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1. Introduction  

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 1 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. However, compared to the sizes of micropores exhibiting a 
molecular-sieving effect, the crystal sizes of zeolites are very large, approximately 1–3 µm. 
When the zeolite is used as a shape-selective catalyst, the diffusion rates of reactant 
molecules within the zeolite crystals are lower than the intrinsic reaction rates. This 
resistance to mass transfer limits the reaction rates and low selectivity of intermediates. 
Moreover, since effective active sites (acid sites) for catalytic reactions are distributed on the 
internal surfaces of the main channels and the external surfaces of the crystal, the pore 
mouths are easily plugged due to coke deposition, leading to short lifetimes for the catalysts. 
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Fig. 1. Zeolite structure, pore size and molecular diameter of hydrocarbons.  
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Faster mass transfer is required to avoid these serious problems, and two primary strategies 
have been proposed; one is the formation of meso-pores within zeolite crystals (Groen et al., 
20004a, 2004b; Ogura et al., 2001), and the other is the preparation of nano-crystalline 
zeolites (Tsapatsis et al., 1996; Mintova et al., 1999, 2002, 2006; Ravishankar et al., 1998; 
Grieken et al., 2000; Hincapie et al., 2004; Song et al., 2005; Larlus et al., 2006; Morales-
Pacheco et al., 2007; Kumar et al., 2007).  
In nano-crystalline zeolites, the diffusion length for reactant hydrocarbons, assignable to the 
crystal size, decreases, and the external surface area of the crystal increases as the crystal 
size decreases. The increase in external surface area and the decrease in diffusion resistance 
are effective for improving catalytic activity in gas-solid and liquid-solid heterogeneous 
catalytic reactions. Because of these favorable properties of nano-crystalline zeolites for 
catalytic reactions, the preparation methods for several types of zeolite nanocrystals have 
been reported and reviewed (Tosheva  & Valtchev, 2005; Larsen, 2007).  
In this chapter, a method for preparing nano-crystalline MFI and MOR zeolites in a solution 
consisting of a surfactant, organic solvent, and water is introduced (denoted as the emulsion 
method hereafter). Nano-crystalline zeolite is expected to be a promising material for 
increasing the outer surface area as well as decreasing the diffusion resistance of the organic 
reactant within the micropores, thereby improving the catalytic activity and lifetime.  

 
2. Synthesis of nano-crystalline zeolites in water/surfactant/organic solvent 

Usually, zeolites are prepared in an alkaline water solution containing Si and Al sources, 
and alkaline metal ions (sodium or potassium). In the synthesis of some types of zeolite, an 
organic structure directing agent (OSDA), such as an ammonium alkyl cation, is also 
necessary to form the zeolite framework. The water solutions containing these inorganics 
and OSDA are poured into a Teflon-sealed stainless steel bottle and heated to a desirable 
temperature.  
In some types of zeolites (e.g. MFI and MOR), crystal nucleation occurs first, followed by the 
growth of the zeolite, with the nucleation simultaneously continuing to occur during the 
growth stage. One method to prepare nano-crystalline zeolite is the stoppage of the 
hydrothermal treatment when the nucleation occurs. However, because unreacted Si and Al 
species still remain in the solution, an amorphous phase tends to form on the surface of the 
zeolite crystals. Another method is increasing the nucleation rate by increasing the 
concentrations of the Si and Al sources. With increasing nucleation rate, the crystal size of 
the zeolite decreases. However, the zeolite thus obtained has a broad size distribution due to 
simultaneous nucleation and crystal growth during the hydrothermal treatment. 
Accordingly, in order to obtain nano-crystalline zeolites, it is important to separate the 
nucleation and growth stages. Recently, there has been growing interest in the synthesis of 
nano-crystalline zeolites with the addition of surfactants, including 
water/surfactant/organic mixture (Kuechl et al., 2010; Naik et al., 2002; Lee et al., 2005; Tago 
et al., 2004, 2009a, 2009b) (emulsion method), with research focused on size and morphology 
control, because these parameters affect the performance in applications, such as separation 
and catalytic reactions. Because surfactant molecules that have hydrophobic and 
hydrophilic organic groups in the molecules are adsorbed on a solid surface in a solvent, the 
interface energy difference between the solid surface and solvent can be reduced, leading to 

 

enhancement of nucleation of metal and/or metal oxide nano-particles. In the emulsion 
method, the surfactant adsorption effect is applied to prepare nano-crystalline zeolites.  
In general, there are four types of surfactants, anionic, cationic, nonionic, and bipolar 
surfactants. A nonionic surfactants; Polyoxyethylene(15)oleylether (O-15), 
polyoxyethylene(15)nonylphenylether (N-15), and poly(oxyethylene)(15)cethylether (C-15), 
and ionic surfactants, sodium bis(2-ethylhexyl) sulfosuccinate (AOT) and cetyltrimethyl 
ammonium bromide (CTAB), are  employed. (Figure 2) Cyclohexane or 1-hexanol is used as 
an organic solvent.  
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Fig. 2. Typical molecular structures of surfactants. 
 
