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Chapter 3. Expérimental 

3.1. Synthesis 

A number of methods were studied in this thesis. The préparation of a clear gel 

solution was the first step of ail thèse methods. The obtained solutions were then processed 

in différent procédures depending on the method applied. The use of the same starting 

solution among thèses methods can provide an easy comparison between them (Figure 3.1). 
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Figure 3.1. Methods studied for the synthesis of nanozeolites 

3.1.1. Préparation of clear zeolite gel solution 

Silicalite-1 

In a typical recipe according to Trong-On et al. [120], 14 g of tetrapropylammonium 

hydroxide (TPAOH) 20% in water was added to 7.8 g of tetraethylorthosilicate Si(OC2H5)4. 

The mixture was stirred vigorously for 24 h at room température. The molar gel 

composition was: 2.68 Si02 : 1 TPAOll : 168 H20. 
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The préparation of clear synthesis solution for FAU nanozeolites followed Mintova 

et al. [47]. First a 38.4 g solution of NaOH 0.05 N (Fischer) was diluted with 121.6 g H20. 

Then 52.3 g tetramethylammonium hydroxide solution (Aldrich, 25% in water) and 12.5 g 

of aluminium isopropoxide, Al(iPr)3, (Aldrich, 98%) were added in that order, and stirred 

vigorously until the solution became clear. To this solution 21.66 g of 

tetraethylorthosilicate was added. This clear solution was aged for 3 days under vigorous 

stirring at room température. The final molar composition was: 2.46 (TMA)20 : 0.032 

Na20 : 1 A1203 : 3.4 Si02 : 370 H20. 

3.1.2. Synthesis of nanozeolites using a clear gel solution in aqueous 
médium (conventional method) 

In this method, a Teflon-lined stainless steel autoclave (Figure 3.2) was employed 

to perform the crystallization under hydrothermal conditions. Before use, the Teflon beaker 

was cleaned by immersing in hydrofluoric acid (HF, 20%) for 24 h, and then washed with 

distilled water. This is removing the crystalline residue on the surface of the Teflon beaker 

from previous synthesis. After being filled with the prepared clear solution, the autoclave 

was complctely sealed and heated in a convection oven at desired température. 

For the synthesis of silicalite-1, the température was 100 °C and the crystallization 

time was 24 h, whereas, for that of FAU zeolites, the température and crystallization time 

were 100 °C and 6 days, respectively. 

The solid product was recovered by centrifugation at the speed of 20.000 rpm for 1 

h, washed several times with distilled water, dried over night at 80 °C, and calcined in air at 

550 °C for 8 h. 

In this thesis the zeolites produced using this method were referred to as référence 

samples or nanozeolites synthesized using the conventional method. 
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Figure 3.2. Scheme of the autoclave: (1) a cylindrical stainless steel vessel, (2) a Tefion 
cylindrical beaker, (3) a flat Tefion cover for closing the Tefion beaker, (4) a flat stainless 

steel cover which was tightened up to part (1) by six screws [121] 

3.1.3. Synthesis of nanozeolites in organic médium 

3.1.3.1. Synthesis of nanozeolites using the single-phase method 

The procédure consists of the following steps: 

(i) Preparing a clear zeolite gel solution. This clear gel was heated at 80 °C for 12 hours 

to produce zeolite seeds. 



50 

(ii) To this clear zeolite gel solution, an organic solvent containing organosilanes was 

added and stirred for several hours at 40-100 °C. 

(iii) After 12 h of stirring, a homogeneous mixture clear to naked eyes was observed. 

This mixture was transferred into an autoclave and then heated at the desired température 

for crystallization. 

(iv) After the crystallization, the resulting nanozeolite product was recovered by 

centrifugation and then washed with ethanol and water for several times. The product was 

then dried at 80 °C for 24 hours and calcined at 550 °C for 5 hours. 
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Figure 3.3. Schematic représentation of the single-phase synthesis method 

Typically, 10 g of zeolite gel solution was added to 500 ml of a solution of toluène 

containing n-butanol (30% wt) and hexadecyltrimethoxysilane. The organosilane was in a 



proportion of less than 10% mol in regards to the silica content in the gel. After vigorous 

stirring at 60 "C for 48 h a mixture clear to naked eyes was obtained. This mixture was then 

transferred to an autoclave for further hydrothermal treatment at 150 "C for 3 days and 170 

°C for 1 day for faujasite and silicalite-1, respectively. 

