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Por largo que sea el camino 
siempre empieza con un paso 

 
A journey of a thousand 

miles begins with a single step. 
 

Confucio/Confucius 
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“…But you don’t understand, Osgood? 
I’m a man! 
Well, nobody is perfect.” 
 
Some like it hot, 1959. 
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1.1.  General Introduction 

Clay minerals are widespread materials not only on the Earth but also on Mars 

(McKeown et al., 2009). There are signs that people already used them many 

thousands of years ago to create pottery and decorative items. There are 

references 4500 years old from Mesopotamia in which clays were told to be 

used for therapeutic purposes like the treatment of wounds and the inhibition of 

haemorrhages. (Carretero et al., 2006). Nowadays, millions of tons of these 

minerals are used because of their applications, not only as ceramics in building, 

abrasive materials, in foundry moulds, in pharmaceuticals and beauty 

treatments, but also as catalysts, adsorbents or catalytic supports, depending on 

their properties. Even in nature, they play an important role since their amount 

determines key parameters in soils (structure, texture, water retention, fertility), 

because of their important capacity of adsorption and water retention.  

Clays are phyllosilicates the layers of which consists of M(O, OH)6 octahedral 

sheets (where M=Al3+, Mg2+, Fe3+ o Fe2+) and tetrahedral sheets mainly 

composed by Si(O, OH). In both sheets, isomorphic substitution by less charged 

cations is possible. A couple of examples can be, the hectorite, where Mg2+ is 

partially replaced by Li+ in the octahedral positions, or the saponite, where the 

Si4+ from the tetrahedral sheet, can be partially replaced by Al3+. This 

substitution provokes negative charge of layers, which is compensated by 

cations located in the interlayer space (Vaccari, 1999).  

The combination of one tetrahedral sheet and one octahedral sheet (TO), 

results in layers which form 1:1 clays like kaolinites and serpetinites, while in 2:1 

clays, layers are formed by a TOT combination (Figure 1.1-1). 

UNIVERSITAT ROVIRA I VIRGILI 
SYNTHESIS OF HECTORITES AND SAPONITES WITH MICROWAVES AND THEIR APPLICATION IN CATALYSIS AND COMPOSITES 
Isabel Vicente Valverde 
ISBN:/DL:T. 1033-2011 



 
Figure 1.1-1. Smectite as example of 2:1 clay structure. 

TOT mineral clays can be dioctahedral or trioctahedral depending on the 

quantity of occupied octahedral positions: that is 2/3 or all the positions, 

respectively (Pinnavaia, 1983). 

General formulae for dioctahedral and trioctahedral mineral clays are: 

 (Si8-xMx)T[Al4-yM'y]0(OH)4O20M''n+(x+y)/n·mH2O 

(Si8-xMx)T[Mg6-yM'y]0(OH)4O20M''n+(x+y)/n·mH2O 

Where T and O refers to tetrahedral and octahedral positions, M and M' have 

one unit of charge less than the substituted cation and M'', which has an 

oxidation estate n, is the exchangeable cation located in the interlayer space. 

Table 1.1-1 summarises general formulae and examples of different 2:1 clays.  
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Table 1.1-1. Classification of some 2:1 clay minerals. (Kloprogge et al., 1999). 

Mineral 
group 

Dioctahedral Trioctahedral 

Pyrophillite  
Talc 

Pyrophillite: (Si8.0) [Al4.0] (OH)4O20 Talc: (Si8.0) [Mg6.0] (OH)4O20 

 
Montmorillonite: 
(Si8.0) [Al4.0-xMgx] (OH)4O20Mn+x/n·mH2O 

Hectorite: 
(Si8.0) [Mg6.0-xLix] (OH.F)4O20Mn+x/n·mH2O* 

Smectites 
 X: 0.4-1.2  

Stevensite: 
(Si8.0) [Mg6.0-xVacancyx] (OH)4O20Mn+x/n·mH2O 

 
Beidellite: 
(Si8.0-xAlx) [Al4.0](OH)4O20Mn+x/n·mH2O 

Saponite: 
(Si8.0-xAlx) [Mg6.0] (OH)4O20Mn+x/n·mH2O 

 
Nontronite: 
(Si8.0-xAlx) [Mg4.0](OH)4O20Mn+x/n·mH2O  

Micas Muscovite: [Al4.0](Si6.0Al2.0)(OH)4O20K2 Flogopite: [Mg6.0](Si6.0Al2.0)(OH)4O20K2 

*In this clay some hydroxyl groups can be replaced by F¯ 

Properties of clay minerals depend on their composition and particle size. The 

specific surface area decreases as the particle size increases. The typical 

properties of smectites are the interlayer swelling (Stepkowska et al., 2004), and 

the cation exchange, which can be quantified as cation exchange capacity 

(CEC) (Bergaya and Vayer, 1997; Czímerová et al., 2006). Clays can present 

Brønsted and Lewis acidity. Brønsted acid sites are related to –OH groups, 

whereas Lewis acidity comes from interlayer cations and cations from deficiently 

coordinated layers.  

Smectites have been extensively applied in adsorption processes (Vico and 

Acebal, 2006; Zielke and Pinnavaia, 1988) from the early years of twentieth 

century. Afterwards, smectites were also applied in catalytic processes. 

(Aggarwal et al., 2006; Moreno et al. 1996; Varma, 2002). Nowadays, their use 

has risen because it is possible to design the material for a specific purpose.  
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Smectites have been applied to: 

- Organic synthesis as catalyst or catalytic supports of the following reaction 

types: condensation, oxidation, acylation, addition, isomerisation, 

oligomerisation, esterification, Friedel-Crafts, Diels-Alder, Heck, Suzuki or 

asymmetric reactions (Békássy et al., 2000, 2007; Cseri et al., 1996; 

Farkas et al., 2000, 2002; Guidotti et al., 2009; Kawasaki et al., 2009; 

Nagendrappa, In press; Sento et al., 1999). 

- Photocatalysis, by using them with metal salts or metal oxides such as zinc 

oxide (Robertson and Bandosz, 2006), copper oxide (Chmielarz et al., 

2006), titania (Spagnuolo et al., 2004; Ma et al., 2010) or iron (II) 

acetylacetonate (Herney-Ramirez et al., In press). 

- Radiactive waste treatment, by adsorption of Th (IV), U (VI) and Eu (III) 

radioactive cations of contaminated waters. (Guerra et al., 2010; Pshinko 

et al., 2010; Schlegel and Descostes, 2009). 

- In the pharmaceutical industry, as excipients or for controlled drug delivery. 

(Carretero and Pozo, 2009; Viseras et al., 2010). 

- The preparation of nanocomposites with polymers because of the 

improvements in the stiffness and the toughness, the enhancement of 

barrier properties, and the resistance to fire and ignition of resulting 

materials. (Alexandre and Dubois, 2000; Liff et al., 2007; Liu and Breen, 

2005;Seydibeyoǧlu et al., 2010). 
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In order to have reproducible mineral clay for these applications, smectites 

must be synthesised. However, their synthesis often involves long hydrothermal 

treatments. The use of microwaves during the clay synthesis could decrease the 

synthesis time and confer special features to the obtained materials. 

 
Figure 1.1-2. Electromagnetic spectrum. The main frequencies for the heating are 
 indicated in red. 

Microwaves are electromagnetic waves with wavelengths ranging from as long 

as one meter to as short as one millimetre, or equivalently, with frequencies 

between 300 GHz and 300 MHz (0.3 GHz, Figure 1.1-2). The magnetron device, 

which generates fixed-frequency microwaves, was designed during the XX War 

World as part of RADAR development. At that time it was observed that 

microwaves could heat water very fast. First microwave ovens appeared in the 

fifties of former century but it was not until 30 years later that their home 

application become usual. In order not to interfere with RADAR and radio 
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frequencies, microwaves ovens use a fix frequency of 5100, 2450 and 900 MHz, 

(Figure 1.1-2) (Kingston et al., 1997). 

The great potential of this technique applied to the preparation of materials is 

the decrease of the synthesis time or temperature and the introduction of 

structural modifications in the obtained compounds. Microwaves have been 

extensively used for organic synthesis (Calvino-Casilda et al., 2003, 2009; 

Kappe, 2004; Martín-Aranda et al., 1997; Perozo-Rondon et al., 2006), in the 

preparation of zeolites (Romero et al., 2004), hydrotalcites (Benito et al., 2006, 

2009; Bergadà et al., 2007a, 2007b) and mesoporous materials (Tompsett et al., 

2006) but there are very few references about the use of microwaves in the 

synthesis of clay minerals (Trujillano et al., 2010, In press). 
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1.2.  Scope 

There is an increasing interest in mineral clays due to their important 

technological applications such as for nanocomposites preparation or in 

catalysis. The use of natural clays for these applications has significant 

limitations due to the non-uniformity of their chemical composition. However, 

conventional clays preparation methods often involve hard hydrothermal 

treatments (pressure, temperature) at long preparation times (from hours to 

days). The use of microwaves for the synthesis of materials can contribute to 

decrease the temperature and time of preparation, with the subsequent energy 

saving, and can involve the obtention of different properties in the solids. 

The main objective of this thesis was to synthesise hectorite and saponite with 

microwaves and apply them to catalysis and composites. Our partial objectives 

were: 

- To synthesise hectorite using microwaves radiation. Study of the influence 

of using microwaves, the aging time, the temperature of microwave aging 

and the crystallinity of brucite. 

- To study different ways to obtain purer hectorite and to check the influence 

of these procedures on the properties of purified samples. Obtention of 

purer hectorite by decantation or treatment of impure hectorite with 

Na2CO3, and by decreasing the SiO2 content with respect to the rest of 

reagents in the starting slurry. 
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- To synthesise saponite using microwave radiation. Study of some 

preparation parameters, such as the heating time, the pH of the initial 

slurry by using different reactants sources and the presence of fluorides, to 

establish their influence on the resulting saponites.  

- To evaluate the catalytic behaviour of hectorite-supported nickel and 

saponite-supported nickel catalysts for the hydrogenation of styrene oxide 

to 2-phenylethanol. Study of the influence of microwave or conventional 

aging during clay synthesis, the presence of amorphous silica in clays and 

the presence of acid sites, in competition with metal sites.  

Ni/hectorite and Ni/saponite catalysts were obtained by impregnation with 

different nickel contents or by cation exchange. 

- To study the feasibility of using microwaves synthesised hectorite in the 

formation of composites with commercial polyurethane compared to the 

behaviour using commercial hectorite (Laponite). Study of the interaction of 

clays with soft and hard segments of polyurethane. 

- To characterise all samples by X-ray diffraction (XRD), N2 adsorption, 

cation exchange capacity (CEC) determination, magic angle spinning-

nuclear magnetic resonance (MAS-NMR), infrared spectroscopy (FTIR), 

UV/Vis spectroscopy, X-ray fluorescence (XRF), energy dispersive X-ray 

(EDX), inductively coupled plasma (ICP), scanning electron microscopy 

(SEM), transmission electron microscopy (TEM), thermogravimetric 

analysis (TGA), temperature-programmed reduction (TPR) and thermo 

mechanical dynamic analysis.  
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Chapter 2  
Experimental section 
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In this chapter, the basis and the experimental conditions of the techniques 

used to synthesise and characterise the samples are indicated. The preparation 

conditions of hectorites, saponites, clay supported nickel catalysts, and 

composites will be displayed in the corresponding chapters. 

2.1. Microwaves technology 

When applying microwaves, the heating of watery samples is mainly produced 

through two mechanisms: Dielectric polarisation and dipolar polarisation. The 

heating by dielectric polarisation is due to the inability of partially bound charges 

to follow the rapid changes in a high frequency electric field. In the dipolar 

polarisation mechanism, the polar molecules rotate to get oriented with the 

electromagnetic field produced by the microwaves radiation resulting in frictions 

among them that generate an increase in the temperature of the sample 

(Kingston and Haswell, 1997, Figure 2.1-1). For a typical frequency of 2450 MHz 

the alignment of molecules followed by their relaxation occur 4.9 x 109 times/s, 

resulting in a fast heating. Because of the high rate of heating, hot spots may 

occur. 

 
Figure 2.1-1. Water molecule rotation through the dipolar rotation mechanism
 because of the electric field generated by the microwaves.  
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In this study the aging procedure during hectorites and saponites synthesis 

were performed in laboratory microwave equipment Milestone Ethos Touch 

Control (Figure 2.1-2). 6 autoclaves of 85 mL capacity, containing 50 mL of 

slurry each one, were placed in a 6-positions rotor. Temperature was controlled 

with a thermowell placed in one of the autoclaves. Maximum microwave power 

used was 600 W. In order to maximise the homogeneity of heating, all the 

autoclaves were magnetic stirred and the rotor turned while the equipment was 

working. 

 

Figure 2.1-2. Microwave equipment (Milestone Ethos Touch control).  
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2.2.  Characterisation techniques 

2.2.1. 

