 

24 8,5 2 88,27% 

10 6 2 83,95% 
 

25 6 4 88,27% 

11 7,5 4 92,35% 
 

26 17,5 2 80,61% 

12 7 2   
 

27 10 4 67,38% 

13 7,5 4   
 

28 16 2 70,40% 

          29 16 4 79,93% 
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Time study 

0 hours 

For the dried gel after 0h of synthesis there is no clear evidence of seeds to be found, on Figure 12 there 

possibly could be two seeds but there is no  hint of a crystalline structure. 

 

Figure 12: 0h 

6 hours 

After 6 hours the mixture did not show much difference with the starting gel, it was clearly impossible to 

filtrate so what was observed with SEM is some dried gel. 

At this stage some easily recognizable (Figure 13) crystals can be found, it is interesting to note that 

some of them are deeply buried in some gel (Figure 14), which is in ad equation with the theory of 

growth by reorganization of the solid phase.  Those crystals measure about the quarter of the final 

desired size, however previous results show that the final size is not reproducible so it is not really 

possible to make any assumption out of the size of those in growth crystals. It is interesting to see in 

Figure 15 that at low conversion the crystals are very far from being mono-disperse, whereas at total 

conversions crystals were always found to be globally of the same size for a given run.  
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Figure 13:6h small crystal 

 

Figure 14: 6h buried crystal 
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Figure 15: small crystal at 6hrs 

12 hours 

After 12 hours most of the material is already mostly in crystal shape or bigger agglomerates, as no 

clogging of the filter was noticed. In Figure 16 the agglomerate was already mentioned, besides it the 

crystals do not show any obvious difference with full grown crystals excerpting their size.  It is important 

to notice that the filtering of the contents of the autoclave after 12 hours included a rinsing of the 

crystals. Since growth still happens after 12 hours there had to still be some substrate at this point, 

which got washed away. There is no indication as to whether this substrate was dissolved in solution, in 

gel form, or both. 

 



21 
 

 

Figure 16: agglomerate after 12h 

18 hours 

Not much change is observed between 12h and 18h; crystals get bigger and still present their 

characteristic bi-crystal shape. An interesting hexagonal-like crystal was spotted in Figure 17, being a bi-

crystal it is not likely to be growing into a plane hexagonal crystal, it can be supposed that at the end of 

its growth the angled end will turn into the silicate-1 usual curved shape. 

 

Figure 17: hexagonal bi-crystal after 18h 
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 Silicalite-1 particles from clear solution 

For X=5 and with sodium hydroxide, which was a run aimed at validating the experimental conditions , 

crystals of between 800 and 900nm were synthesized, which was in ad equation with results published 

in (27) of 830nm crystals. As shown in Figure 18 those crystals only start to show a bi-crystal appearance 

and the preferential growth in the c-axis direction is not clearly visible on those close to circular 

particles.  

 

Figure 18: crystals for S11 

 The complete results of composition variation are inserted below in Table 2 .  

Table 2: nanoparticles sizes 

X 
average 
size(nm) 

3,5 450 

3,75 490 

4 380 

4,25 430 

4,5 370 
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According to the work of Persson and as explained in the first part of this report alkalinity is the 

parameter controlling nucleation speed, increasing the alkalinity makes the nucleation faster, which 

leads to smaller particles if the available quantity of silica available for crystal growth remains constant .  

For this study the only consistent variation was the TPAOH concentration (other quantities however had 

to be adjusted to keep a constant synthesis volume), so alkalinity increases with the value of X. All runs 

were not done on the same day, X=3,5 and X=4,5 were done together, X= 4 is consistent with those  two 

in the verification of Persson’s results as shown in Figure 19. Runs X=3,75 and X=4,25 were done in the 

same bath and also verify the size diminution with pH increase. 500nm particles were successfully 

synthesized. 

 

Figure 19: membranes thickness variation with temperature 

Silicalite-1 membranes 

AFM investigation 

The results from the polymer investigation, which is a support for the seeds, are presented first. 