In the emulsion method, two solutions are prepared, one is a water solution containing Si 
and Al sources obtained by hydrolyzing metal alkoxide with a dilute OSDA/water solution, 
and the other is a surfactant/organic solvent. The concentrations of the Si and Al sources in 
the water solution and the molar ratio of Si to the OSDA as well as types of the OSDA are 
very important factors in preparing zeolite crystals. In the case of MFI, 
tetrapropylammoniumhydroxide (TPAOH) is used as an OSDA, and 
tetraethylammoniumhydroxide (TEAOH) is used for the preparation of MOR zeolite. 
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Fig. 2. Typical molecular structures of surfactants. 
 
In the emulsion method, two solutions are prepared, one is a water solution containing Si 
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Moreover, two additional parameters, the concentration of surfactant in the organic solvent 
and the molar ratio of water to surfactant, are important in the emulsion method. These 
parameters affect the morphology and crystal sizes.  
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Hydrothermal treatment
Heated to 100℃～150℃
for 24 h~120 h

Washed, Dry, Calcination

Stirred at 50℃ for 1h

Alkoxide(SiO2, Al2O3)
OSDA/H2O

 
 

Fig. 3. Preparation procedure for nano-crystalline zeolite by the emulsion method. 
 
The water solution thus obtained is added to the surfactant-organic solvent, and the mixture is 
magnetically stirred at 323 K for 1 h. The water/surfactant/organic solvent mixture is then 
placed in a Teflon-sealed stainless steel bottle, heated to 373 ~ 423 K, and held at the desired 
temperature for 12 ~ 120 h with stirring to yield zeolite nanocrystals. The precipitate thus 
obtained is centrifuged, thoroughly washed with propanol, dried at 100 ºC overnight, and 
calcined under an air flow at 500 ºC to remove the surfactant and the OSDA molecules. After 
the air calcination, the weight of the sample is measured to calculate the zeolite yield (Figure 3).  
 
2.1 Effect of ionicity of surfactant on preparation of MFI zeolite nanocrystals 
The morphologies of the silicalite-1 (MFI zeolite) nanocrystals prepared using various 
surfactants were investigated under conditions of TOES concentration of 0.63 or 2.73 mol/L, 
hydrothermal temperature of 140 or 100 ºC and concentration of surfactant in organic 
solvent (solution B) of 0.50 mol/L.  Figures 4 and 5 show X-ray diffraction (XRD) patterns 
and FE-SEM images of the obtained samples, respectively.   
In the XRD pattern for the sample prepared in the AOT/cyclohexane solution, peaks 
corresponding to sodium sulfate rather than silicalite-1 are seen. Moreover, the sample 
showed an irregular morphology. In this case, the TPA-OH molecules cannot act as an 
OSDA in the synthetic solution.  This result is ascribed to the fact that the surfactant of AOT 
and the OSDA of TPA-OH have opposite ionic charges.   

 

When using CTAB/1-hexanol, the silicalite-1 crystals, which are approximately 1.0 µm in 
size, are embedded in the amorphous SiO2 as seen from SEM observations. The coexistence 
of silicalite-1 crystals and amorphous SiO2 is revealed by the X-ray diffraction analysis.  
Since the pH of the synthetic solution is alkaline, the surface of the SiO2 produced by 
hydrolysis of TEOS has a negative charge.  Accordingly, it is considered that CTAB and 
TPA-OH are independently adsorbed on the surface of SiO2 because of their cationic 
ionicity. Therefore, the SiO2 species that adsorb TPA-OH and CTAB change into silicalite-1 
crystals and amorphous SiO2, respectively.   
In the case of the nonionic surfactants, C-15, NP-15 and O-15 (the nonionic 
surfactant/cyclohexane system), the XRD patterns of the samples showed peaks 
corresponding to pentasile-type zeolite (the reference silicalite-1), and mono-dispersed 
silicalite-1 nano-crystals were obtained, as seen from SEM observations. In contrast, the 
silicalite-1 crystal prepared in water (without a surfactant) shows a heterogeneous structure 
with smaller crystals (diameter of approximately 30 nm) on a larger one (approximately 120 
nm), indicating that nucleation, crystallization and crystal growth occurred simultaneously. 
These results indicate that the ionicity of the hydrophilic groups in the surfactant molecules 
plays an important role in the formation and crystallization processes of the silicalite-1 
nanocrystals. Since the aggregation of the silicalite-1 nuclei are inhibited by the adsorbed 
surfactants on the surface during hydrothermal treatment, mono-dispersed nanocrystals can 
be prepared. 
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Fig. 4. X-ray diffraction patterns of samples prepared in water/surfactant/organic solvent. 
Effects of ionicity of the surfactant on crystallinity of MFI zeolite (Silicalite-1). 

www.intechopen.com



Zeolite nanocrystals - synthesis and applications 195

 

Moreover, two additional parameters, the concentration of surfactant in the organic solvent 
and the molar ratio of water to surfactant, are important in the emulsion method. These 
parameters affect the morphology and crystal sizes.  
 

Zeolite NanocrystalZeolite Nanocrystal

Surfactant/Organic Solvent

Hydrothermal treatment
Heated to 100℃～150℃
for 24 h~120 h

Washed, Dry, Calcination

Stirred at 50℃ for 1h

Alkoxide(SiO2, Al2O3)
OSDA/H2O

 
 

Fig. 3. Preparation procedure for nano-crystalline zeolite by the emulsion method. 
 