X-ray diffraction is widely used to identify bulk phases and to estimate 

crystallite sizes (Cohen and Schwartz, 1977). X-rays have wavelengths in the Å 

range, which are sufficiently energetic to penetrate solids and well suited to 

probe their internal structure. 

XRD measurements of synthesised clays and clay-supported nickel catalysts 

were made using a Siemens D5000 diffractometer (Bragg–Brentano 

parafocusing geometry and vertical θ–θ goniometer) fitted with a curved graphite 

diffracted-beam monochromator and diffracted-beam Soller slits, a 0.06° 

receiving slit, and scintillation counter as a detector. The angular 2θ diffraction 

range was between 2 and 70°. Sample was dusted on to a low background 

Si(510) sample holder. The data were collected with an angular step of 0.05° at 

3 s per step and sample rotation. Cukα radiation was obtained from a copper X-

ray tube operated at 40 kV and 30 mA. 

The X-ray diffraction patterns of powder clay samples were analysed using the 

Fundamental Parameters Approach convolution algorithm (Cheary and Coelho, 

1992) as implemented in the program TOPAS 3.0 (Coelho, 2005). This approach 

calculates the contribution to the peak width produced by a specific instrument 

configuration.  

X-ray diffraction (XRD).  

Crystallite sizes were calculated from the net integral breadth of the peaks, βi, 

(Stokes and Wilson, 1942) according to the following formula that comes from 

the Scherrer expression: βi=λ/εcosθ were λ is the X-ray wavelength, ε is the 

UNIVERSITAT ROVIRA I VIRGILI 
SYNTHESIS OF HECTORITES AND SAPONITES WITH MICROWAVES AND THEIR APPLICATION IN CATALYSIS AND COMPOSITES 
Isabel Vicente Valverde 
ISBN:/DL:T. 1033-2011 



crystallite size and θ is the Bragg angle. 001 reflection was selected to 

determine the basal spacing of the samples, and to estimate the crystallite size 

in the stacking direction. 060 reflection was used to calculate the crystallite size 

of the sample sheets. Moreover through the d(060) value it was possible to 

determine whether a clay was dioctahedral (0.148 nm < d(060) < 0.152 nm)) or 

trioctahedral when d(060)≥0.152 nm. Nickel crystallite size was calculated from 

reflection 111 of metallic nickel phase for clay supported nickel catalysts. 

In order to evaluate the amount of amorphous silica in hectorite samples, the 

starting cell parameters of hectorite used were a: 5.2401 Å, b: 9.0942 Å, c: 

10.7971 Å and β: 99.207° with the space group C2/m (Breu et al., 2003). The 

crystal structure of hectorite was not used for quantitative analysis because it 

was described with heavy cations that are not present in the current samples. 

For brucite, we took the cell parameters of ICDD card 44-1482: a: 3.1442 Å and 

c: 4.777 Å with the space group P-3m1. For amorphous SiO2, we used an 

isolated broad peak located at ∼22.8° 2θ. The 2θ position of this amorphous halo 

was previously adjusted with a pure sample of amorphous SiO2.  

The reflections of smectites present an anisotropic peak broadening due to the 

plate shape of smectites particles: (00l) reflections usually present different width 

that those (hk0) reflections. 

The refined parameters that were allowed to vary with the individual profiles 

included cell parameters, constrained peak position of amorphous SiO2, linear 

background function, zero error, and the integral breadth of a Lorentzian profile 

to describe the extent of particle size induced broadening. The anisotropic peak 

broadening of hectorite was modelled fitting a spherical harmonic function 
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implemented in the software. Figure 2.2-1 shows one example of refined 

diffraction pattern. 

 
Figure 2.2-1. (a) XRD pattern of one hectorite sample, b) hectorite contribution,  
 (c) brucite contribution and amorphous SiO2 (vertical line at 2θ =22.8°). 

The mass fraction of hectorite, brucite and SiO2 was indirectly derived from the 

integrated intensity of all reflections that appear in the 2-theta range measured. 

We related the relative integrated intensity of hectorite and amorphous SiO2 to 

previous chemical analysis in such a way that a direct relationship was found 

between intensity and chemical analysis.  

In the case of clay samples dispersed in polyethylene glycol 600 (PEG 600) 

and the composite samples, XRD measurements were made using a Panalytical 

Philips diffractometer (Bragg–Brentano parafocusing geometry and vertical θ–θ 

goniometer) fitted with ½º divergence slit, 1º anti-scatter slit, gold mask of 15º 

and a curved graphite diffracted-beam monochromator. The angular 2θ 

UNIVERSITAT ROVIRA I VIRGILI 
SYNTHESIS OF HECTORITES AND SAPONITES WITH MICROWAVES AND THEIR APPLICATION IN CATALYSIS AND COMPOSITES 
Isabel Vicente Valverde 
ISBN:/DL:T. 1033-2011 



diffraction range was between 2 and 35°.  

Swollen samples with PEG600 were obtained by preparing a suspension 

containing: 4 g of water, 0.1 g of PEG 600 and 0.2 g of clay. This suspension 

was stirred for 24 h. Approximately 1 mL of this suspension was poured onto a 

glass slide. Regarding composite samples, approximately 1 mL of suspension 

was poured onto a glass slide. The data were collected with an angular step of 

0.05° at 2 s per step and sample rotation. Cukα radiation was obtained from a 

copper X-ray tube operated at 40 kV and 40 mA. 

2.2.2. 

N2 physisorption is one of the oldest techniques in surface characterisation. 

Continued addition of nitrogen gas molecules at 77 K after the monolayer 

formation leads to the gradual stacking of multiple layers (or multilayer) on top 

pores become completely filled with adsorbate (Van Santen et al., 2000). 

Adsorption isotherms (graphic representation of the volume of adsorbed N2 vs. 

N2 relative pressure) describe the macroscopic consequence of these 

interactions.  

N2 adsorption 

The majority of isotherms, which result from physical adsorption, may 

conveniently be grouped into five classes originally proposed by Brunauer, 

Deming, and Teller. The essential features of these types are indicated in Figure 

2.2-2. 
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Figure 2.2-2.  The six types of adsorption isotherms following the Brunauer, Deming,  and 
 Teller notation. 

- Isotherm I is typical of microporous solids with very low external surface. 

(molecular sieves and activated carbons). 

- Isotherm II represents multilayer physisorption on a flat surface (nonporous 

or macroporous solids). 

- Isotherm III is characteristic of weak gas solid interactions. 

- Isotherm IV is characteristic of multilayer adsorption accompanied by 

capillary condensation in mesopores. 

- Isotherm V is similar to that of isotherm III but it reflects the existence of 

mesoporous in the sample. 
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- When the surface of a nonporous adsorbent is energetically uniform, the 

isotherm may have a step-like shape (Isotherm VI). 

Hysteresis between adsorption and desorption is typical of isotherms IV and V. 

According to de Boer, there are 5 different types of hysteresis depending on the 

pore shape (Figure 2.2-3). 

 
Figure 2.2-3. The five types of hystheresis of adsorption isotherms following  

  the Boer notation.  
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- Hysteresis A is related to, open on both sides, tubular pores. 

- Hysteresis B is related to pores formed by parallel crystalline layers 

separated by small particles or by crystalline defects. 

- Hysteresis C and D come from type A and B, respectively. Type C is 

related to conic pores and type D is related to pores formed by non parallel 

layers. Both are quite difficult to be found. 

- Hysteresis E indicates the presence of neck bottle shaped pores. This 

means that pores are wide but with a narrow neck.  

On the basis of the well-known Brunauer, Emmett and Teller (BET) theory, one 

can estimate the sample’s surface area from the monolayer volume (Vm): 

V/Vm= c(p/po)/[(1-p/po)(1-(1-c))(p/po)] 

Where V is the volume of gas adsorbed, Vm is the volume of the gas adsorbed 

in the monolayer and po is the vapour pressure above the macroscopically thick 

layer of the pure liquid on the surface. The c value approximates to exp –(ΔHd-

Hvap)/RT, in which the ΔHd is the enthalpy of adsorption on the first adsorbed 

layer and Hvap is the heat of vaporisation. 

For these measurements we used a Micromeritics ASAP 2000 apparatus. 

Samples were first activated in vacuum at 353 K. Analysed quantity was that one 

enough to have an absolute area ≥ 10 m2. 
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2.2.3. 

Cation exchange capacity (CEC) gives information about the number of 

interlayer exchangeable cations. The magnitude of cation exchange capacity 

(CEC) is commonly measured in terms of milliequivalents of exchangeable 

cations per 100 g of solid. 

Cation exchange capacity (CEC) of hectorites and saponites was determined 

by the method reported by Bergaya and Vayer (1997) as follows: 200 mg of clay 

mineral were poured in 25 mL of a 0.01 M [Cu(ethylenediamine)2]2+ solution. The 

suspension was stirred for 2 h. Afterwards the supernatant was separated by 

centrifugation for twice. The concentration of [Cu(ethylenediamine)2]2+ remaining 

in the solution was determined by UV-Vis spectroscopy at λ=547 nm. The same 

method was followed for silica (CEC < 5 meq/ 100 g sample). 

Cation exchange capacity (CEC) 

2.2.4. 

Since nuclear magnetic resonance (NMR) was discovered, it has emerged as 

one of the most powerful tools in research for characterising structure. The 

observation of the transition frequency measured in the NMR spectrum for an 

atomic nucleus is a very sensitive probe of its environment (Kloprogge et al., 

1994a; Levin et al., 2004; Pruski et al., 1976). 

Magnetic nuclei can absorb radio frequency energy when placed in a magnetic 

field of a strength specific to the identity of the nuclei. When this absorption 

occurs, the nucleus is described as being in resonance. Different atomic nuclei 

within a molecule resonate at different (radio) frequencies for the same magnetic 

field strength.  

Magic angle spinning-nuclear magnetic resonance MAS–NMR 
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High-resolution solid NMR spectra can be achieved when line broadening 

phenomena due to chemical shift, dipolar paramagnetic and quadrupolar 

interactions are removed or reduced. This can be done by Dipolar Decoupling 

(DD), Multiple Pulse Sequences (MPS), and Magic Angle Spinning (MAS). This 

last technique, discovered by Andrew et al. (1959) and Lowe (1959), is now the 

one that is most commonly used because line broadenings due to dipolar 

interactions and chemical shift anisotropy can be reduced to their isotropic 

values by rotating the sample quickly about an axis inclined at the angle =54º44’ 

(magic angle spinning). Thus, application of MAS is sufficient to remove the 

chemical shift anisotropy and any small dipolar interaction, and to narrow 

quadrupolar broadened lines. 

27Al-MAS-NMR spectra of clays can provide direct information on Al 

coordination: A signal around 60 ppm is observed for tetrahedral aluminium and 

a signal around 0 ppm is observed for tetrahedral aluminium that can be in layer 

or interlayer positions (Sanz, 2006). 

27Al-MAS-NMR spectra of saponites were obtained on a Bruker AV400 

spectrometer. A 4mm BL4 MAS probe was used with the samples spun at 10 

kHz at the magic angle, using pulses < PI/12 with a time between pulses of 1 s. 

Chemical shits are given in ppm relative to [Al(H2O)6]3+ (0 ppm). 

2.2.5. 

Fourier transform infrared (FTIR) technique is one of the most commonly used 

surface characterisation tools basically because of its low cost and simplicity. 

When structural units and groups of solids absorb infrared radiation, they 

experiment a variation in their dipolar momentum, which is a consequence of 

Infrared spectroscopy (FTIR) 
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their vibration and rotation movements. Infrared spectra wavelengths range from 

0.78 to 1000 µm, however FTIR spectroscopy has been mainly used in the 

middle infrared region (MIR) where the fundamental vibrational models appear 

and corresponds to wavelengths between 2.5 to 25 µm or to 4000 and 400 cm-1, 

respectively (Rusell and Fraser, 1994; Petit, 2006).  

Transmission Infrared spectra of clays were recorded on a Bruker-Equinox-55 

FTIR spectrometer. The spectra were acquired by accumulating 32 scans at 4 

cm-1 resolution in the range of 400–4000 cm-1. Samples were prepared by mixing 

the powdered solids with FTIR grade KBr in pellets in a weight ratio of 1:250, 

and dried in an oven before measurements.  

Diffuse reflectance infrared Fourier transform spectra (DRIFTS) of clays were 

recorded on a Nicolet Magna 860 FTIR spectrometer using DRIFTS accessory. 

Samples were dispersed at 5 % wt. in FTIR grade KBr (Aldrich). (0.015 g+ 0.285 

g KBr). The system was purged with air. The number of scans was set at 60 with 

a resolution of 4 cm−1, in the range 4000–600 cm−1.  

2.2.6. 

UV/VIS spectroscopy is a technique for determining the chemical species of a 

dissolution. A light beam of a certain wavelength range interacts with the sample 

and the intensity of the transmitted or reflected signal is recorded as a function of 

the wavelength. Because of the interaction with the sample, at certain 

frequencies the light is absorbed resulting in absorption peaks in the spectrum. 