3.1.3.2. Synthesis of nanozeolites using the two-phase method 

The procédure consists of the following steps (Figure 3.4): 

i) Preparing a clear zeolite gel solution. This clear solution was heated at 80 °C for 

12 hours to produce zeolite seeds. 

ii) To this clear solution, an organic solvent (such as n-octane, toluène, etc.) 

containing oganosilanes (for example, hexadecyltrimethoxysilane) in an organic solvent 

was added. The organosilane was in proportion of less than 10% mol with respect to the 

silica content in the gel. Since the solvent is insoluble in water, a two-phase system was 

obtained and was stirred for 12 hours at 80 °C. 

iii) The two-phase mixture was transferred into an autoclave and then heated at 

elevated température (100-200 °C) for crystallization. 

iv) After the crystallization, the organic phase containing organosilane-

functionalized nanozeolite was extracted. In the organic phase, the resulting nanozeolite 

product was recovered by centrifugation and then washed with ethanol and water for 

several times. The product was then dried at 80 °C for 24 hours and calcined at 550 "C for 5 

hours. 

For the synthesis of nanosilicalite-1, typically, 21.8 g of clear zeolite gel solution 

was heated at 80 °C for 12 h, the obtained solution was added with 93 g of a solution of 

toluène containing 1.22% wt hexadecyltrimethoxysilane, resulting in a two-phase mixture. 

After stirring for 12 hours at 60 °C, the organic phase mixture was extracted and transferred 

into an autoclave, then heated at 170 "C for 24 hours. 
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Figure 3.4. Schematic représentation of the two-phase synthesis method 
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3.1.4. Préparation of nanozeolites containing silica 

Two types of silica containing zeolites which had the zeolite content of 20 %wt and 

50% wt respectively were prepared. Thèse two samples were referred to as nano-faujasite-

20 and nano-faujasite-50, respectively. Typically, for the synthesis of silica containing 

20%wt zeolite, 30 g of distilled water was added with 100 g of ethanol (Aldrich 98%) 

under stirring. Next, 14.16 g of TEOS (Aldrich, 98%) was added and stirred until the 

solution became clear. Subsequently, 1 g of FAU nanozeolite, which was prepared using 

the conventional method discussed in section 3.1.2, was added. The obtained mixture was 

then heated at 80 °C with reflux under vigorous stirring overnight. The product was 

separated by filtration and washed with distilled water for several times, dried overnight at 

120 °C, then calcined at 550 °C for 8 h. 

3.2. Characterization 

3.2.1. FTIR Spectroscopy of Framework Vibrations 

Fourier transform infrared spectroscopy (FTIR) is the subset of spectroscopy that 

deals with the infrared part of the electromagnetic spectrum; it can be used to identify a 

compound and to investigate the composition of a sample. Typically, when a molécule is 

exposed to infra-red (IR) radiation, it absorbs spécifie frequencies of radiation. The 

frequencies which are absorbed are dépendent upon the functional groups within the 

molécule and the symmetry of the molécule. IR radiation can only be absorbed by bonds 

within a molécule, if the radiation has exactly the right energy to induce a vibration of the 

bond. This is the reason why only spécifie frequencies are absorbed. 

Infrared spectroscopy focuses on the frequency range 400 - 4000 cm"', where cm"1 

is known as wavenumber (1/wavelength), which is a unit of measure for the frequency. To 

generate the infrared spectrum, radiation containing ail frequencies in the IR région is 

passed through the sample. Those frequencies which are absorbed appear as a decrease in 

the detected signal. This information is displayed as a spectrum of percentage transmitted 

radiation plotted against wavenumber. When determining structure types of zeolites, the 
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région of 400-1400 cm" is of interest. This région contains the framework vibrations of 

zeolite structures, and stretching and bending modes of the silica-alumina TO4 tetrahedra. 