Considering that the films produced reach a thickness of a few hundred nanometers, the polymer 

surface can be considered to be flat as attested by  Figure 20, the false colors used on it range from 2 to 

4 nanometers so the variations that can be seen are very small. Only small grains can be spotted on this 

picture. 

 However some potentially interesting features were observed during investigation of those samples.   

Some very small circles were spotted in Figure 21. Their diameter is about 2µm so they seem too small 

to come from droplet contamination, or eventually a contamination present in a droplet when it 

ultimately dries. Figure 22 shows a close up of a circle with more accurate false colors, and no important 

difference in height can be seen between in and out of those circles, however the limit which is about 

200nm wide can clearly be seen.  AFM gives two outputs, the height of the sample that has already been 

used and the phase. In Figure 21 both of those outputs are shown. The AFM works in semi-contact by 

vibrating a probe over the surface, and the phase depends on the interactions between the tip and the 

sample. The fact that the phase is the same in and out of those bubbles shows that there is apparently 
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no difference in and out, so those circles should not prevent the surface from being flat and 

homogenous. 

 In Figure 23 are shown some “sticks” of about 2000x100x8nm, which do not look characteristic of dust 

or air contamination. Those sticks are likely to be ammonium carbonate crystals, as ammonia has been 

used for washing and carbonate can come from dissolution of carbon dioxide from the air. 

 

Figure 20: Sample 2 solver 
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Figure 21: circles : height (i) and phase (ii) 

 

Figure 22: close up of a circle 
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Figure 23: sticks seen in height (i) and projected in 2D (ii) 

Homogeneous membranes 

The goal for the first runs (1 to 5) was to produce completely homogeneous membranes.. Some 

membranes were close enough to uniform, however there always were some color differences between 

both membranes from a given run, related to some temperature differences. Figure 24 shows runs 2 

and 3, the picture is taken in light reflection to show the “true” color of the film. 

Run 3 was investigated in detail, temperature and film thickness measured on SEM are inserted below 

(Figure 25). The first thing that can be noticed is that the relative difference between the thicknesses of 

those membranes is below 10%. One point does not follow the trend; otherwise membranes seem to be 

smaller when the temperature of the synthesis mixture increases. Those temperatures are averages 

from daily measurements during synthesis. 

A summary of all results from membranes is inserted at the end of this part in Table 4. The synthesis 

conditions are detailed in Table 3: synthesis conditionsTable 3.  Since the oil bath temperature was 

always the same, with a proper reproducibility the samples within a run should have been the same, and 

they should have been the same for all runs also. Violet seems the dominant color, for example run 2 

would have been successful if the results were homogenous, but they were not- the fact that the 

background color is the same for run 2 is a good result however. 

Tube 1 to tube 4 refers to the position in the cooling circuit, 1 is immediately after the water tap and 4 is 

the last tube before the sink as shown in Figure 27. The table of colors does not show any particular 

trend given a favorite color in one position, however there seems to be a trend for temperatures in a 

given position, as shown in Figure 26. This variation is quite disturbing and the contrary was expected, it 

is indeed observed that the temperature is the higher on the tube that is cooled first and lower on the 

tube that is cooled last. Run 1 shows the result that could have been expected.  
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Figure 24: runs 2 and 3 

 

Figure 25: film thickness graph 
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Figure 26: temperature variation with position 

 

Figure 27: tubes position 

Non homogenous membranes 

Since results at 100°C were troublesome, the synthesis of non homogeneous (the different zones are 

created by partial drying) membranes was done at 110°C at first. The synthesis mixture is essentially a 

water-ethanol mixture, and is kept at boiling temperature. Any leakage of vapor can lead a change of 

composition, which leads to a temperature increase as ethanol is more volatile than water. Controlling 

leaks was assessed as a priority to get identical results, and the first solution used was to insert Pasteur 
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pipettes in corks and to close the cooling tubes with those, this solution was used in run 6.  This run (6) 

showed a result with only two identical colors; however the result from tube 4 was the opposite of over 

results.  