The absorption frequencies are specific for certain chemical compounds and 

associated with their electron transitions. The chemical composition of the 

sample can therefore be determined by analysing the spectrum using standards 

UV/Vis spectroscopy 
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that allow quantitative measurement. The basis of this theory is the Lamber-Beer 

law: 

A=Ɛbc 

Where A is absorbance, Ɛ is the molar absorbtivity (L mol -1 cm-1), b is the path 

length of the sample (cm) and c is the concentration of the compound in solution 

(L-1). 

Absorbance of [Cu(ethylenediamine)2]2+ solutions were analysed using a 

Shimadzu spectrometer at 547 nm. 

2.2.7. 

X-ray fluorescence (XRF) is the characteristic emission of secondary electrons 

from a material that has been excited by bombarding with high-energy X-rays or 

X-ray fluorescence (XRF) 

gamma rays (Van Santen et al., 2000). The phenomenon is widely used for 

elemental analysis and chemical analysis, particularly in the investigation of 

metals, glass, ceramics and building materials, and for research in 

geochemistry, forensic science and archaeology. 

In order to determine the content of Si, Mg, N or Al of clay samples, X-ray 

fluorescence (XRF) experiments were obtained with a Philips PW-2400 

sequential XRF analyser with Phillips Super Q software. Analyses were made by 

triplicate for each sample. 
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2.2.8. 

Inductively coupled plasma atomic emission spectrometry (ICP-AES, or ICP), 

often referred to simply as ICP, is a multi-element analysis technique that uses 

an inductively coupled plasma source to dissociate the sample into its 

constituent atoms or ions, exciting them to a level where they emit light of a 

characteristic wavelength. A detector measures the intensity of the emitted light, 

and calculates the concentration of that particular element in the sample. 

When undergoing ICP analysis, the sample experiences temperatures as high 

as 10000 K, where even the most refractory elements are atomised with high 

efficiency. As a result, detection limits for these elements can be orders of 

magnitude lower with ICP than with FAAS techniques, typically at the 1-10 parts-

per-billion level.  

In order to determine the content of Li or F of clay samples, experiments were 

obtained with a Perkin Elmer Optima 4300 D analyser. Analyses were made by 

triplicate for each sample. 

Inductively coupled plasma (ICP) 

2.2.9. 

Electron microscopy is a rather straightforward technique to determine the size 

and shape of materials (Van Santen et al., 2000).  

When a beam of electrons hits the sample, electrons can pass through or 

gradually lose their energy until absorbed. In this process, low secondary 

electrons are ejected. Furthermore, a portion of incident electrons are back-

scattered. 

Scanning electron microscopy (SEM), energy dispersive X-ray (EDX) 
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Scanning electron microscopy (SEM) is carried out by rastering a narrow 

electron beam over the surface and detecting the yield of either secondary or 

back-scattered electrons.  

Contrast is caused by the orientation: parts of the surface facing the detector 

appear brighter than parts of the surface normal pointing away from the detector. 

The secondary electrons have low energies (10-50 eV) and originate from the 

surface of the sample. Back-scattered electrons come from deeper and carry 

information on the composition of the sample, because heavy elements are 

more efficient scatterers and appear brighter in the sample. 

Scanning electron micrographs of clays were obtained with a JEOL JSM-35C 

scanning microscope operating at an accelerating voltage of 20 kV, work 

distance (wd) of 8 mm, and magnification values in the range 20,000–50,000×. 

An electron microscope offers additional possibilities for analysing the sample. 

When a focused beam of electrons irradiates the sample, x-rays are emitted 

which have an energy characteristic of the parent element. 

The difference between EDX and XRF is the type of radiation hitting the 

sample. EDX uses an electron beam while XRF uses an x-ray beam. Due to the 

small beam size possible with electrons, elemental analysis can be obtained for 

volumes as small as one µm in diameter. 

Si, Mg, N or Al contents on synthesised-clay surface were quantified by energy 

dispersive X-ray experiments (EDX) were performed on a scanning electron 

microscope, JEOL JSM6400, operating at accelerating voltage of 15 kV and 

work distances of 15 mm. All samples were covered with a graphite layer. 

Accumulating time was 120 seconds. 
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2.2.10. 

Electrons have characteristic wavelengths in the range 0.1-1 nm (visible light: 

400-700 nm), and come close to seeing the atomic detail (Van Santen et al., 

2000).  

Transmission electron microscopy (TEM) uses transmitted electrons. A TEM 

instrument is very similar to an optical microscope, if one replaces optical by 

electromagnetic lenses.  

In a TEM, a high intensity primary electron beam passes through a condenser 

to produce parallel rays, which impinge on the sample. When a beam of 

electrons hits the sample, electrons can pass through or gradually lose their 

energy until absorbed. Furthermore, a portion of incident electrons are back-

scattered. An objective aperture placed on the through side of the material filters 

out the scattered electrons so that only those electrons that passed through the 

sample are imaged. Consequently, those materials composed of light atoms like 

carbon allow a lot of electrons to pass through without scatter and appear as 

bright fields, while heavy elements are more efficient scatterers and appear as 

dark fields. 

The transmission electron microscopy of clays and clay-supported nickel 

catalysts was performed on a JEOL 1011 operated at an accelerating voltage of 

80 kV and magnification values of 200-800 k. Samples were dispersed in 

ethanol, and a drop of resultant suspensions were poured on carbon coated-

copper grids. 

  

Transmission electron microscopy (TEM) 
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2.2.11. 

The fundamental of this technique is the variation of weight when a sample is 

subjected to thermal treatment in a particular environment (O2, N2). The 

decomposition steps of samples can be observed throughout the graphic 

representation of weight variation vs. temperature. The first derivative of this 

curve permits to better differentiate these steps (Van Santen et al., 2000). 

Experiments of clays and composites films were performed using a 

thermoanalyser Mettler Toledo TG 500. In each case, a 15 mg sample was 

heated under a nitrogen flow rate of 100 mL/min at a heating rate of 20 K/min 

from room temperature to 1273 K. 

Thermogravimetric analysis (TGA) 

2.2.12. 

Temperature-programmed reduction (TPR) is a useful technique for the 

characterisation of metal oxide catalysts. During a TPR experiment the solid 

under investigation is placed in a fixed-bed reactor and exposed to a reducing 

mixture (5% H2/Ar) that continuously perfuses the catalyst bed, while the 

temperature is increased according to a linear temperature programme. The 

difference between the inlet and outlet concentration of the gas mixture is 

measured as a function of time using a thermal conductivity detector. The 

resulting TPR contains qualitative information on the oxidation state of the 

reducible species present allowing the researchers to better know about the 

reducibility and surface properties of the catalyst (Van Santen et al., 2000).  

Temperature-programmed reduction (TPR) 

TPR experiments of several clay-supported NiO precursors were carried out 

using a TPD/R/O 1100 (Thermo Finnigan) equipped with a programmable 

temperature furnace and a calibrated TCD detector. Experiments were 

UNIVERSITAT ROVIRA I VIRGILI 
SYNTHESIS OF HECTORITES AND SAPONITES WITH MICROWAVES AND THEIR APPLICATION IN CATALYSIS AND COMPOSITES 
Isabel Vicente Valverde 
ISBN:/DL:T. 1033-2011 



performed with 5 % H2/Ar flowing through the sample, that was heated from 303 

K to 1173 K at 10 K/min. 

2.2.13. 

Thin film dynamic mechanical analysis was performed to determine the effect 

of hectorite concentration on the nanocomposite thermomechanical properties.  

Dynamic mechanical analysis (DMA) is performed on polymers in order to 

determine the elastic energy storage and viscous energy dissipation properties 

of the polymer as a function of time and temperature. In thin-film DMA a 

composite film is held in tension with its top end connected to a stationary clamp 

and the other end attached to a clamp on an oscillating, retractable drive shaft. 

The entire assembly sits within a furnace. The oscillating stress or strain 

amplitude, oscillating frequency, and temperature can all be controlled and the 

thin-film thermomechanical properties, i.e. the flexural storage modulus, the 

flexural loss modulus, and the loss tangent, are determined whereas material 

thermal transitions are inferred (Liff et al., 2007).  

The stress, a, is defined as  

σ = σo sin (ωt) or σ* = σ, exp(iωt). 

where σ* is the complex stress, σo is the stress amplitude, ω is the frequency 

of oscillation in rad/ s, and t is time. Similarly, the strain, ε, is defined as 

ε = εo sin(ωt - δ) or ε* = εo exp{i(ωt- δ)} 

Thermo mechanical dynamic analysis 

where ε* is the complex strain, εo is the strain amplitude and δ is the phase 

angle which describes the lag time between the stress and strain oscillations. 
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The complex flexural modulus, E*, is the ratio of the complex stress to the 

complex strain,  

E*= 𝜎𝜎∗ 
𝜀𝜀∗

= 𝜎𝜎𝜎𝜎
𝜀𝜀𝜀𝜀

cos(𝛿𝛿) + 𝑖𝑖 𝜎𝜎
𝜀𝜀𝜀𝜀

sin(𝛿𝛿) = 𝐸𝐸′ + 𝑖𝑖𝑖𝑖′′ 

The complex flexural modulus can be broken into real and imaginary 

components where E' represents the flexural storage modulus and E" represents 

the flexural loss modulus. The storage modulus quantifies the elastic behaviour 

of the material while the loss modulus quantifies the viscous behaviour of the 

material. The ratio of the elastic behaviour to the viscous behaviour is the loss 

tangent (tan 𝛿𝛿). Peaks in the tan δ curve correspond to glass transition 

temperatures (Nielsen and Landel, 1994). 

Mechanical analysis (DMA) were performed using a PerkinElmer DMA 8000, 

Dynamic Mechanical Analyser over a temperature range of 223-423 K at a 

frequency of 1Hz, a ramp rate of 2 K/min, and an initial strain of 0%. Thin films 

were typically 10 x 9.5 x 0.1 mm3.  
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2.3. Catalytic tests 

Figure 2.3-1 illustrates the assembly used to perform the catalytic test in the 

reaction of hydrogenation of styrene oxide (SO) to selectively obtain 2-

phenylethanol (2-PEA). 

Catalytic hydrogenation of styrene oxide was performed in the liquid phase, 

using for all tests 1 g of catalyst, 150 mL of absolute ethanol (Panreac, 96 %) 

and 2 mmol of styrene oxide (Aldrich, 97 %) with a hydrogen flow of 2 mL/s and 

mechanic stirring of 500 rpm. The reaction was performed at room temperature. 

Sample was taken at 1, 2 and 6 h of reaction. 

 

Figure 2.3-1. Assembly used in the catalytic tests for the hydrogenation of styrene oxide. 
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The reaction products were analysed by gas chromatography, using a 

chromatograph model Shimadzu GC-2010 equipped with a 30 m capillary 

column DB-1 coated with phenylmethylsilicon and a FID detector. They were 

quantified by adding an internal standard (cyclohexanol) and by using calibrated 

lines.  
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Chapter 3  
Synthesis of Clays with Microwaves 
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3.1. Introduction 

In order to obtain reproducible smectites due to their multiple applications, the 

synthesis of these clay minerals has been studied since 1940’s but it has not 

stopped yet. The most noteworthy methods to synthesise hectorite and saponite 

will be now displayed. 

3.1.1. Synthesis of hectorites (Si8.0) [Mg6.0-xLix] (OH.F)4O20Mn+x/n·mH2O 

Hectorite is one of the most synthesised clay mineral by hydrothermal 

treatment. Its synthesis usually starts with the preparation of slurries containing 

the necessary reagents (Si, Mg, Li, F, etc.) that are aged under reflux or in 

autoclave at 333-573 K resulting in the desired hectorite. No references about 

synthesis of hectorites using microwaves were found. This is the reason why the 

most interesting conventional methods to synthesise hectorites are summarised 

in Table 3.1.1-1 and will be commented below.  

Hofmann and Stresse 

In 1941 Stresse and Hofmann studied the synthesis of hectorite at low 

temperatures (373 K, Table 3.1.1-1). They obtained a low crystalline hectorite in 

an amorphous silica matrix (Kloprogge et al., 1999). 

Caillère, Henin and Robichet  

Caillère et al. and Henin and Robichet (1954, Table 3.1.1-1), prepared a very 

crystalline hectorite by mixing much more diluted solutions. Indeed, the yield was 

very low. They also proposed a crystallisation mechanism: the brucite sheets 

may act as a stencil on which the silicate sheets would incorporate (Kloprogge et 
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al., 1999).  

Table 3.1.1-1. Summary of hectorite synthesis methods (Kloprogge et al., 1999). 

Authors Year 
Final 

product 
Reagents Conditions and remarks 

Strese &, 
Hoffmann 

1941 Amorphous 
hectorite 

Silicic acid, MgCl2 (Na+, 
K+ and Ca2+) 
hydroxides. 

Refluxing at 373 K, at 
least 20 h. 

Caillere et al., 
Robichet 

1954 Hectorite SiO2, FeCl2, Mg2+ and 
Al3+ salts. 

Add a 10-20 ppm reagents 
solution to a 2 L of H2O. 
Boiling.  Optimum pH 8-9. 