The framework vibrations of zeolite-type materials can be divided into structure insensitive 

and structure sensitive vibrations, as shown in Table 2.1 [122]. 

Table 3.1. Structure insensitive and sensitive framework vibrations of zeolites [ 122| 

Structure insensitive vibrations Wavenumber (cm"') 

Asymmetric stretching vibrations 1200- 1000 

Symmetric stretching vibrations 850 - 700 

Bending vibrations 600 - 400 

Structure sensitive vibrations Wavenumber (cm" ) 

Asymmetric stretching vibrations 1050- 1150 

Symmetric stretching vibrations 750 - 820 

Double ring vibrations 500 - 650 

Pore opening vibrations 300 - 420 

In practice, FTIR spectrometers are cheaper than conventional 1R spectrometers. In 

addition, measurement of a single spectrum is faster for the FTIR technique because the 

information at ail frequencies is collected simultaneously. 

To measure a sample, 1 mg of the sample was well-mixed with 99 mg of KBr 

powder (1 % sample in KBr) by grinding using an agate mortar and pestle. The obtained 

powder was then crushed in a mechanical die press to form a translucent wafer. Finally, the 

wafer was placed in a FTIR spectrometer for measurement. A pure KBr wafer was also 

made for the background corrections. 

3.2.2. X-ray Diffraction (XRD) 

X-ray Diffraction (XRD) is a technique in crystallography in which the pattern 

produced by the diffraction of X-rays through the closely spaced lattice of atorns in a 

crystal is recorded and then analyzed to reveal the nature of that lattice. XRD is a powerful 
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technique for determining zeolite crystal structure. Moreover, sample préparation is 

relatively easy, and the test itself is often rapid and non-destructive. 

Figure 3.5. Diffraction scheme 

The mechanism of XRD was well explained by Bragg in 1913 [123]. A crystal can 

be considered to be composed of discrète parallel planes or layers of atoms. As the wave 

enters the crystal, it will be partially reflected by the first layer of atoms, while the rest of it 

will continue through to the second layer, where the process continues [124]. The 

separately reflected waves will remain in phase if the différence in the path length of each 

wave (2dsin0) is equal to an integer multiple of the wavelength (nX) (Figure 3.5). 

2dsmû = nÂ (3.1) 

This équation is known as Bragg's law, where: 

- n is an integer, 

- X is the wavelength of x-rays, and moving électrons, protons and neutrons, 

- d is the spacing between the planes in the atomic lattice, and 

-Gis the angle between the incident ray and the scattering planes. 

Waves that satisfy this condition interfère constructively and resuit in a reflected 

wave of significant intensity, causing a peak in the pattern diffraction. 
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The pattern of powder diffraction peaks can be used to quickly identify materials 

(thanks to the zeolite pattern database [26]), and changes in peak width or position can be 

used to détermine crystal size and crystallinity [26,123] of zeolites. 

The crystallinity of zeolite can be derived from XRD as follows: 

r ♦ il- -, ro/\ Intensity of peak(ht[) sample (3.2) 
Crystallinity (%) = !—- x 100 

Intensity of peak(hkl) référence 

The référence sample is assumed to be 100% crystalline. 

The crystal size, a is calculated according to Scherer's équation [124]: 

_ 0.9U (3.3) 
û ~ J3cosd 

Where, p is the full width at half maximum of the corresponding peaks. However, 

as noticed by Jacobsen et al. [19], the largest crystals contribute more to the average size 

determined by XRD than the small crystals. Hence, crystal sizes determined from XRD of 

very small zeolite crystals are not very accurate and should be taken as fïrst approximations 

to the true crystal size. 

In a typical test, a zeolite sample was characterized by powder wide-angle XRD, 

recorded on a Siemens D5000 X-ray diffractometer using CuKa radiation (k = 1.54184 Â). 

The samples were scanned over a range of 29 values from 5 to 50° with a scan step size of 

0.02° and a scan step time of 1 s. 