The water solution thus obtained is added to the surfactant-organic solvent, and the mixture is 
magnetically stirred at 323 K for 1 h. The water/surfactant/organic solvent mixture is then 
placed in a Teflon-sealed stainless steel bottle, heated to 373 ~ 423 K, and held at the desired 
temperature for 12 ~ 120 h with stirring to yield zeolite nanocrystals. The precipitate thus 
obtained is centrifuged, thoroughly washed with propanol, dried at 100 ºC overnight, and 
calcined under an air flow at 500 ºC to remove the surfactant and the OSDA molecules. After 
the air calcination, the weight of the sample is measured to calculate the zeolite yield (Figure 3).  
 
2.1 Effect of ionicity of surfactant on preparation of MFI zeolite nanocrystals 
The morphologies of the silicalite-1 (MFI zeolite) nanocrystals prepared using various 
surfactants were investigated under conditions of TOES concentration of 0.63 or 2.73 mol/L, 
hydrothermal temperature of 140 or 100 ºC and concentration of surfactant in organic 
solvent (solution B) of 0.50 mol/L.  Figures 4 and 5 show X-ray diffraction (XRD) patterns 
and FE-SEM images of the obtained samples, respectively.   
In the XRD pattern for the sample prepared in the AOT/cyclohexane solution, peaks 
corresponding to sodium sulfate rather than silicalite-1 are seen. Moreover, the sample 
showed an irregular morphology. In this case, the TPA-OH molecules cannot act as an 
OSDA in the synthetic solution.  This result is ascribed to the fact that the surfactant of AOT 
and the OSDA of TPA-OH have opposite ionic charges.   

 

When using CTAB/1-hexanol, the silicalite-1 crystals, which are approximately 1.0 µm in 
size, are embedded in the amorphous SiO2 as seen from SEM observations. The coexistence 
of silicalite-1 crystals and amorphous SiO2 is revealed by the X-ray diffraction analysis.  
Since the pH of the synthetic solution is alkaline, the surface of the SiO2 produced by 
hydrolysis of TEOS has a negative charge.  Accordingly, it is considered that CTAB and 
TPA-OH are independently adsorbed on the surface of SiO2 because of their cationic 
ionicity. Therefore, the SiO2 species that adsorb TPA-OH and CTAB change into silicalite-1 
crystals and amorphous SiO2, respectively.   
In the case of the nonionic surfactants, C-15, NP-15 and O-15 (the nonionic 
surfactant/cyclohexane system), the XRD patterns of the samples showed peaks 
corresponding to pentasile-type zeolite (the reference silicalite-1), and mono-dispersed 
silicalite-1 nano-crystals were obtained, as seen from SEM observations. In contrast, the 
silicalite-1 crystal prepared in water (without a surfactant) shows a heterogeneous structure 
with smaller crystals (diameter of approximately 30 nm) on a larger one (approximately 120 
nm), indicating that nucleation, crystallization and crystal growth occurred simultaneously. 
These results indicate that the ionicity of the hydrophilic groups in the surfactant molecules 
plays an important role in the formation and crystallization processes of the silicalite-1 
nanocrystals. Since the aggregation of the silicalite-1 nuclei are inhibited by the adsorbed 
surfactants on the surface during hydrothermal treatment, mono-dispersed nanocrystals can 
be prepared. 
 

10 20 30 40 50

2θ / degree

in
te

ns
ity

H2O/AOT/C6H12

H2O/CTAB/C6H13OH

H2O/C-15/C6H12

Reference Silicalite

H2O/O-15/C6H12

H2O/NP-15/C6H12

 
Fig. 4. X-ray diffraction patterns of samples prepared in water/surfactant/organic solvent. 
Effects of ionicity of the surfactant on crystallinity of MFI zeolite (Silicalite-1). 
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Nano-crystalline zeolite has a high external surface area, which is very important for use as 
heterogeneous catalysts and as seed crystals. To evaluate the crystallinity of the nanocrystals, 
X-ray diffraction patterns and Raman spectroscopy can be used. The former is based on 
elastic scattering of X-rays from structures that have long range order (zeolite crystal 
structure, types of zeolite), and the latter method can elucidate middle-range order (types of 
Si-O rings). Accordingly, the Raman spectra measurements are useful to evaluate the zeolite 
crystallinity in detail (Dutta et al., 1991; Li et al., 2000, 2001). Figure 6 shows the Raman 
spectrum of the silicalite-1 nanocrystals. The peaks in the range of 300 – 650 cm−1 are 
indicative of the type of silicon-oxygen rings present in the structure of zeolite. The 
spectrum also shows peaks around 380, 430 and 470 cm−1, which correspond to the five-, six- 
and four-member rings, respectively. These peaks are in good agreement with the peaks of 
the reference silicalite-1 prepared in water. In the structure of the MFI-type zeolite, 
continuous chains of five-member rings are connected by the four- and six-member rings. 
These results indicated that the surfaces of the nanocrystals with a diameter of 
approximately 120 and 80 nm are also well-crystallized without amorphous SiO2. 
 

 
 

Fig. 5. FE-SEM micrographs of samples prepared in water/surfactant/organic solvent. 
Effects of ionicity of the surfactant on crystallinity of MFI zeolite (Silicalite-1).  
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Fig. 6. Raman spectrum of the nanocrystals. 