Granquist & 
Pollack 

1959 Hectorite SiO2 gel; Mg(OH)2; LiF; 
LiOH/NaOH. 

10 % wt. Solids reagents 
slurry; Reflux treatment at 
373 K for 1-7 days. 

Decarreau 1980 Hectorite Na2SiO3, MgCl2, LiF, 
acid. 

Mixture metasilicate + 
metal salts; aging at 
T<373 K. 

Laporta 1971 Hectorite 
with 
vacancies 

Na2SiO3, Na2CO3, Mg 
salts and NaOH. 

Refluxing at 373 K for 10-
20 h. 

Barrer & 
Jones 

1970 Fluorhectorite 
Quartz 
 Li2SiO3 

Silica, MgO, MgF2, 
NaF, LiF Na2CO3 and 
Li2CO3  

Treatment at 1073 K for 
24 h (solid reagents) or at 
1123 K for 2 h (fused 
reagents). 

 

Granquist and Pollack  

Granquist and Pollack (1959,Table 3.1.1-1) synthesised hectorite by refluxing 

at 373 K a 10 wt. % solids slurry consisting of silica gel (SiO2·nH2O), fresh 

prepared brucite (Mg(OH)2), obtained by precipitation of MgCl2 with ammonia, 

and variable amounts of NaOH, LiOH or LiF. After aging for 7 days, they 
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obtained a synthetic hectorite that had similar crystallinity (Figure 3.1.1-1), 

similar composition, and similar CEC value than those observed for a natural 

hectorite. They also reported that the use of Na+ instead of Li+ decreased the 

crystallisation rate whereas the addition of F¯ improved the crystallinity of the 

hectorite. 

 
Figure 3.1.1-1. XRD patterns from natural hectorite (above) and the synthetic one obtained 
 by Granquist and Pollack (below).  

In later studies Baird et al (1971-1973, Table 3.1.1-1), studied the 

crystallisation method using the same synthetic procedure than Granquist and 

Pollack. They proposed a multi-step formation mechanism. First, silica 

monomers condense over the brucite sheets forming pseudo-smectite nuclei 

(Figure 3.1.1-2). In a second step some of brucite nuclei dissolve resulting in a 

“doughnut” structure, and finally these structures condense forming hectorite 

nuclei.  
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Figure 3.1.1-2. Pseudo-smectite structure. Maximum substitution of Si(OH)3O¯  
 by OH¯ is 1 to 3. • Brucite hydroxil surface.  

Decarreau 

In 1980, Decarreau (Table 3.1.1-1) developed a method to synthesise high 

amounts of reproducible hectorite at lower temperature than Granquist and 

Pollack (333-363 K) by the precipitation of sodium silicate and magnesium 

chloride in acid medium and later addition of LiF. However, the aging time was 

even higher (2-3 weeks). From these results, Decarreau supposed that groups 

of small layers or “crayons” were formed, and afterwards they got ordered and 

grow in the extension of the layer but not in the stacking.  

Laporta industries 

By definition, hectorite should not have any vacant in octahedral positions. 

However Laporta industries (Table 3.1.1-1) synthesised clay minerals with this 

feature to control the rheology of paints. After 10-20 h of aging, an hectorite with 

formula (Si8.0) [Mg5.1Li0.6Vac0.3] (OH)4.6O19.4Na0.6 was obtained. It had impurities, 

low crystallinity and a sligthly lower interlayer charge because of silanol groups 

(Kloprogge et al., 1999). 
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Barrer and Jones  

Barrer and Jones (1970, Table 3.1.1-1) focused their study in introducing F¯ in 

the hectorite structure, because of its high stability, to be used as catalyst in 

organic syntheses. They obtained fluorhectorite (Figure 3.1.1-3) but, additional 

quartz and Li2SiO3 phases also appeared.  

 
Figure 3.1.1-3. SEM image of Na-fluorhectorite. 

3.1.2. Synthesis of saponites (Si8.0-xAlx) [Mg6.0] (OH)4O20Mn+x/n·mH2O 

Because of the high tendency of Al3+ to be in an octahedral environment, one 

of the most important challenges when synthesising saponites is to avoid the 

isomorphic substitution of Al3+ in:  

- Octahedral positions in such a way that the layer charge decreases 

or disappears. 

- The interlayer space that may affect the features of the saponite 

(swelling, acidity…) and its possible catalytic applications. 
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Table 3.1.2-1 summarises some conventional methods to synthesise saponite. 

They will be commented below. 

Table 3.1.2-1. Summary of methods to synthesise saponite (Kloprogge et al., 1999). 

Authors Year 
Final 

product 
Reagents Conditions and remarks 

Liyama, Roy 1963 Saponite Silica solution (LUDOX), 
Mg2+, Al3+ and Na+ nitrates.  

Hydrothermal treatment 
at 848 K. 

Kloprogge, 
Vogels 

1994 NH4Saponite 
with Al3+ in 2/3 
of Oh positions 

Amorphous silica, Al3+ 
isopropoxide. 
(CH3COO)2Mg,NH3.  

Hydrothermal treatment    
at 473 K, 72 h. 

Jaber 2005 Saponite Amorphous silica, Mg2+, 
Al3+ and Na+ nitrates, 
acetates or hydroxides. 

Hydrothermal treatment    
at 493 K, 48 h. 

Vogels 2005 Saponite-like 
material 

Silica solution,GaCl3 or 
Na2B4O7, Mg(NO3)2, 
NaOH, urea. 

Treatment at 363 K          
for 20-48 h. 

Cheshire 2005 Saponite Crisolite, formic acid, 
NaOH. 

1.-Treatment with formic 
acid; 2.-Treatment with 
NaOH; Both at 473 K for 
48-96 h. 

 

Liyama and Roy  

In a first attempt to synthesise saponite, high temperature treatments were 

used. By aging a gel with the appropriate reagents ratio at 873-1123 K and 1 

kbar, Liyama and Roy (1963, Table 3.1.2-1) obtained a pure and very stable 

saponite. On the counterpart, it had some Al3+ in octahedral positions. When the 

aging pressure increased or the aging temperature decreased, a mixture of talc 
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and saponite was obtained (Kloprogge et al., 1999). 

Kloprogge and Vogels  

The synthesis of saponite at medium-low temperature has been widely studied 

by Klopproge et al. (1994b) and Vogels et al. (1997), who suggested a 

crystallisation mechanism and studied the applications of saponites in catalysis 

(Table 3.1.2-1).  

One of the objectives was to minimise the amount of Al3+ in the octahedral 

positions by using F¯ as reagent or by increasing the NH4+/Al3+ reagents ratio. 

The best result was obtained with the highest NH4+/Al3+ studied ratio. However, 

some Al3+ got into the interlayer space. From these results, they suggested a 

mechanism in which tetrahedral layers containing Si and Al grew in the ab axis 

while bayerite forming the saponite. 

Using the same method than Kloprogge et al., Jaber and Miéhé-Brendlé 

(2005, Table 3.1.2-1), studied the influence of the initial pH of the reagents slurry 

by changing reagents. They observed that the saponite synthesised at pH=12.5 

was not the most crystalline but the one with the most similar composition with 

respect to the natural clay and with less content of tetrahedral Al3+. 

They proposed two different crystallisation mechanisms depending on the 

initial pH of the reagents slurry. 

- At alkaline pH: Si and Al are in tetrahedral soluble species Na4SiO4 

and Na[Al(OH)4] whereas magnesium is in brucite form, Mg(OH)2, 

which is octahedral and not much soluble. There is an equilibrium 

among the solubilised magnesium species and the precipitated 
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brucite in which small amounts of Al3+ got into. In this way, the 

brucite sheet acquires a positive charge that attracts Si(OH)3O¯ and 

Al(OH)4¯ resulting in the formation of the saponite. 

- At acid pH: Al and Mg are in soluble acetate form whereas Si is in a 

low soluble form (polisilicic acid). There is an equilibrium among the 

precipitate and the solubilised species of silicic acid in which small 

amounts of Al3+ get into, creating some negative charge that attracts 

the Mg2+ and Al3+ species, resulting in the formation of the saponite.   

Vogels  

In most cases the saponite synthesis involves a hydrothermal treatment. 

However in some applications a saponite –like material (in which there is B3+ or 

Ga3+ instead of Al3+) can be used. This saponite-like material was synthesised to 

be used as acid catalyst, at low temperature (363 K) in quite short time (1-2 

days) using urea as crystallising agent (Vogels et al., 2005). 

As we can observe, long times or high aging temperatures are necessary in 

order to synthesise saponite or hectorite. The introduction of the microwave 

technology could mean an improvement in the synthesis of these materials. 

Recently, Trujillano et al. (2010, In press) reported the synthesis of saponite-like 

materials with microwave aging, but no more references were founded. 
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3.2. Fast Microwave Synthesis of Hectorite 

 

 

 

 

 

 

 

 

 

Abstract  

Hectorite has been synthesised by aging the gel precursor by microwave–

hydrothermal treatment at 393 K for 16 h. This hectorite had higher purity (60%) 

than hectorite prepared by conventional heating (45%). The effect of brucite 

used, aging temperature and time under microwaves on the resulting hectorite 

has been studied by XRD, N2 adsorption, and SEM techniques. Higher 

proportions of hectorite with higher crystallinity were achieved at longer aging 

time, higher temperature, and by using a more crystalline brucite. 
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3.2.1. Introduction 

In hectorite Mx[LixMg6−xSi8O20(OH)4] (M=Na, Li, NH4) all octahedral sites are 

occupied with either Mg2+ or Li+. Hectorites used in many important fields such 

as catalysis (Korösi et al., 2004), synthesis of polymer-based nanostructured 

materials (Alexandre & Dubois 2000), adsorption (Zielke & Pinnavaia 1988), 

ionic Exchange (Laudelout 1987), and environmental issues (Pieper et al. 2006). 

Smectites can be extracted from natural resources; however they must be 

synthesised to obtain an impurity-free reproducible solid. Classical methods of 

synthesis involve the use of high temperatures (623 K) or long aging times (from 

several days to several weeks) (Granquist & Pollack 1959; Decarreau 1980; 

Kloprogge et al. 1999; Higashi et al. 2002).  

Microwave technology has been used from 80’s in different research fields, 

such as solid dehydration, and promotion of both organic and inorganic reactions 

(Komarneni et al., 1992; Kingston and Haswell,1997). In the last years, there is 

an increasing interest in using microwaves to synthesise mesoporous materials 

(Newalkar et al., 2001), not only due to the particular characteristics that the 

synthesised solids can achieve, but also to decreased synthesis time with the 

subsequent energy saving. Therefore, microwave reactions constitute valuable 

processes in Green Chemistry. Microwaves have never been used to synthesise 

hectorite (or other smectites), but the noteworthy amount of publications 

reporting synthesis of hydrotalcites (Bergadà et al., 2007a, 2007b; Komarneni et 

al., 1996; Rivera et al., 2006; Tichit et al., 2002), or synthesis of zeolites (Pilter et 

al., 2000; Romero et al., 2004), motivated us to take into account this new 

method. We report a faster synthesis of hectorite by microwave–hydrothermal 

treatment. 
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3.2.2. Experimental 

Hectorite was prepared according to the method reported by Granquist and 

Pollack (1959) in which brucite sheets are proposed to act as crystallisation 

nuclei of hectorite. Preparation was carried out as follows: 50 ml of a slurry 

composed by 0.8 g of SiO2 (Aerosil 380 from Degussa), 0.3 g of freshly prepared 

brucite Mg(OH)2 and 46 mg of LiF was vigorously stirred for 1 h. The slurry 

contained 3 wt.% solids and the molar ratio of the reactants was 

SiO2:Mg(OH)2:LiF=5.5:3:1. The samples were aged by autoclaving in laboratory 

microwave equipment (Milestone Ethos Touch Control), at 373 K for 4 and 8 h 

(samples H1–H2, Table 3.2.2-1) or at 393 K for 4, 8 and 16 h (samples H3–H6, 

Table 3.2.2-1). One hectorite sample was aged in an autoclave inside a 

conventional oven, to compare conventional aging with microwave hydrothermal 

treatment (sample H7). Brucite was synthesised by two different ways: the first 

consisted on rehydrating commercial magnesia by refluxing for 2 h (sample Brh); 

the second by precipitation from an aqueous solution of MgCl2 with ammonia 

(Brp). 

Table 3.2.2-1. Preparation conditions of samples. 

Sample Aging method Aging time (h) Aging temperature (K) 
Brucite used in 
the synthesis 

H1 MW 4 373 Brp 
H2 MW 8 373 Brp 
H3 MW 4 393 Brp 
H4 MW 8 393 Brp 
H5 MW 8 393 Brh 
H6 MW 16 393 Brp 
H7 Conventional 192 393 Brp 
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Samples were characterised by X-ray diffraction (XRD), X-ray fluorescence 

(XRF), N2 adsorption, Scanning Electron Microscopy (SEM), and determination 

of cation exchange capacity (CEC). The experimental conditions are indicated in 

the Experimental Section (2.2).  