3.2.3. Si Magic Angle Spinning Nuclear Magnetic Résonance 
Spectroscopy (MAS NMR) 

The 29Si MAS NMR spectroscopy now belongs to the most powerful techniques for 

the characterization of molecular sieves such as zeolites and related materials. The basis of 

this success was the invention of effective line narrowing techniques and two-dimensional 

experiments that make the détection of highly resolved solid-state NMR spectra and the 



séparation of différent spectral parameters possible. The technique allows the direct 

investigation of the framework of zeolites and related materials, of extra-framework cations 

and of the différent types of hydroxyl groups [125]. 

Lippmaa et al. were among the first to show that the chemical shifts of the Si in 

solid silicates were approximately equal to the chemical shifts of species in solution. 

Therefore it is easy to differentiate between Si(OSi)4 (Q4), (HO)Si(OSi)3 (Q3), 

(HO)2Si(OSi)2 (Q2) silicate species because the chemical shifts lie approximately 10 ppm 

apart (Q4 at -100 ppm, Q3 at -100 ppm, etc [13]). The 29Si MAS NMR technique is also 

useful when investigating the incorporation of organosilane species. Exchange of one Si-0 

bond against a Si-C bond (the transformation of a Q-silicon into a T-silicon) causes a shift 

of about 45 ppm and again there is séparation of approximately 10 ppm between the silicon 

T3 RCSi(OSi)3, T2 (RC)2(SiOSi)2 and T1 (RC)3SiOSi. Thus T3 can be found close to -110 + 

45 = -65 ppm and T1 at -65 + 20 = 45 ppm [127]. 

For measurement, 29Si MAS NMR spectra were recorded at a frequency of 59.60 

MHz using 30° puises of 3 [is duration, 2600 scans and 30 s recycle delays at room 

température on a Bruker ASX 300 spectrometer. 

3.2.4. Scanning électron microscopy (SEM) 

Scanning électron microscope (SEM) is a microscope that uses électrons rather than 

light to form an image. As the primary électron beam "scans" across the sample, the 

électrons on the surface of the sample are excited. This excitation leads to the émission of 

the secondary électron beam from the surface which produces the image. The SEM can 

produce images of high resolution, which means that closely spaced features can be 

examined at a high magnification. Images obtained from this technique can provide 

information about the surface and particle size of the samples. Préparation of the samples is 

relatively easy since most SEMs only require the sample to be conductive. In this study, a 

JEOL JSM-840 scanning électron microscope operated at 15 kV was used. 
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3.2.5. Transmission Electron Microscopy (TEM) 

Unlike the SEM technique, where électrons are detected by beam émission, 

transmission électron microscopy (TEM) make use of the électron beam that has been 

partially transmitted through the very thin (and so semitransparent for électrons) spécimen. 

This beam is detected to provide the image of the sample. TEM allows investigating the 

information about the inner structure of the spécimen as well as their particle size. 

Generally, the TEM resolution is about an order of magnitude better than the SEM 

resolution. Ail the TEM images reported in this thesis were obtained on a JEOL 2011 

transmission électron microscope. 

3.2.6. Nitrogen Adsorption/Desorption Isotherms 

Relative pressure p/pn 

Figure 3.6. Types of sorption isotherms [128] 

The isotherms of nitrogen adsorption and desorption at 77K is the technique which 

has been widely used for surface characterization of zeolites. It can provide information 

about: spécifie surface area, external surface, internai surface as well as the diameter of the 

mesopores. According to IUPAC, the isotherms are classified into six groups as shown in 

Figure 3.6. The isotherms of zeolites fall into the type I group. This group are distinguished 
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by a plateau which is nearly or quite horizontal, and which may eut the P/P0 = 1 axis 

sharply or may show a "tail" as saturated pressure is approached [128]. 

The spécifie surface area of the spécimen is derived from the isotherm using BET 

équation [129]: 

P/PO = i , c-K P <3-4) 
V(I-P/PO) vmc vmc Pa 

Where, 

- V is the volume adsorbed, 

- Vm is the volume adsorbed on a monolayer, 

- p is the pressure of the gas, 

- p0 is the saturation pressure of adsorbates at the température of adsorption, 

C is the BET constant, which is expressed by: C = exp . Ei is the heat of 
RT 

adsorption for the first layer, and EL is that for the second and higher layers and is equal to 

the heat of liquéfaction. 