 
2.2 Preparation of MOR zeolite by the emulsion method  
In the preparation of MFI zeolite nanocrystals by the emulsion method, since the non-ionic 
surfactant is revealed to be the appropriate surfactant to prepare nano-crystalline zeolite, 
this method is applied to prepare MOR zeolite nanocrystals as well. First, the effects of the 
hydrothermal time on the crystallinity of MOR zeolite prepared in water/O-15/cyclohexane 
are examined. The concentrations of Si in a water solution and a surfactant in cyclohexane 
are 0.75 and 0.5 mol/L, respectively, and the hydrothermal temperature is 423 K. Figure 7 
shows the X-ray diffraction patterns of MOR zeolite prepared using the emulsion method 
with different hydrothermal times. The X-ray diffraction patterns of samples prepared in the 
water solution without a surfactant (conventional method) are also shown in the figure for 
comparison.  
The samples prepared in the water solution show a broad halo pattern of SiO2 at 
hydrothermal times of 72 and 96 h, and show peaks corresponding to MOR zeolite as well 
as BEA zeolite (beta-type zeolite) at 120 h. In contrast, as compared to the sample prepared 
in the water solution, though an amorphous pattern is observed from the sample prepared 
at a hydrothermal time of 72 h, the samples at hydrothermal times of 96 and 120 h show 
peaks corresponding to MOR zeolite. Moreover, peaks ascribable to other types of zeolite, 
e.g. MFI and BEA, cannot be detected. Because hydrolysis of the Si (tetraethylorthosilicate) 
and Al (aluminum-tri-isopropoxide) sources should be completed during the preparation of 
water solution containing Si, Al, and the OSDA molecules (TEA-OH), the appearance of the 
diffraction peaks corresponding to MOR zeolite after 96 h indicates that the MOR zeolite 
precursors are prepared in the solution until approximately 72 h, followed by nucleation 
and crystal growth of MOR zeolite. Accordingly, MOR and MFI zeolites can be prepared in 
water/surfactant/organic solvent. Sizes control by the emulsion method is next examined. 
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2.2 Preparation of MOR zeolite by the emulsion method  
In the preparation of MFI zeolite nanocrystals by the emulsion method, since the non-ionic 
surfactant is revealed to be the appropriate surfactant to prepare nano-crystalline zeolite, 
this method is applied to prepare MOR zeolite nanocrystals as well. First, the effects of the 
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with different hydrothermal times. The X-ray diffraction patterns of samples prepared in the 
water solution without a surfactant (conventional method) are also shown in the figure for 
comparison.  
The samples prepared in the water solution show a broad halo pattern of SiO2 at 
hydrothermal times of 72 and 96 h, and show peaks corresponding to MOR zeolite as well 
as BEA zeolite (beta-type zeolite) at 120 h. In contrast, as compared to the sample prepared 
in the water solution, though an amorphous pattern is observed from the sample prepared 
at a hydrothermal time of 72 h, the samples at hydrothermal times of 96 and 120 h show 
peaks corresponding to MOR zeolite. Moreover, peaks ascribable to other types of zeolite, 
e.g. MFI and BEA, cannot be detected. Because hydrolysis of the Si (tetraethylorthosilicate) 
and Al (aluminum-tri-isopropoxide) sources should be completed during the preparation of 
water solution containing Si, Al, and the OSDA molecules (TEA-OH), the appearance of the 
diffraction peaks corresponding to MOR zeolite after 96 h indicates that the MOR zeolite 
precursors are prepared in the solution until approximately 72 h, followed by nucleation 
and crystal growth of MOR zeolite. Accordingly, MOR and MFI zeolites can be prepared in 
water/surfactant/organic solvent. Sizes control by the emulsion method is next examined. 
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Fig. 7. X-ray diffraction patterns of MOR zeolite prepared in the emulsion method with 
different hydrothermal times. 

 
2.3 Crystal size control  
In a catalytic reaction using a zeolite, the reaction proceeds on acid sites located on the outer 
surface of the crystal as well as the inside pore surface. The crystalline zeolite affects the 
outer surface area and the diffusion length, assignable to the crystal size, for reactant 
hydrocarbons within the crystal. Accordingly, it is very important to develop preparation 
methods for zeolite nanocrystals with different crystal sizes.  
In the emulsion method, it is considered that non-ionic surfactants adsorbed on the surfaces 
of zeolite precursors induce the formation of zeolite nuclei, enhancing the nucleation of 
zeolite. Moreover, the surfactant concentration in the solution can be easily changed. 
Accordingly, the effects of varying surfactant concentration [O-15] on the morphology of 
MOR zeolite were examined. Figure 8 shows FE-SEM images of the obtained samples. The 
Si/Al ratio is 12.5. The surfactant concentrations were changed in the range from 0.5 to 0.75 