3.2.3. Results and Discussion  

Influence of using microwaves 

X-ray diffractions patterns of samples H4 (under microwaves) and H7 

(conventional preparation) showed only one crystalline phase corresponding to 

hectorite (Figure 3.2.3-1). A very broad peak with a maximum at 2θ=22.8°was 

assigned to amorphous silica. The particles of hectorite H4 are larger (9.3 nm) 

than those of the hectorite aged in a conventional oven (H7, 7.9 nm) (Table 

3.2.3-1). 

 
Figure 3.2.3-1. XRD patterns of (a) H7 aged during 8 days by conventional heating  
 at 393 K, and (b) H4 aged during 8 h by microwave treatment at 393 K. 
 Dotted lines refer to hectorite.  
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 Table 3.2.3-1. Characterisation data from XRD patterns 

Sample 
001 Hectorite 

crystallite size (nm) 
060 Hectorite 

crystallite size (nm) 
Basal spacing 

(Å) 

H1 2 5.8 14.4 
H2 2.4 6.2 14.4 
H3 2.5 9.2 13.3 
H4 2.5 9.3 13.3 
H5 2.8 8 12.8 
H6 2.2 10.5 12.7 
H7 2.4 7.9 12.6 

 

The basal spacing was slightly higher for H4 (13.4 Å) than for H7 (12.6 Å) 

(Table 3.2.3-1). For conventional prepared hectorites, a higher basal spacing 

has been attributed to the presence of some residual brucite in the interlayer 

space (Srodon, 2006). However, we think that the higher basal spacing 

observed for H4 could also be related to the presence of higher amounts of 

interlamellar cations, which may mean a higher layer charge. Nevertheless, the 

presence of Mg(OH)2 layers cannot be completely discarded although this phase 

cannot be detected by XRD. 

The microwave aged sample (H4) has higher CEC (0.68 meq/g) than H7 (0.53 

meq/g). A contribution of amorphous silica or residual brucite to the CEC has 

been discarded, as commented in the experimental section. The higher CEC of 

H4 may be attributed to the presence of lower amounts of silica in this sample or 

due to a higher layer charge.  
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From atomic absorption results, Si/Mg and Mg/Li ratios were determined 

(Table 3.2.3-2). The Si/Mg ratios of samples H4 and H7 are higher than that 

found in the literature (Levin et al., 2004) for a natural hectorite (San Bernadino 

hectorite, Si/Mg=1.52). They are also higher than that expected for a theoretical 

pure hectorite (Si/Mg=1.67, when x=1.2) due to the presence of the amorphous 

silica. 

Table 3.2.3-2. Characterisation data from different techniques 

Sample 
% 

SiO2a 
% 

MgOa 
%Lib 

Si/Mg 
ratio 

Mg/Li 
ratio 

% Amorphous 
silica 

% 
Hectorite 

CEC 
(meq/g 
sample) 

BET surface 
area (m2/g) 

H1 62.4 16.2 0.40 2.6 7.0 – 39c – 108 
H2 66.6 19.1 0.46 2.3 7.3 – 43c – 145 
H3 64.1 15.2 0.41 2.8 6.3 – 45c 0.47 132 
H4 65.5 16.5 0.47 2.7 6.1 54 46d 0.68 156 
H5 67.4 18.8 0.54 2.4 5.9 60 40d 0.61 172 
H6 69.2 18.4 0.68 2.5 4.6 40 60d 0.67 170 
H7 65.5 18.0 0.85 2.3 3.6 55 45d 0.53 165 

aFrom XRF bFrom ICP. To reach 100% it is necessary to add %Lost in ignition mass. 
cCalculated using a representation of relative integrated intensity in % of the hectorite phase for 
samples H4, H5, H6 and H7, obtained from XRD patterns versus content of hectorite calculated 
from CEC and XRF.  
dCalculated from Si/Mg, Mg/Li, and CEC. 

The proportion of hectorite and amorphous silica in H4 and H7 were estimated 

from Si/Mg, Mg/Li, and CEC (Table 3.2.3-2). The content of hectorite and 

amorphous silica in H4 and H7 are very similar (45% of hectorite and 55% of 

amorphous silica). 
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H4 has much higher Mg/Li ratio (6.1) than sample H7 (3.6) (Table 3.2.3-2). 

Assuming that magnesium and lithium are in the hectorite structure (in the layers 

or in the interlamellar space), the higher Mg/Li ratio of H4 could be attributed to 

the presence of higher amounts of magnesium ions in the interlamellar space. 

H4 has slightly lower specific BET surface area (156 m2/g) than H7 (165 m2/g) 

(Table 3.2.3-2). The slightly lower surface area may be related to the higher 

crystallinity of H4. 

Influence of type of brucite 

The brucite prepared by precipitation (Brp) was more crystalline (crystallite 

size=14.6 nm) than rehydrated magnesia (Brh) (crystallite size=7.3 nm). 

In the X-ray diffraction patterns of H4 and H5 crystalline brucite was not 

observed, appearing crystalline hectorite and amorphous silica. Hectorite H4 has 

higher crystallinity (larger particles) and slightly higher basal spacing than 

hectorite H5 (Table 3.2.3-1). 

Both samples present similar CEC (Table 3.2.3-2, 0.68 meq/g for H4, 0.61 

meq/g for H5). H4 also has a higher Si/Mg ratio and similar Mg/Li ratio compared 

to H5 (Table 3.2.3-2). The estimated amount of amorphous silica, calculated 

from the CEC and Si/Mg ratio values, was higher for sample H5 (60% in H5, 

54% in H4). 

Therefore, a more crystalline brucite yielded higher amounts of more 

crystalline hectorite. This is in agreement with the lower specific BET surface 

area obtained for H4 (156 m2/g, Table 3.2.3-2). 
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Influence of temperature during microwave aging 

The influence of the temperature during microwave aging has been studied by 

comparing samples H2 and H4.  

Crystalline brucite was detected as an associated phase in H2. The higher 

basal spacing of the hectorite phase for sample H2 (14.8 Å, Table 3.2.3-1) could 

be explained by the presence of Mg(OH)2 layers in the interlamellar space. 

Particles of H4 hectorite are larger (9.3 nm) than those of H2 (6.2 nm), indicating 

the higher crystallinity of the hectorite aged at higher temperature. 

The quantification of the hectorite phase, from CEC and atomic absorption 

results, was not possible for sample H2 due to the presence of brucite. For 

samples with brucite, another quantification method has been developed. First, 

we made a representation of the relative integrated intensity in % of the hectorite 

phase, obtained from XRD patterns, for samples H4, H5, H6 and H7 (samples 

without brucite) versus content of hectorite calculated from CEC and XRF. Then, 

from the straight line obtained in this representation, we applied the relative 

integrated intensity in % of hectorite H2, calculated from XRD, obtaining a value 

of 43% of hectorite content. This value is slightly lower than for H4 (46%). 

The presence of crystalline brucite in H2 also explains its higher Mg/Li ratio 

(Table 3.2.3-2), and also could be responsible for its lower specific BET surface 

area (145 m2/g) when compared to H4 (156 m2/g). Thus, formation of higher 

amounts of more crystalline hectorite is faster at higher temperature. 
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Influence of time under microwave aging 

XRD patterns of the samples prepared under microwaves at different 

temperatures and times are shown in Figure 3.2.3-2. We can observe the 

presence of crystalline hectorite and amorphous silica for all samples. Crystalline 

brucite was also detected for the samples aged at 373 K (H1 and H2), and 393 K 

for 4 h (H3). The amount of the brucite phase gradually decreases with time and 

with temperature (Figure 3.2.3-2). In fact, the amount of brucite in sample H3 is 

very small. At 393 K, conversion of brucite into hectorite was promoted. The 

crystallinity of hectorite (Table 3.2.3-1) increases with increasing the aging time 

for both temperatures. The higher basal spacing observed for H1 and H2 (Table 

3.2.3-1) can be related to the presence of higher amounts of interlayer Mg(OH)2 

layers. 

 
Figure 3.2.3-2. XRD patterns of H1 and H2 aged at 373 K, and H3, H4, and H6 aged 
 at 393 K. Dotted lines refer to hectorite, and solid lines refer to brucite. 
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Although there is an increase of the CEC between H3 (0.47 meq/g) and H4 

(0.68 meq/g), a further increase of time to 16 h did not increase the CEC (Table 

3.2.3-2, H6, 0.67 meq/g).  

There is a decrease of the Si/Mg ratios at increasing aging time (Table 

3.2.3-2). This is in agreement with the expected decrease of amorphous silica 

with time. The Mg/Li ratio is very high in samples H1 (7.0) and H2 (7.3) probably 

due to the presence of higher amounts of brucite in these samples. The higher 

Mg/Li value of H2 compared with H1 can be related to the presence of higher 

amounts of magnesium ions in the interlamellar space. 

The proportion of the hectorite phase increases with time, and was always 

higher for samples prepared at higher temperature (Table 3.2.3-2). 

Specific BET surface area increases with time for each group of samples 

(Table 3.2.3-2). For the samples aged at 373 K (H1 and H2), the increase can 

be related to the smaller amount of crystalline brucite. 

For the samples prepared at 393 K (H3, H4 and H6), the amount of brucite 

also explains the increase of area between H3 and H4. However, the increasing 

of specific surface area from H4 to H6, which do not have brucite, may be 

related to a certain disaggregation of hectorite particles with time, probably as a 

consequence of the continuous action of microwaves. This is in agreement with 

the decrease of the stacking degree of H6 (Table 3.2.3-1) and with SEM 

pictures. H6, obtained at longer aging times (Figure 3.2.3-3b), shows less 

agglomerated particles than H4 (Figure 3.2.3-3a).  
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Figure 3.2.3-3. SEM micrographs of: a) H4 (×20,000) and b) H6 (×20,000). 

3.2.4. Conclusions 

In summary, the hydrothermal microwave treatment provides a faster synthesis 

of hectorites. 
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3.3. Preparation of pure hectorite using microwaves 

 

 

 

 

 

 

 

 

Abstract  

Hectorite, (Si8.0)[Mg6.0-x Lix](OH.F)4 O20 Mn+x/n·mH2O is a triocahedral smectite 

that can be used in multiple fields. Our objective in this work is to obtain pure 

hectorite by different ways (decantation, treatment with a solution of Na2CO3, 

change of the reactants ratio) and to study the influence of these procedures on 

the properties of purified samples. Samples were characterised by XRD, FTIR, 

N2 physisorption, TEM techniques and determination of CEC. Pure hectorite 

samples were obtained by different procedures, resulting in hectorites with 

different features. The choice of one or other would depend on the application of 

hectorite.
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3.3.1. Introduction 

Clay minerals are widely spread on the Earth surface. The layer of these 

phyllosilicates is formed by M(O, OH)6 octahedral sheets (where M=Al3+, Mg2+, 

Fe3+ o Fe2+) and tetrahedral sheets, mainly Si(O, OH)4 units. In both sheets 

isomorphic substitution by lower charged cations is possible and results in 

negatively charged layers. This charge is compensated by cations located in the 

interlamellar space. Characteristic properties of clays are the swelling of 

interlamellar space (Stepkowska et al., 2004) and interlayer cationic exchange 

(Bergaya and Vayer, 1997; Czímerová et al., 2006). Clays also present Brønsted 

acidity, related to –OH groups, and Lewis acidity related to interlayer cations and 

lamellar cations deficiently coordinated. Hectorite is a clay mineral with formula 

(Si8.0) [Mg6.0-xLix] (OH.F)4O20Mn+x/n·mH2O. Hectorite can be used as catalyst, in 

ionic adsorption and ionic exchange processes, in nanoparticles synthesis, and 

in nanocomposites preparation. Hectorite can be found in nature, however, in 

order to work with a reproducible material it must be synthesised. Preparation 

methods usually involve long time hydrothermal treatments, and other natural 

clays are still used for main applications (Kloprogge et al., 1999). The 

introduction of microwave technology for clay synthesis can not only dramatically 

reduce the synthesis times, but also confer interesting properties to the prepared 

materials (Vicente et al., 2009, 2010a). 

Microwaves belong to waves with frequency between 30000 MHz and 300 

MHz. The Magnetron, device that produces fixed frequency microwaves, was 

designed during the Second World War as part of RADAR development (Mingos 

and Baghurst, 1997). In a previous work, we managed to synthesise 

reproducible hectorite clay in a short time using microwaves, obtaining purities 
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up to 60% (Vicente et al., 2009). However, some silica remained in sample. Our 

objective in this work is to study different ways to obtain pure hectorite, and to 

check the influence of these procedures on the properties of purified samples. 