Equation (3.4) can be plotted as a straight line with l/v[(P0/P) - 1] on the y-axis and 

p/po on the x-axis according to expérimental results. This plot is called a BET plot. 

Normally, the linear relationship of this équation is maintained only in the range of 0.05 < 

P/Po < 0.30. The value of the slope and the y-intercept of the line are used to calculate the 

monolayer adsorbed gas capacity Vm (reduced in standard température and pressure - STP) 

and the BET constant c. Thus the spécifie surface area S is given by: 

V ,n -> (3.5) 
S = — ^ a l x l O " 2 0 [m2/g] 

22414 "' 

where, am is the average area occupied by one molécule of adsorbate in the completed 

monolayer for nitrogen am = 16.2 Â2 and L is the Avogadro number. 
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The external surface area which strongly dépends on the particle size of zeolites is 

calculated from the isotherm using t-plot method. This method was developed by de Boer 

et al. [130, 131]. It assumes that during the adsorption when the micropores are already 

filled-up, the adsorption proceeds to occur on the external area. This stage of adsorption can 

be regarded as an adsorption on a flat surface. Then the adsorption within this pressure 

région may be described by a simple linear dependence: 

( \ 
JL amkro,mm ~"~ * • " « / ' 

f \ 
_P_ 
Poj 

(3.6) 

where: 

a 
f \ 

P_ 
KPo 

: volume adsorbed, reduced to STP, 

- amicro,m»( - volume adsorbed in saturated micropores, corresponding to the total 

volume of micropores, 

- Sext - "external" surface area; hère it is the surface area of pores larger than 

micropores, 

JL 
<Po 

estimated statistical thickness of adsorbed layer, according to Harkins et 

al. [132]: / 
\PoJ 

( 

13.99 

1/2 

0.034-log 
Po) 

- k - coefficient which dépends on units used for the values of adsorption a, layer 

thickness t and surface area Sext, e.g. for t [nm], S [m2/g] and a [cm3/g STP] we obtain: k = 

0.6489. 

The t-plot is illustrated in Figure 3.7. 
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Figure 3.7. t-plot method 

In this study, the nitrogen adsorption/desorption measurements were carried out 

using an Omnisorp-100 automatic analyser at -196 °C after degassing about 30 mg of 

calcined sample at 200 °C for at least 4 h under vacuum (10" -10"5 torr). 

3.2.7. Cracking reaction 

The reactivity of nano-faujasite-20 and nano-faujasite-50 was tested by the cracking 

reaction of 1,3,5-triisopropylbenzene (TIPB) at 530 °C. The reaction experiments were 

carried out in a novel Chemical Reactor Engineering Centre (CREC) riser Simulator [133] 

by the research group of Professor Hugo de Lasa at the Faculty of Engineering, University 

of Western Ontario, London, Ontario. The riser Simulator enables injected TIPB feedstock 

to vaporize and to come into contact and mix with fluidized catalyst throughout a 

predetermined time span. The Simulator opérâtes isothermally and at constant volume of 

the reaction mixture. A schematic diagram of this unit and its components can be seen in 

figure 3.8. 
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Figure 3.8. Schematic diagram of the CREC riser Simulator [133] 

The reaction conditions in the riser Simulator mimic the cracking conditions in 

large-scale riser reactors by matching the relative pressures of the chemical species, the 

gas-solid contact régime température, and the reaction time. The riser Simulator opérâtes in 

conjunction with a séries of sampling valves that allow for injection of the TIPB and the 

withdrawal of reaction products in short periods of time, as shown in Figure 3.9. 
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Figure 3.9. Schematic diagram of the CREC riser Simulator expérimental set-up [133] 

In détails, the conditions of the experiments were: 

- Riser Simulator was operated at 6500 rpm with an initial pressure of 25 psi. 

- The reaction time was 5 sec. 

- The reactant was 1, 3, 5 TIPB (Triisopropylbenzene) 

- Catalyst weight: 0,5 g 

- Reactant weight: 0,1 g 

Cat/Oil ratio: 5 

- Température of reaction: 530 "C 