 

mol/L. Interestingly, the crystal size and morphology depended on the surfactant 
concentration, regardless of the same concentrations of the Si and Al sources, and template 
in the water solution. MOR zeolite nanocrystals with an average size of approximately 80 
nm were obtained at a surfactant concentration of 0.5 mol/L. As the concentration increased 
to 0.65 mol/L, growth of MOR zeolite with column-like morphology is observed, and the 
crystal size reached ~1.0 μm at 0.75 mol/L. Figure 9 shows NH3–TPD profiles and N2 
adsorption–desorption isotherms of the obtained samples, respectively, at surfactant 
concentrations of 0.5 and 0.75 mol/L. The NH3–TPD profiles of these sample shows NH3 
desorption peaks above 600 K, ascribable to desorption of NH3 from strong acid sites of 
MOR zeolites. Moreover, these MOR zeolites show almost the same peak area. The MOR 
zeolites also show almost the same N2 adsorption–desorption isotherms, indicating that 
these zeolites exhibit almost the same surface area. Accordingly, these MOR zeolites possess 
almost the same number of acid sites, regardless of the crystal morphology.  
As discussed above, it is revealed that the surfactant in the synthetic solution induces the 
nucleation and crystallization of zeolite as compared to the conventional preparation 
method (without a surfactant). Moreover, the surfactant concentrations in the solution were 
found to influence crystal growth. The crystal morphology changed from the nano–
crystalline to large columnar crystals with increasing surfactant concentration. 
 

 
 

Fig. 8. FE-SEM micrographs of MOR zeolite with different crystal sizes.  (Tago et al., (2009b)) 
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zeolites also show almost the same N2 adsorption–desorption isotherms, indicating that 
these zeolites exhibit almost the same surface area. Accordingly, these MOR zeolites possess 
almost the same number of acid sites, regardless of the crystal morphology.  
As discussed above, it is revealed that the surfactant in the synthetic solution induces the 
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method (without a surfactant). Moreover, the surfactant concentrations in the solution were 
found to influence crystal growth. The crystal morphology changed from the nano–
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Fig. 9. NH3–TPD profiles and N2 adsorption–desorption isotherms of the MOR zeolite with 
different crystal sizes. (Tago et al., (2009b)) 
 
2.4 Mechanism 
In order to consider the mechanism of zeolite nanocrystals formation in 
water/surfactant/organic solvent, it is necessary to investigate the relationship between the 
ionicity of the surfactant and the template molecule, and the ionic charges of the surface of 
SiO2 and/or zeolite precursor in detail.   
In the method, the cyclohexane used as the organic solvent contributes to stabilization of the 
hydrophobic group of the surfactant. The effects of the ionicity of the hydrophilic group of 
the surfactant on the morphology and crystallinity of the obtained silicalite-1 zeolite 
nanocrystals are described above.  
In an anionic surfactant (e.g. sodium bis(2-ethylhexyl) sulfosuccinate, AOT), because the 
surfactant of AOT has opposite ionic charges to the OSDA molecules, the OSDA cannot act as a 
structure-determining agent in the synthetic solution. Accordingly, in the relationship between 
the ionicity of the surfactant and OSDA molecules, a surfactant without electrostatic affinity to 
the OSDA molecules is needed for the preparation of zeolite crystals. In a cationic surfactant (e.g. 
cetyltrimethyl ammonium bromide, CTA-Br), the molecular structure is similar to that of the 
OSDA. Moreover, since the surface charge of the SiO2 and/or zeolite precursor is negative, the 
surfactant molecules of CTA+ with cationic hydrophilic group can be adsorbed on the surface, 
followed by the formation of amorphous SiO2. In contrast, in the case of nonionic surfactants, 
MOR as well as MFI zeolite nanocrystals can be obtained.  
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Fig. 10. A schematic showing the possible relationship between the surfactant and the 
zeolite surface. (Tago et al., (2009b)) 
 
A schematic figure showing the possible relationship between the surfactant and the zeolite 
surface is shown in Fig. 10. The hydrophilic group of the surfactant O-15 is composed of 
poly-oxyethylene chains, making it a non-ionic surfactant. The surface of the zeolite 
precursor and crystal is composed of a hydrophobic surface (-Si-O-Si-) and hydrophilic 
silanol groups (-O-Si-OH). The hydrophilic groups of the surfactant can be adsorbed on the 
hydrophilic silanol groups, leading to stabilization of the silanol groups. On the 
hydrophobic surface, hydrophobic hydration occurs in the conventional preparation 
method without a surfactant (Burkett & Davis, 1994, 1995; De Moor, 1999a, 1999b). It is 
considered that the hydrophilic groups of the surfactant are adsorbed onto the water 
molecules hydrophobically-hydrated on the zeolite surface. Moreover, because the 
hydrophilic property of the poly-oxyethylene chains in the surfactant is much smaller than 
that in water, it is considered that the hydrophilic poly-oxyethylene chains can be directly 
adsorbed onto the zeolite surface due to their higher affinity to the zeolite surface than water 
molecules. These adsorbed surfactants can contribute to the stabilization of the surface of 
zeolite precursor and crystals, which will influence the nucleation rate of zeolite, so that the 
MOR zeolite nanocrystals can be obtained.  
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Fig. 9. NH3–TPD profiles and N2 adsorption–desorption isotherms of the MOR zeolite with 
different crystal sizes. (Tago et al., (2009b)) 
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In order to consider the mechanism of zeolite nanocrystals formation in 
water/surfactant/organic solvent, it is necessary to investigate the relationship between the 
ionicity of the surfactant and the template molecule, and the ionic charges of the surface of 
SiO2 and/or zeolite precursor in detail.   
In the method, the cyclohexane used as the organic solvent contributes to stabilization of the 
hydrophobic group of the surfactant. The effects of the ionicity of the hydrophilic group of 
the surfactant on the morphology and crystallinity of the obtained silicalite-1 zeolite 
nanocrystals are described above.  
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surfactant of AOT has opposite ionic charges to the OSDA molecules, the OSDA cannot act as a 
structure-determining agent in the synthetic solution. Accordingly, in the relationship between 
the ionicity of the surfactant and OSDA molecules, a surfactant without electrostatic affinity to 
the OSDA molecules is needed for the preparation of zeolite crystals. In a cationic surfactant (e.g. 
cetyltrimethyl ammonium bromide, CTA-Br), the molecular structure is similar to that of the 
OSDA. Moreover, since the surface charge of the SiO2 and/or zeolite precursor is negative, the 
surfactant molecules of CTA+ with cationic hydrophilic group can be adsorbed on the surface, 
followed by the formation of amorphous SiO2. In contrast, in the case of nonionic surfactants, 
MOR as well as MFI zeolite nanocrystals can be obtained.  