3.3.2. Experimental 

Hectorite was prepared according to the procedure reported in a previous work 

(Vicente et al., 2009) in which brucite sheets were proposed to act as 

crystallisation nuclei of hectorite. Preparation was carried out as follows: A slurry 

(3 wt. % solids) containing SiO2, fresh brucite Mg(OH)2 (synthesised by 

precipitation of a 10 M ammonia solution onto MgCl2(aq)), and LiF, in a molar ratio 

7.5 SiO2:3 Mg(OH)2:1 LiF was vigorously stirred for 1 h. Then, the sample was 

aged by autoclaving in laboratory microwave equipment (Milestone Ethos Touch 

Control), at 393 K for 8 h obtaining H1. In order to obtain pure hectorite several 

procedures were performed: 

- Separation by decantation, collecting the supernatant liquid from a H1 

suspension that was stirred for 24 h and laid settling down for 2 days (H1-S). 

- Treatment of H1 with a solution of Na2CO3 0.05 M at 393 K for 5 

minutes. (H1-C). 

- Decrease of SiO2 amount in the starting slurry using as molar ratio of 

reactants 4 SiO2:3 Mg(OH)2:1 LiF. After aging this slurry by autoclaving under 

microwaves at 393 K for 8 h, we obtained H2. 

Samples were characterised by X-ray diffraction (XRD), N2 adsorption, 

transmission Electron Microscopy (TEM), transmission infrared spectroscopy 

(FTIR) and determination of cation exchange capacity (CEC). The experimental 
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conditions are indicated in the Experimental Section (2.2). 

3.3.3. Results and discussion 

TEM images of all samples (H1, H1-S, H1-C and H2) exhibited the lamellar 

structure typical of smectite clays. TEM images of H1 and H2 are shown in 

Figure 3.3.3-1 as representative samples. The existence of smectite structure 

was confirmed by the XRD patterns of samples (Figure 3.3.3-2), where we 

observed only one crystalline phase corresponding to hectorite. A very broad 

peak with a maximum at 2θ = 22.8° was assigned to amorphous silica by 

comparison with the SiO2 diffraction pattern included in the figure. The silica 

band was more appreciable in sample H1 than in samples H1-C and H2, 

resulting in a worse definition of (004) reflection (Figure 3.3.3-2). Therefore, we 

can conclude that there was a decrease of remaining silica in these samples. In 

contrast, not important differences were observed in the difraction pattern of 

sample H1-S when comparing it to that obtained for sample H1 suggesting that 

the remaining amount of silica in samples H1-S and H1 was similar 

 
Figure 3.3.3-1.TEM images of samples H1 and H2 (x100K). 
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H1, H1-C and H2 had similar crystallinity, as deduced from their similar 

crystallite size, calculated from (060) reflection of XRD patterns (Table 3.3.3-1). 

The lowest crystallite size value obtained for sample H1-S may be explained by 

the fact that not only the amorphous silica particles but also the biggest clay 

ones, settled down at the bottom and just the smaller clay particles remained in 

suspension. 

 
Figure 3.3.3-2. XRD patterns of silica, and studied samples. 

The basal spacing was higher for samples H1-C and H2 (14.4 and 14.2 Å, 

respectively) than for H1 (13.2 Å) (Table 3.3.3-1). For conventional prepared 

hectorites, a higher basal spacing has been attributed to the presence of some 

residual brucite, (Mg(OH)2), in the interlayer space (Srodon, 2006). However, we 
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think that the higher basal spacing observed for H1-C and H2 could also be 

related to the presence of higher amounts of interlamellar cations, which may 

mean a higher CEC value (Table 3.3.3-1). Nevertheless, the presence of 

Mg(OH)2 layers cannot be completely discarded although this phase cannot be 

detected by XRD. Again, not differences were observed when comparing basal 

spacing of sample H1-S and H1.  

Table 3.3.3-1.  Characterisation data from XRD, and N2 physisorption techniques and
  CEC determination. 

Sample 
Basal spacing 

(Å) 
Crystallite size 

(0 6 0) (nm) 
BET surface 
area (m2/g) 

Hysteresis 
type 

CEC 
(meq/100g) 

H1 13.2 9.3 162 D, B 64 
H1-S 13.4 7.9 222 B 70 
H1-C 14.4 9.4 238 B 90 
H2 14.2 9.9 199 B 75 

Figure 3.3.3-3 shows the FTIR spectra taken for samples H1, H1-S, H1-C and 

H2 and also for SiO2 for comparison. Bands were assigned taking into account 

the characterisation data reported for clay samples (Rusell and Fraser, 1994; 

Kloprogge et al., 1999; Kloprogge and Frost, 2000). The band around 1027 cm−1 

corresponds to the Si–O–Si ordered in the clay mineral layer and can be 

observed in all samples especially for H1-C and H2, confirming the XRD results. 

The appearance of one intense band around 1105 cm−1 together with a shoulder 

at 1200 cm−1 was related to the presence of the amorphous silica phase, being 

more intense for H1 and H1-S, in agreement with the XRD results. This agrees 

the enhancement of CEC values observed for the samples with less content of 

amorphous silica (H1-C and H2, Table 3.3.3-1) since CEC in silica is 0. The 

other IR band observed for samples at 666 cm−1 is associated to vibrations 

related to Mg–OH librations. 
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Figure 3.3.3-3. FTIR spectra of silica, and studied samples. 

From N2 adsorption-desorption isotherms, we observed interesting 
differences in the hysteresis shape of samples (Figure 3.3.3-4, Table 3.3.3-1). 
Thus, in sample H1, hysteresis is a mixture of shapes B and D which 
corresponds to porosity of clay minerals with some contribution of non-
parallel platelets separated by small particles. In contrast, the other samples 
showed a B hysteresis type, related to pores formed by the superposition of 
crystalline parallel platelets. We also observed higher values of BET area for 
samples H1-S, H1-C and H2 than H1 (Table 3.3.3-1). This fact together with 
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the differences observed in the hysteresis shape, is in agreement with the 
elimination of small silica particles that block the pores and change their 
shape. The highest increase in BET area when compared to H1 was 
observed in sample H1-C. This could be related to some disorder in stacking 
due to Na2CO3 treatment resulting in a loss of definition of (001) reflection 
(Figure 3.3.3-2). In sample H2 the higher BET area value could be due to the 
higher crystallinity of this sample in spite of the absence of silica which blocks 
the pores. 

 
Figure 3.3.3-4. N2 adsorption-desorption isotherms of H1, H1-S, H1-C and H2. 
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3.3.4. Conclusions 

Purer hectorite samples with different features were obtained by different 

procedures. Treating the hectorite with a Na2CO3 solution or decreasing the 

silica content in the starting slurry allowed us to obtain the purest hectorites. 

3.3.5. Acknowledgements 

Authors are grateful for financial support of Ministerio de Ciencia e Innovación 

and FEDER funds (CTQ2008-04433/PPQ). I. Vicente acknowledges FPU grant 

from Ministerio de Educación y Ciencia (AP2006-00835). 

UNIVERSITAT ROVIRA I VIRGILI 
SYNTHESIS OF HECTORITES AND SAPONITES WITH MICROWAVES AND THEIR APPLICATION IN CATALYSIS AND COMPOSITES 
Isabel Vicente Valverde 
ISBN:/DL:T. 1033-2011 



3.4. Microwave-assisted synthesis of saponite 

 

 

 

 

 

 

 

Abstract  

Saponites have been successfully synthesised by using the microwave 

hydrothermal method at 393 K for 6 h. Al(IV)(Td)/Al(VI)(Oh) ratio and CEC 

values of the microwaves samples were higher than those obtained for the 

saponites prepared by conventional hydrothermal method at the same 

temperature for 72 h. Characteristics of the saponites synthesised under 

microwaves depended on the initial slurry pH, the presence of fluorides in the 

reaction medium, and the aging time. When the initial slurry pH was 8, the 

highest Al(IV)(Td)/Al(VI)(Oh) ratio, and high CEC values were obtained. 

Moreover, by synthesising saponite with an initial slurry pH of 7 in the presence 

of fluoride, the highest CEC value was achieved.   
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3.4.1. Introduction 

Saponite Mx[Mg6AlxSi8−xO20(OH)4] (M= Na, Li, NH4) is a trioctahedral 2:1 

layered phyllosilicate. The layer consists of an octahedral sheet composed by 

Mg(O,OH)6 units sandwiched between two Si(O,OH)4 tetrahedral sheets. Some 

isomorphous substitution of Si(IV) by Al(III) in the tetrahedral sheet causes the 

layer to be negatively charged, and provides Lewis acidity. This charge is 

compensated by interlayer exchangeable cations such as Na+, K+, Ca2+, or even 

H+, obtaining, in this case, a Brønsted acidic material. Aluminium can also 

substitute magnesium in octahedral positions, in a ratio of 3 Mg2+=2 Al3+ without 

creation of a positive charge or as suggested by Suquet et al. (1981) in a ratio 1 

Mg2+=1 Al3+, creating positive charge, which compensates the negative one of 

the layer. Additionally, Al3+ andMg2+ can be present as interlayer cations.  

Nowadays, interest in natural smectites is increasing due to their important 

technological applications such as for nanocomposites preparation, (Liu and 

Breen, 2005; Xue and Pinnavaia, 2008) or heterogeneous catalysts due to their 

acidity and thermal stability (Varma, 2002; Casagrande et al., 2005). Large 

availability and low price are major advantages when natural saponite is used. 

However, non-uniformity in chemical composition, and an important amount of 

several impurities mixed in this natural clay mineral limit their technological 

application, especially in catalysis. To obtain an impurity-free reproducible solid, 

saponite must be synthesised. Saponite synthesising procedures often involve 

hydrothermal treatments in autoclaves at water autogenous pressure (5–17 

MPa), and at 423–723 K for long times, from hours to days (Kloprogge et al., 

1994a; Jaber and Miéhé-Brendlé, 2005). Moreover, non-hydrothermal synthetic 

methods working at 373 K and atmospheric conditions have been also proposed 
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(Prikhod'ko et al., 2003). The use of hydrothermal conditions has been defended 

by Kloprogge et al. (1999) due to the high hydrolysis rate of octahedral cations at 

high temperature that favours nucleation, and growth of saponites. In non-

hydrothermal conditions, hydrolysis of cations is obtained using urea. However, 

preference of Al3+ cations for tetrahedral positions is only possible at high Si/Al 

ratios (Prikhod'ko et al., 2003). Then, the control of physical and chemical 

properties of saponites, when used for specific applications, is very important 

(Vogels et al., 2005).  

Kloprogge and co-workers studied the influence of many factors, such as slurry 

pH and chemical composition, influence of F¯, aging time, and aging 

temperature, on the synthesis of ammonium saponite by conventional 

hydrothermal method (Kloprogge et al., 1994a, 1999; Vogels et al., 1997). The 

effect of initial dilution in slurry was also studied by Bisio et al. (2008). It is 

important to remark on the role of aging temperature in the hydrothermal 

synthesis of saponites. Even after 72 h of thermal treatment, crystallisation was 

not good at temperatures lower than 473 K (Kloprogge and Frost, 2000). Two 

key factors to have in mind for the synthesis of saponites, that considerably 

affect their physicochemical properties, are the incorporation of Al3+ in 

octahedral positions, instead of Mg2+, and the nature of the interlayer cation. 

Besides, other parameters, such as the crystallinity and the layer stacking 

degree, can also have importance for several applications. 

Microwave technology has been used from 80's in different research fields, 

such as solid dehydration, and promotion of both organic and inorganic reactions 

(Komarneni et al., 1992; Kingston and Haswell, 1997). In the last years, there is 

an increasing interest in using microwaves to synthesise mesoporous materials 
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(Bergadà et al., 2007a, 2007b; Newalkar et al., 2001), not only due to the 

particular characteristics that the obtained solids can achieve, but also to 

decreased temperature and synthesis time with the subsequent energy saving. 

Therefore, microwave reactions constitute valuable processes in Green 

Chemistry. Recently, hectorite was successfully synthesised by aging the gel 

precursor by microwave-hydrothermal treatment at 393 K for 16 h (Vicente et al., 

2009). This hectorite was purer and more crystalline than the hectorite aged for 

8 days by conventional heating. Some preliminary studies about the use of 

microwaves for saponite preparation have been recently published (Yao et al., 

2005, Rico et al., 2008). 

The aim of this study was to decrease the temperature and time in the 

synthesis of ammonium saponites by using microwaves. Some preparation 

parameters, such as the pH of the initial slurry by using different reactants 

sources, the presence of fluorides, and the heating time, were modified in order 

to establish their influence on the saponite synthesis under microwaves. Several 

saponites were also prepared by conventional heating for comparison. Samples 

were characterised by XRD, XRF, EDX, TEM, FTIR, CEC determination, N2 

adsorption, and 27Al-MAS-NMR techniques. 

3.4.2. Experimental 

Saponites were prepared following the method reported by Vogels et al. 