A more drastic solution to evaporation was then used, by the addition of cut glove fingers on the top of 

cooling-tubes , which aimed at making the system hermetic. Between 3 and 6mm of liquid were still 

evaporated so this goal was not reached, however it was obvious some pressure was observed. Since 

boiling temperatures increase with pressure the impacts of this system are complex. It clearly proved 

successful, with only a little violet variations runs 7 and 8 show a good reproducibility, as can be seen in 

Figure 28.  

A final run was tried, keeping the system installed for runs 7 and 8 but at 100°C. 3 Different results were 

obtained, so the first choice of 100°C as a temperature seems bad for the equipment used, much better 

results are obtained at 110°C. 

 

Figure 28: runs 7 and 8 
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Table 3: synthesis conditions 

run T oil (°C) Goal Spinning 

Wafer 
kept 
horizontal 
during 
rinsing 

Cleaning in 
beaker/polymer 
tubes 

teflon 
holders 
during 
preparation 

Cooling 
tubes 
obstruction 

1 100 Homogeneous No No beaker Yes No 

2 100 Homogeneous No Yes beaker Yes No 

3 100 Homogeneous No Yes beaker Yes No 

4 100 Homogeneous No Yes beaker Yes No 

5 100 Homogeneous No No polymer tubes No No 

6 110 Homogeneous Yes No polymer tubes Yes 

Cork with 
pasteur 
pipette 

7 110 Homogeneous Yes No polymer tubes Yes Glove finger 

8 110 Homogeneous Yes No polymer tubes Yes Glove finger 

9 100 Homogeneous Yes No polymer tubes Yes Glove finger 

 

run t1 t2 t3 t4 

1 Violet/Green Violet/Green Violet/Green Violet/Green 

2 Violet  
Violet+Yellow 
spots 

Violet+green 
spots Violet 

3 Violet  Violet Green Green-Pink 

4 
Silver/Green-
Blue 

Silver/green-
yellow Silver/violet 

silver/Green 
Blue 

5 
Green/Drak 
Green 

Pink/Dark 
pink light green 

Blue-
violet/violet 

6   Green/violet Violet/Green Green/violet 

7 
Green / Pink-
violet 

Green / Pink-
violet 

Green / 
Pink-violet 

Green / 
Pink-violet 

8 
Green / Pink-
violet 

Green / Pink-
violet 

Green / 
Pink-violet 

Green / 
Pink-violet 

9 

Green-
Yellow/Pink-
Violet 

Pink-
Violet/Green 

Light Blue-
Violet / 
Green 

Pink-
Violet/Violet 

Table 4: results ( color of the top / color of the bottom ) 
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Conclusion 
For 12µm particles synthesis from gel, over a large number of runs less than a half measured the 

expected size. it was shown that even with using the exact same experimental mode the only way to get 

two identical results in a run is to split a synthesis mixture in different autoclaves. The importance of the 

oven has also been shown, indeed at the beginning of the synthesis all ovens will be below 170°C due to 

the cooling provided by the door opening. The time to get back to 170°C and then the imperfections in 

the temperature regulation, which can be characterized by the amplitude of temperature oscillations 

and their period, obviously play an important role in the determination of the final size of the crystal.A 

not yet clear variability has to be brought by the solution preparation too, so this is what should be 

improved to get a better reproducibility. 

The growth of crystals from gel is showed to happen inside gel as well as outside, which is possibly a 

combination of direct reorganization of the solid phase from amorphous gel to silicate-1 and transport 

of growth species through solution after depolymerization by hydroxide ions.  

The results of Persson regarding the increase in the nucleation rate with the augmentation of alkalinity 

is verified, and a dispersion of 500nm nano-particles of silicate-1 was synthesized.  

For membranes the AFM investigation showed that the wafers with adsorbed polymer are very 

homogeneous and constitute a proper base for the synthesis of membranes. The variability of 

membrane structure and thickness obtained at 100°C was quite high. Controlling evaporation of the 

synthesis mixture with restrictions or even closure of the top of the cooling tube proved successful 

accompanied with an increase of the oil bath temperature to 110°C. Identical membranes with two 

different colours due to partial drying were obtained in two consecutive runs. 
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