 

Si
O

Si

O Si
O OO O

SiSiSiSi

(CH2CHO)
H

O

(CHCH2O)
H

(CH 2C
HO)

H

Hydrophilic group

Direct adsorption on hydrophobic 
surface (–Si-O-Si-)

Si
O

Si

O Si
O OO O

SiSiSiSi

(CH2CHO)
H

O

(CHCH2O)
H

(CH 2C
HO)

H

Hydrophilic group

Si
O

Si

O Si
O OO O

SiSiSiSi

(CH2CHO)
H

O

(CHCH2O)
H

(CH 2C
HO)

H(CH 2C
HO)

H

Hydrophilic group

Direct adsorption on hydrophobic 
surface (–Si-O-Si-)

Adsorption on hydrophilic 
surface (–Si-OH)

Si
HO

O Si
OO O

Al

AlSiSi

OH

Hydrophilic group（poly-oxyethylene chain）

(CHCH2O)
H(CHCH2O)

H

Adsorption on hydrophilic 
surface (–Si-OH)

Si
HO

O Si
OO O

Al

AlSiSi

OH

Hydrophilic group（poly-oxyethylene chain）

(CHCH2O)
H(CHCH2O)

H

Si
HO

O Si
OO O

Al

AlSiSi

OH

Hydrophilic group（poly-oxyethylene chain）

(CHCH2O)
H(CHCH2O)

H
(CHCH2O)

H

Adsorption on hydrophobic 
hydrating water

Si
O

Si

O Si
O OO O

SiSiSiSi

O
H

O
HH

O
H

H
O

H
H

OH

(CH2CH2O) (CH2CHO)
H

Hydrophilic group

Adsorption on hydrophobic 
hydrating water

Si
O

Si

O Si
O OO O

SiSiSiSi

O
H

O
HH

O
H

H
O

H
H

OH

(CH2CH2O) (CH2CHO)
H

Hydrophilic group

Si
O

Si

O Si
O OO O

SiSiSiSi

O
H

O
HH

O
H

H
O

H
H

OH

(CH2CH2O) (CH2CHO)
H

Si
O

Si

O Si
O OO O

SiSiSiSi

O
H

O
H H

O
HH

O
H

H
O

H
H

O
H

H
OH

H
OH

(CH2CH2O) (CH2CHO)
H

Hydrophilic group

 
Fig. 10. A schematic showing the possible relationship between the surfactant and the 
zeolite surface. (Tago et al., (2009b)) 
 
A schematic figure showing the possible relationship between the surfactant and the zeolite 
surface is shown in Fig. 10. The hydrophilic group of the surfactant O-15 is composed of 
poly-oxyethylene chains, making it a non-ionic surfactant. The surface of the zeolite 
precursor and crystal is composed of a hydrophobic surface (-Si-O-Si-) and hydrophilic 
silanol groups (-O-Si-OH). The hydrophilic groups of the surfactant can be adsorbed on the 
hydrophilic silanol groups, leading to stabilization of the silanol groups. On the 
hydrophobic surface, hydrophobic hydration occurs in the conventional preparation 
method without a surfactant (Burkett & Davis, 1994, 1995; De Moor, 1999a, 1999b). It is 
considered that the hydrophilic groups of the surfactant are adsorbed onto the water 
molecules hydrophobically-hydrated on the zeolite surface. Moreover, because the 
hydrophilic property of the poly-oxyethylene chains in the surfactant is much smaller than 
that in water, it is considered that the hydrophilic poly-oxyethylene chains can be directly 
adsorbed onto the zeolite surface due to their higher affinity to the zeolite surface than water 
molecules. These adsorbed surfactants can contribute to the stabilization of the surface of 
zeolite precursor and crystals, which will influence the nucleation rate of zeolite, so that the 
MOR zeolite nanocrystals can be obtained.  
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Three-dimensional cylindrical networks of the micellar structure composed of water and 
surfactant molecules likely exist in water/O-15/cyclohexane solvent, wherein silica-based 
cylindrical (Matsune et al., 2006) and spherical (Tago et al., 2002, 2003; Takenaka et al., 2007) 
materials including metal and/or metal-oxide nano-particles are obtained at 323 K. These 
networks lead to an increase in the viscosity of the solvent. Though the reaction temperature 
of 323 K is different from the hydrothermal temperature, the viscosity of the zeolite 
synthetic solution is thought to be high. It is considered that the viscosity of the solvent 
affected the nucleation rate and diffusion of silicate species. However, since the yields of 
zeolite are above 80%, the diffusion of silicate species in the solution is likely not a rate-
limiting step to form zeolite nanocrystals, and thus the viscosity affects the nucleation rate. 
Moreover, as the surfactant concentration is increased, the excessive stabilization of the 
precursors and the high viscosity of the solution lead to a decrease in the nucleation rate of 
zeolite. Since the growth rate of the crystal is much higher than the nucleation rate, 
crystalline growth of the MOR zeolite is dominant at high surfactant concentrations, so that 
column-like crystals with a large size are obtained. Accordingly, the surfactant can play an 
important role in the nucleation and crystal growth of the MFI and MOR zeolite prepared in 
the water/surfactant/organic solvent (emulsion method), and the crystal size and 
morphology can be controlled by the surfactant concentration.  