(1997), but modifying several parameters, and using microwaves for the 

hydrothermal aging. First, 50 ml of slurry (≈9 wt. % solids),with a 

Si4+:Al3+:Mg2+:NH4+ composition ratio of 14.3:2.5:12.5:8, was vigorously stirred 

for 2 h. Excepting for NH4+, which was added in excess, this composition ratio 
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would result in the obtaining of a saponite with the theoretical formula 

NH4(1.2)[Mg6Al1.2Si6.8O20(OH)4]. Fumed SiO2 (227m2/g) was used as silica source 

for all samples. However, different Mg and Al sources were used in order to 

achieve different pH values in the initial slurry (4.5, 7, and 8) obtaining samples 

S1, S2 and S3, respectively (Table 3.4.2-1). Then, they were aged by 

autoclaving using a laboratory microwave equipment (Milestone Ethos Touch 

Control) at 453 K for 6 h (Table 3.4.2-1). Two more samples were prepared 

under microwaves: the one at the same preparation conditions than sample S2 

but adding F¯ into the slurry (Al/F ratio of 1.25) (sample S2F), and the other by 

increasing the aging time of sample S3 to 12 h (S3-12 h) (Table 3.4.2-1). In 

order to compare microwaves and conventional heating, two samples were 

synthesised at the same preparation conditions than samples S2 and S3 but 

aging the slurry by conventional heating in an autoclave at 453 K for 72 h 

(samples S2c and S3c) (Table 3.4.2-1). After aging, all samples were washed by 

centrifugation up to neutrality, and dried overnight in an oven at 353 K. 

Samples were characterised by X-ray diffraction (XRD), transmission infrared 

spectroscopy (FTIR), X-ray fluorescence (XRF), energy dispersive X-ray (EDX), 

N2 adsorption, 27Al–MAS–NMR, transmission Electron Microscopy (TEM), and 

determination of cation exchange capacity (CEC). The experimental conditions 

are indicated in the Experimental Section (2.2). 
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Table 3.4.2-1. Preparation conditions of the samples. 

Sample 
Initial 

slurry pH 

Reactants used 
Si4+:Al3+: Mg2+:NH4+ ratio= 

14.3:2.5:12.5:8 
F¯ addition 

Use of 
microwaves 

Aging 
time.(h) 

S1 4.5 
Mg (NO3)2·6H2O, 

Al(NO3)39·H2O, NH4CH3COO 
--- Yes 6 

S2 7 
Mg(CH3COO)2·4H2O, 
C9H21O3Al, NH3 (aq). 

--- Yes 6 

S2F 7 
Mg(CH3COO)2·4H2O, 
C9H21O3Al, NH3 (aq) 

NH4F Yes 6 

S2c 7 
Mg(CH3COO)2·4H2O, 
C9H21O3Al, NH3 (aq) 

--- No 72 

S3 8 
Mg (CH3COO)2·4H2O, 

Al(OH)(CH3COO)2, NH3 (aq) 
--- Yes 6 

S3-12 h 8 
Mg (CH3COO)2·4H2O, 

Al(OH)(CH3COO)2, NH3 (aq) 
--- Yes 12 

S3c 8 
Mg (CH3COO)2·4H2O, 

Al(OH)(CH3COO)2, NH3 (aq) 
--- No 72 

 

3.4.3. Results and discussion 

Use of microwaves for the synthesis of saponites  

Samples S1, S2 and S3 were synthesised with the same Si source (fumed 

SiO2), the same interlayer cation (NH4+), but with different Al and Mg sources 

(Table 3.4.2-1) following the reactants ratio reported by Vogels et al. (1997) 

(Table 3.4.2-1). From these reactants, we achieved three different pH values of 

the initial slurry (4.5, 7, and 8 for samples S1, S2 and S3, respectively). After 6 h 

of hydrothermal aging, the solution pH was similar for all samples (around 4.5). 
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Figure 3.4.3-1. XRD patterns of the synthesised samples. 

Figure 3.4.3-1 shows the XRD patterns obtained for these three samples. 

Several data obtained from XRD are also summarised in Table 3.4.3-1. The 

XRD pattern of S1 corresponds to a very amorphous solid with a wide band 

characteristic of amorphous silica around 22.8° whereas samples S2 and S3 

showed the presence of several reflections characteristic of clays minerals, and 

a less intense band corresponding to the amorphous silica. No other crystalline 

phases were detected for S2 and S3 by XRD, such as bayerite (Al(OH)3), which 

was found by other authors in the preparation of saponites when pH reached 

values between 6.4 and 5.4 (Vogels et al., 1997). In fact, when pH dropped 

down these values, these authors reported that bayerite disappeared. Although 

001 reflection, related to the layer stacking, was not observed for any of these 

samples, 060 reflection, which is characteristic of trioctahedral clay minerals 

(Srodon, 2006), appeared clearly for S2 and S3 with a d060 of 0.153 nm (Table 

3.4.3-1). This involves the occupation of the octahedral positions by Mg2+. 
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Regarding the crystallinity of the saponite phase for S2 and S3, we observed 

that S3 was slight more crystalline than S2 since its crystallite size, determined 

from 060 reflection, was higher (Table 3.4.3-1). As commented before, the 

stacking degree of the layers for saponites S2 and S3 were very low. This 

indicates a very limited ordering in the c-axis for these samples. However, a 

reflection corresponding to a basal distance around 16 Å (2Θ≈5°) started to be 

defined for sample S3 (Figure 3.4.3-1). In the literature, this high value has been 

related to the presence of two water layers, which are typical when Mg2+ is 

present in the interlayer space (Kloprogge et al., 1994b; Suquet et al., 1975). 

Table 3.4.3-1. Characterisation of the samples prepared under microwaves. 

Sample 

Si/Mg ratio 
‡ (1.1) 

 Si/Al Ratio  
‡ (5.7) 

 Mg/Al Ratio 
 ‡ (5) 

 
d(060) 

nm 

060 
Crystallite 
size (nm) 

CEC 
(meq/ 
100g) 

BET 
Area 

(m2/g) XRF EDX  XRF EDX  XRF EDX  

S1 125.3 ---  4.1 3.8  0 0  --- --- --- --- 

S2 1.8 1.2  4.1 7.6  2.3 6.5  0.153 6.0 52 226 

S2F 1.5 1.3  4.8 5.8  3.2 4.5  0.153 6.2 65 279 

S3 2.4 2.2  5.2 6  2.2 2.7  0.153 6.2 55 270 
S3-12h 1.7 1.6  5.1 5.2  2.8 3.3  0.153 8.0 21 241 

‡ Values between parentheses correspond to the initial reactants ratio. 

Figure 3.4.3-2 shows the FTIR spectra taken for S1, S2, and S3. Bands were 

assigned taking into account the characterisation data reported for saponite 

samples (Kloprogge et al., 1999; Kloprogge and Frost, 2000; Rusell and Fraser, 

1994). The appearance of one intense band around 1105 cm−1 together with a 

shoulder at 1200 cm−1 confirmed the presence of the amorphous silica phase, as 

observed by XRD, which was higher in the order S1>S3>S2. It is important to 

note the observation of one band around 1027 cm−1, which corresponds to the 

Si–O–Si ordered in the clay mineral layer, for S2 and S3. This is again in 
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agreement with the XRD results. Three other IR bands were observed for S2 

and S3 at 1401 cm−1, 3675 cm−1, and 666 cm−1, which are associated to NH4+ 

bending, vibrations related to the Mg–OH stretch, and Mg–OH librations, 

respectively. 

 
Figure 3.4.3-2. FTIR spectra for all samples. 

XRF results revealed the presence of silicon and aluminium whereas 

magnesium was not practically detected for the amorphous sample S1 (Table 

3.4.3-1). This can be explained by the high solubility of magnesium species in 

the acidic medium. With respect to the samples S2 and S3, XRF data indicated 

that magnesium started to be incorporated in the structure, in higher amounts for 

UNIVERSITAT ROVIRA I VIRGILI 
SYNTHESIS OF HECTORITES AND SAPONITES WITH MICROWAVES AND THEIR APPLICATION IN CATALYSIS AND COMPOSITES 
Isabel Vicente Valverde 
ISBN:/DL:T. 1033-2011 



S2, although both samples presented higher bulk Si/Mg ratios, and lower bulk 

Mg/Al ratios than the stoichiometric ratios (Table 3.4.3-1). For S3, the Si/Al ratio 

was 5.2, near the theoretical value of 5.7. By comparing these results with those 

obtained from EDX (Table 3.4.3-1), which correspond to surface composition, 

we can see that there was more Si and Mg in the external surface, especially for 

the sample prepared at pH 7 (S2), which showed surface Si/Al and surface 

Mg/Al ratios much higher (7.6 and 6.5, respectively) than the theoretical values 

(5.7 and 5, respectively). This means that these samples initially have nuclei 

richer in Al with a later progressive incorporation of Si and Mg. 

Figure 3.4.3-3 shows the 27Al–MAS-NMR spectra obtained for several samples 

whereas Figure 3.4.3-4 depicts the Al(IV)(Td)/Al(VI)(Oh) ratio calculated for all of 

them. By increasing the initial slurry pH, tetrahedral aluminium increased. Thus, 

while S1 had Al mainly in octahedral (Oh) positions, S3 presented important 

amounts of Al in tetrahedral (Td) coordination. This is coherent with the 

formation of octahedral aluminium species at acid pH (S1). However, at basic pH 

(S3), the formation of [Al(OH)4]− species with tetrahedral coordination could 

favour their incorporation into the tetrahedral sheets. The low Al(IV)(Td)/ 

Al(VI)(Oh) ratio observed for S2 (0.5) (Figure 3.4.3-4) could be related to the 

possible formation of octahedral aluminium species like amorphous bayerite 

from pH 6.5, not detected by XRD. These species can be incorporated in the 

octahedral sheets. As we can see, the peak due to tetrahedral Al appeared 

unfolded with one peak between 60 and 64 ppm, characteristic of the ordered 

tetrahedral aluminium, and another around 56 ppm, which has been assigned to 

more amorphous tetrahedral aluminium (Kloprogge et al., 1994a). S2 had less 

content of tetrahedral Al than S3, but its ordered tetrahedral aluminium was 
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higher (Figure 3.4.3-3). 

 

Figure 3.4.3-3. 27Al-MAS-NMR spectra for samples  
S1, S2, S3, S3c, and S3-12 h. 
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Figure 3.4.3-4. Al(IV)(Td)/Al(VI)(Oh) ratio obtained from 27Al-MAS-NMR  
 spectra for all samples. 

Regarding N2 adsorption data, S3 exhibited higher BET specific surface area 

than S2 although S3 showed a slight more crystalline saponite phase (Table 

3.4.3-1). This can be explained by the presence of higher amounts of 

amorphous silica in sample S3, as observed by FTIR (Figure 3.4.3-2). 
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With respect to the CEC values, determined for S2 and S3, they were very 

similar (Table 3.4.3-1) contrarily to the expected having in mind the higher 

amount of tetrahedral Al observed for S3 (Figure 3.4.3-3). Anyway, the higher 

percentage of ordered tetrahedral Al, and the lower amorphous silica content, 

which has no contribution to CEC, obtained for S2 could explain these values. 

In order to have more information about the preparation of saponites, several 

modifications in the preparation procedure were made. Thus, one sample was 

synthesised at the same reaction conditions than S2 but adding NH4F 

(Al/F=1.25) to the reaction medium (sample S2F), and another sample was 

prepared by increasing the preparation time of S3 until 12 h (sample S3-12 h). 

XRD pattern of S2F was very similar to that of S2 (Figure 3.4.3-1) confirming 

the formation of the clay mineral phase. The fluorinated saponite had slight 

higher crystallinity than S2 since its crystallite size value was higher (Table 

3.4.3-1). Interestingly, the addition of F− allowed us to obtain Si/Mg, Si/Al and 

Mg/Al ratios more similar to those of the theoretical clay mineral (Table 3.4.3-1). 

FTIR spectrum of S2F showed an important improvement in the arranging of the 

O–Si–O in the layer (Figure 3.4.3-2). Besides, S2F had higher Al(Td)/Al(Oh) ratio 

(1.8) than S2 (0.5) (Figure 3.4.3-4) whereas the relative amount of ordered 

tetrahedral Al with respect to the total tetrahedral Al was similar for both 

samples. The high total content of ordered tetrahedral Al together with the lower 

amorphous silica amount (Figure 3.4.3-2) observed for S2F, justifies its higher 

CEC (65 meq/100 g) when compared to that of S2 (Table 3.4.3-1). From the N2 

adsorption results, S2F presented higher BET area than S2 (Table 3.4.3-1). This 

could be related to the appearance of additional porosity probably associated to 

the emptying of the pores occupied by the amorphous silica because of its 
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incorporation in the structure. 