 
3. Applications of nanocrystals 

3.1 Heterogeneous catalytic reaction over zeolite nanocrystals 
The acid sites in zeolites are located on the external and internal surfaces. In nano-crystalline 
zeolite, the external surface area of the crystal increases and the diffusion length for reactant 
hydrocarbons, assignable to the crystal size, decreases as the crystal size decreases. Due to 
these favorable properties, nano-crystalline zeolites have been used as heterogeneous 
catalysts.  
Zeolites exhibit a molecular sieving effect for lighter hydrocarbons, hence, the hydrocarbon 
molecules with sizes larger than the pore mouth size are mainly adsorbed on the external 
surface. Accordingly, an increase in the external surface area is effective for increasing 
catalytic activity. Song et al. (2004a, 2004b) reported the preparation of nano-crystalline MFI 
zeolites and they evaluated the effects of crystal size on external surface area and adsorption 
properties of toluene on the zeolite. Since the molecular size of toluene is almost the same as 
the pore mouth size in MFI zeolite, the external surface area, which is a function of the 
crystal size, affects the adsorption capacity for toluene. Zeolites with crystal sizes less than 
100 nm have a higher adsorption capacity for toluene. Botella et al. (2007) have reported the 
Beckmann rearrangement reaction over nanosized BEA zeolite where the reactions mainly 
proceed on the external surface of zeolite. Serrano et al. (2005) have reported catalytic 
cracking of polyolefins over nano-crystalline MFI zeolite. Because the molecular size of 
polyolefins is larger than the pore size, cracking of polyolefins mainly occurs over the acid 
sites on the external surface, while the formation of lighter olefins proceeds on the internal 
pore surface. Jia et al. (2010) have reported dehydration of glycerol to produce acrolein over 
nano-sized MFI zeolite. Since the hydrophilic glycerol molecules are strongly adsorbed on 
the external surface of the zeolite, nano-crystalline MFI zeolite is effective for this reaction 
due to the high surface area. In these reports listed above, the increase in the external surface 
area of the zeolite nanocrystal is important to improve the catalytic activity and lifetime.  

 

In contrast, Sakthivel et al. (2009) have reported the isomerization/cracking of hexane over 
nano-sized BEA zeolite. Since the molecular size of hexane is smaller than the pore size of 
MFI zeolite, the cracking reaction proceeds mainly on the acid sites located inside pores. 
Moreover, the small crystal size of BEA zeolite leads to low diffusion resistance of the 
reactant hexane and the products. Serrano et al. (2010) have reported epoxide rearrangement 
reactions over MFI zeolite, where the high external surface area and low diffusion resistance 
within the micropores due to the small zeolite crystal size enhance the rearrangement 
reaction without diffusion restriction of the epoxide molecules.   
MFI zeolites are effective catalysts to synthesize lighter olefins by the methanol-to-olefin 
(MTO) reaction and acetone conversion to olefin. In these olefin syntheses, selective 
formation of lighter olefins occurs due to the molecular sieving effect of the zeolite. 
However, when the reaction of the hydrocarbon occurs over acid sites located on the 
external surface of zeolite crystals, this results in a non-shape-selective reaction as well as 
coke deposition, leading to short lifetimes for the catalyst. These undesirable phenomena 
will be accelerated in nano-crystalline zeolites because of their large external surface areas. 
Accordingly, a method for selective deactivation of acid sites located on the external surface 
of zeolite crystals is desired in order to prevent these undesirable reactions. Masuda et al. 
(2001) have reported a method called the “catalytic cracking of silane method”, in which 
SiO2 units are formed selectively on the acid sites of the zeolite using organic silane 
compounds. Tago et al. (2009c) have reported that the yields of lighter olefins such as 
ethylene and propylene are increased over the selectively de-activated MFI zeolite.  

 
3.2 Structured materials composed of zeolite nanocrystals 
Since the nano-crystalline zeolites have large external surface areas, they are potential 
candidates for seed crystals from which a structured material can be prepared. Moreover, 
the micro- and meso-pores formed in nano-crystalline zeolites are characteristic of the 
structured materials. Accordingly, design of the micro- and meso-pores is important. 
Serrano et al. have reported the preparation of micro-, meso-, and macroscopic hierarchical 
materials composed of nano-crystalline zeolites. They prepared hybrid zeolitic-mesoporous 
materials with the properties of both MCM-41 and MFI zeolite using zeolite seeds by 
assembling around cetyltrimetyl ammonium bromide micelles. Moreover, they have also 
developed other methods to fabricate hierarchical materials using organosilane bonded 
zeolite nanocrystals, where the degree of aggregation of the zeolite can be controlled.  
Nano-crystalline zeolites have been used as seed crystals for zeolite membranes. Since the 
pore spaces and pore sizes in the crystals represent a very important factor, affecting 
membrane performances (Hasegawa et al., 2007), nano-crystalline zeolite crystals are useful 
as seed crystals. In the preparation of zeolite membranes, after the deposition and/or 
seeding of the nano-crystalline zeolites on the base materials, secondary growth of the 
zeolite was carried out by a hydrothermal treatment (Kita et al., 1995; Kondo et al., 1997). 
Wang et al. (2002) have reported nano-structured zeolite 4A membranes, wherein nano-
crystalline zeolites 4A were seeded on an alumina filter by a dip-coating method. Hasegawa 
et al. (2006) and Tago et al. (2008) have reported Silicalite-1 nanocrystal-layered membranes, 
where the Silicalite-1 nanocrystals are piled up on an alumina filter, followed by 
hydrothermal synthesis to form a Silicalite-1 layer on the nanocrystal layer. In these 
membranes, the thickness of the nanocrystal layer (amount of nano-crystalline zeolite used 
as seed crystals) can be easily changed, so that the separation properties of these membranes 
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networks lead to an increase in the viscosity of the solvent. Though the reaction temperature 
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synthetic solution is thought to be high. It is considered that the viscosity of the solvent 
affected the nucleation rate and diffusion of silicate species. However, since the yields of 
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will be accelerated in nano-crystalline zeolites because of their large external surface areas. 
Accordingly, a method for selective deactivation of acid sites located on the external surface 
of zeolite crystals is desired in order to prevent these undesirable reactions. Masuda et al. 
(2001) have reported a method called the “catalytic cracking of silane method”, in which 
SiO2 units are formed selectively on the acid sites of the zeolite using organic silane 
compounds. Tago et al. (2009c) have reported that the yields of lighter olefins such as 
ethylene and propylene are increased over the selectively de-activated MFI zeolite.  

 
3.2 Structured materials composed of zeolite nanocrystals 
Since the nano-crystalline zeolites have large external surface areas, they are potential 
candidates for seed crystals from which a structured material can be prepared. Moreover, 
the micro- and meso-pores formed in nano-crystalline zeolites are characteristic of the 
structured materials. Accordingly, design of the micro- and meso-pores is important. 
Serrano et al. have reported the preparation of micro-, meso-, and macroscopic hierarchical 
materials composed of nano-crystalline zeolites. They prepared hybrid zeolitic-mesoporous 
materials with the properties of both MCM-41 and MFI zeolite using zeolite seeds by 
assembling around cetyltrimetyl ammonium bromide micelles. Moreover, they have also 
developed other methods to fabricate hierarchical materials using organosilane bonded 
zeolite nanocrystals, where the degree of aggregation of the zeolite can be controlled.  
Nano-crystalline zeolites have been used as seed crystals for zeolite membranes. Since the 
pore spaces and pore sizes in the crystals represent a very important factor, affecting 
membrane performances (Hasegawa et al., 2007), nano-crystalline zeolite crystals are useful 
as seed crystals. In the preparation of zeolite membranes, after the deposition and/or 
seeding of the nano-crystalline zeolites on the base materials, secondary growth of the 
zeolite was carried out by a hydrothermal treatment (Kita et al., 1995; Kondo et al., 1997). 
Wang et al. (2002) have reported nano-structured zeolite 4A membranes, wherein nano-
crystalline zeolites 4A were seeded on an alumina filter by a dip-coating method. Hasegawa 
et al. (2006) and Tago et al. (2008) have reported Silicalite-1 nanocrystal-layered membranes, 
where the Silicalite-1 nanocrystals are piled up on an alumina filter, followed by 
hydrothermal synthesis to form a Silicalite-1 layer on the nanocrystal layer. In these 
membranes, the thickness of the nanocrystal layer (amount of nano-crystalline zeolite used 
as seed crystals) can be easily changed, so that the separation properties of these membranes 
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can be controlled (Hedlund, et al., 1999; Pera-Titus et al., 2005). Moreover, because the zeolite 
crystals are seed crystals for the membranes, the separation properties of the membranes are 
improved with decreasing crystal sizes of the zeolite.  

 
4. Conclusions 

Zeolites are being used extensively in industrial processes such as heterogeneous catalysts 
and adsorbents. Nano-crystalline zeolites have large external surface areas as well as low 
diffusion resistance. Accordingly, control of the crystal size and the tailoring the mesopores 
and macropores among the crystals are important factors for applications of these 
nanocrystals. In order to obtain nano-crystalline zeolites, it is important to separate the 
nucleation and growth stages. The addition of a surfactant into synthetic solutions of 
zeolites is a promising method to control the crystal size and improve the crystallinity due 
to adsorption of the surfactant on the zeolite surface.  
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can be controlled (Hedlund, et al., 1999; Pera-Titus et al., 2005). Moreover, because the zeolite 
crystals are seed crystals for the membranes, the separation properties of the membranes are 
improved with decreasing crystal sizes of the zeolite.  
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