By increasing the preparation time of saponite S3 from 6 to 12 h (S3-12 h), 

there was an increasing of the clay mineral crystallinity (crystallite size of 8 Å, 

Table 3.4.3-1), as expected, accompanied by a best definition of the reflection 

(001) (Figure 3.4.3-1), associated to the stacking, with a basal distance of 16.3 

Å, similar to that of S3. FTIR spectrum of S3-12 h also showed an improvement 

in the arrangement of the O–Si–O in the layer, as well as, a decrease in the NH4+ 

content (Figure 3.4.3-2). This sample had a composition closer to that of the 

stoichiometric clay mineral than sample S3, showing mainly an increase of Mg 

content (Table 3.4.3-1). At longer preparation time, the octahedral aluminium 

increased (Figure 3.4.3-3), and consequently the Al(Td)/Al(Oh) ratio decreased 

(Figure 3.4.3-4). This higher content of octahedral aluminium could be explained 

by the substitution of Mg2+ by Al3+ in the octahedral sheets, and also by the 

occupation of the interlayer space by some Al3+ and/or Mg2+, as deduced from 

the disappearance of the NH4+ band observed by FTIR for S3-12 h (Figure 

3.4.3-2). Both effects contribute to the important decrease of measurable CEC 

obtained for this sample (from 44 meq/100 g in S3 to 21 meq/100 g in S3-12 h) 

(Table 3.4.3-1), since the layer has less negative charge, and also the interlayer 

Al3+ and/or Mg2+ cations are hardly exchangeable. 

TEM images of saponites S2, S3, and S3-12 h (Figure 3.4.3-5a, b and c) 

showed the layer morphology characteristic of clay minerals. In agreement with 

other techniques, S2 presented a higher disorder of its layers whereas for S3-12 

h, obtained at longer preparation time, we observed a higher ordering of the 

layers, which also had higher length than the other samples. 
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Figure 3.4.3-5. TEM image of samples a) S2 (×250 k), b) S3 (×200 k), c) S3-12 h (×200 k), 
 and d) S3c (×200 k). 

Comparison with the saponites prepared by conventional heating 

Two samples were prepared by conventional method, S2c and S3c, at the 

same preparation conditions than those used to synthesise samples S2 and S3, 

respectively, but aging the slurry by conventional heating in an autoclave at 453 

K for 72 h (Table 3.4.2-1). XRD patterns of S2c and S3c (Figure 3.4.3-1) allowed 

us to identify them as trioctahedral clay minerals, with d060 values of 0.153 nm 

(Table 3.4.3-2). The crystallinity of these saponites was higher than those 

prepared by microwaves. S3c was the most crystalline with a length of 7.8 nm 
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(Table 3.4.3-2). Another point to note is that the samples prepared by 

conventional heating presented similar layer ordering than the microwaved ones. 

Also in this case, XRD reflection (001) started to be defined for sample S3c, with 

a basal distance value of 16.3 Å. This involves the presence of magnesium in 

the interlayer space with two water layers (Kloprogge et al., 1994b). FTIR 

spectra variation between S2c and S3c (Figure 3.4.3-2) was similar to that 

observed between the samples prepared under microwaves (S2 and S3) since 

S3c had higher content of amorphous silica than S2c. However, S3 and S3c 

exhibited an ordered/amorphous Si-O stretching ratio very similar whereas when 

comparing S2 and S2c, we observed that S2c had a major contribution of 

ordered Si-O-Si. It is important to comment the decrease in the intensity of the 

NH4+ bending band, and the decrease in the intensity of the IR bands related to 

the presence of Mg for the samples prepared by conventional heating, especially 

for S3c (Figure 3.4.3-2). 

Table 3.4.3-2. Characterisation of samples prepared by conventional heating 

Sample 
Si/Mg ratio 

‡ (1.1) 
EDX 

Si/Al Ratio 
‡ (5.7) 
EDX 

Mg/Al ratio 
‡ (5) 
EDX 

d(060) 
nm. 

060 
Crystallite 
size (nm) 

CEC 
(meq/100g) 

BET 
Area 

(m2/g) 

S2c 1.5 5.9 3.9 0.153 6.3 50 346 
S3c 3.4 5.2 1.5 0.153 7.8 34 215 

‡ Values between parentheses correspond to the initial reactants ratio 

With respect to the composition, the samples prepared by conventional 

heating showed by EDX, a lower magnesium content in the external surface 

than the samples synthesised under microwaves. The pH of the reaction 

medium become more acidic with time. Thus, the longer time used to prepare 

the conventional samples favours a substitution in the octahedral sheets of Mg2+ 
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by Al3+, especially for S3c, as confirmed by comparing the IR bands assigned to 

Mg-OH (Figure 3.4.3-2). By comparing the Al (Td)/Al(Oh) ratio for S3 (2.6) with 

respect to S3c (1.2), and S2 (0.5) with respect to S2c (0.4) (Figure 3.4.3-4), we 

can confirm the incorporation of aluminium in the octahedral positions for the 

samples prepared by conventional heating, especially for S3c.  

S3c had lower specific surface area than S3. This is in agreement with the 

higher crystallinity (higher crystallite size) observed for saponite S3c from XRD 

(Figure 3.4.3-1) since the amount of amorphous silica was very similar for both 

samples. On the other hand, S2c showed higher specific surface area than S2. 

This can be explained by some partial occupation of the clay mineral porosity by 

amorphous silica in S2 taking into account that in this sample, the amorphous 

silica content was higher.  

By comparing CEC values, we observed that S3c had lower CEC (34 meq/100 

g, Table 3.4.3-2) than S3 (55 meq/100 g, Table 3.4.3-1). The substitution of 

magnesium by aluminium in the octahedral sheets (coherent with the 

composition, Al(Td)/Al(Oh) ratio, and IR results) could involve some 

compensation of the layer charge generated by the substitution of silicon by 

aluminium in the tetrahedral sheets. Therefore, the total charge should be lower, 

explaining the lower CEC value of S3c. Besides, the presence of Al3+ in the 

interlayer space, which is difficult to exchange, could contribute to this 

measurable CEC decrease. In the case of S2 and S2c, the difference in their 

CEC values was very small. In fact, the Al(Td)/Al(Oh) ratio variation was minor 

and, as observed by FTIR, the content of magnesium in the structure was 

slightly lower for S2c (Figure 3.4.3-2). Consequently, the lower charge 

compensation in the layer together with the decrease of the amorphous silica 
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observed for this sample, could explain this minor variation. 

Figure 3.4.3-5d shows the TEM image taken for S3c where we can observe 

the high ordering of the saponite layers, with similar length to those of S3-12 h 

(Figure 3.4.3-5c), prepared under microwaves at much shorter time. 

3.4.4. Conclusions 

Hydrothermal microwave treatment provides faster synthesis of saponites, 

whose characteristics depend on the initial slurry pH or the presence of fluoride 

in the reaction medium. At initial slurry pH of 7 in the presence of fluoride, we 

obtained in 6 h a saponite with the same crystallinity, higher Al(Td)/Al(Oh) ratio, 

and higher CEC (65 meq/ 100 g) than the saponite prepared by conventional 

heating method for a much longer time (72 h). When the initial slurry pH was 8, 

after 6 h of microwave treatment, saponite had very high Al (Td)/Al(Oh) ratio 

(around 2.6), and CEC of 55 meq/100 g, both higher than those of its 

corresponding conventional prepared sample. When the preparation time under 

microwaves was increased from 6 to 12 h, the crystallinity of saponite was 

higher, the amount of amorphous silica was lower, although measurable CEC 

and NH4+ decreased. 
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Chapter 4  
 Saponites and hectorites as catalytic supports for 

the hydrogenation of styrene oxide 
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4.1. Introduction 

4.1.1. 2-phenylethanol (2-PEA) 

2-phenylethanol (2-PEA) is a colourless transparent liquid and the main 

component of rose scent. It is used as a fragrance material in alimentary and 

perfume industry, and cosmetic production. 2-PEA is also present in foods like 

cocoa, cheese, coffee or cider, which had a fermentation step in their production. 

This alcohol is stable to alkali and, therefore, ideally suited for use in soap 

perfumes. (Bauer et al., 2001; Mookherjee et al., 1996). 2-phenylethanol is also 

used in pharmaceutical industry as local anaesthetic, antiseptic and solvent 

since it has propellant and fungicide properties (Zhu et al., 2011). When used in 

food chemistry, it is necessary for 2-PEA to be toxic compound free. 2-

phenylethanol is obtained by low yielded procedures from natural sources like 

essential oils from flowers and plants (Bauer et al., 2001; Mookherjee et al., 

1996). In order to obtain 2-PEA in higher amounts, many chemical methods 

have been developed. However, all of them reported environmental problems or 

are expensive. 

4.1.2. Industrial methods for 2-phenylethanol (2-PEA) production  

Two of the main industrial processes for 2-PEA production are the Friedel-

Craft alkylation (Bauer et al., 2001; Wilson, 1991, Scheme 4.1.2-1a) and the 

synthesis using Grignard reactants (Mookherjee et al., 1996, Scheme 4.1.2-1b).  

Both processes have as principal disadvantages the high amount of wastes 

generated and the low purity of the obtained 2-PEA because of separation 

problems.  
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Scheme 4.1.2-1. Synthesis of 2-PEA by a) Friedel-Craft alkylation and   
 b) using Grignard reactants. 

Another widely described method is the styrene epoxide ring-opening reaction 

using as reductants hydrides or alkaline metals (Sreekumar et al., 1998, Scheme 

4.1.2-2). However, the obtention of the most substituted alcohol, 1-phenylethanol 

(1) was more favoured than 2-phenylethanol (2). 

 
Scheme 4.1.2-2. Reaction products of styrene oxide reduction.   
 (1) 1-phenylethanol; (2) 2-phenylethanol. 

Afterwards, the reduction of styrene oxide was reported using as reductant 

zinc borohydride supported on silica and aluminium phosphate (Campelo and 

Chekraborty, 1996; Ranu and Das, 1990). Interestingly, 2-phenylethanol (90%) 

was obtained as main product since the use of an inorganic solid could control 

the selectivity towards the primary alcohol (2-PEA). However, many separation 

steps were necessary to obtain 2-PEA. 
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4.1.3. Catalysis as an alternative to industrial methods 

That is why in last decades the use of homogeneous and heterogeneous 

catalysts in the hydrogenation of styrene oxide has been studied as an 

alternative to the industrial methods.  

Next, the most relevant studies are detailed.  

Homogeneous catalysts 

In order to obtain 2-phenylethanol, anion and cation metal catalysts have been 

used (Fujitsu et al., 1981; Grey et al., 1981). 

The first studies about the use of homogeneous catalysts for the 

hydrogenation of styrene oxide were published in 1977. While Wilkison catalyst 

showed low activity for the hydrogenation of 2-PEA (Mochida et al., 1977), 

rhodium catalysts were used and yielded 2-PEA with 70% of selectivity. In 1981, 

ruthenium catalysts were also tested (Grey et al., 1981). In all the above 

mentioned studies, even after long reaction times, low conversion and low 

selectivity to 2-PEA (30 %) were obtained. It was not until 2001, when higher 

conversion and selectivity to 2-PEA were achieved (90% yield to 2-PEA) starting 

from methyl phenylacetate (Nomura et al., 2001., Scheme 4.1.3-1). 

 

Scheme 4.1.3-1.  Methyl phenylacetate hydrogenation using a Ru-phosphine  
 catalyst, (1) 2-phenylethanol; (2) phenylethyl phenylacetate. 
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The use of homogeneous catalysts involved problems in the separation of 2-

PEA and in the catalyst recuperation. One alternative could be to anchorage 

these homogeneous catalysts in solid supports (Islam et al., 2010), or the use of 

biphasic systems that can prevent catalysts deactivation (Sendovski et al., 

2010).  

Heterogeneous catalysts 

Another interesting alternative to avoid the problems mentioned above, is the 

use of heterogeneous catalysts for the hydrogenation of styrene oxide to obtain 

selectively 2-phenylethanol (Bellefon et al., 1998, Scheme 4.1.3-2 ) resulting in 

lower cost and lower environmental problems. 

 
Scheme 4.1.3-2. Catalytic hydrogenation of styrene oxide. 

There is one patent from 1950 (Wood, 1950) in which styrene oxide was 

hydrogenated to 2-phenylethanol at low temperature (0- 50 ºC) and low pressure 

(6-15 atm). However, selectivity to 2-PEA was also low and ethylbenzene and 

polymerisation products were also obtained. 
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In 1958 Hopff et al. observed that the presence of water and the addition of 

small amounts of alkaline substances (NaOH, Na2CO3, KOH, K2CO3, Ca(OH)2, 

CaO, Ba(OH)2) to the reaction medium, improved the selectivity to 2-PEA by 

controlling the appearance of another subproducts. It did not seem that reaction 

products were related to the alkaline used but to the pH, obtaining the best 

results for pH between 7 and 8. 

Mitsui et al. tried to explain the positive effect of the alkaline substances by 

studying the influence of different metal catalysts when NaOH(aq) was added to 

the reaction medium (Mitsui et al., 1973). 

The use of Ni-Raney resulted in the obtention of ethylbenzene and 2-

phenylethanol as main products. Scheme 4.1.3-3, illustrates the proposed 

mechanism. 

 
Scheme 4.1.3-3. Proposed mechanism by Mitsui et al for the hydrogenation of
 styrene oxide when using Ni-Raney catalysts. 
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The strong adsorption of the epoxide oxygen or the phenyl group increases the 

tension of the epoxide ring that results in the formation of the radical (2) or the π-

benzyl complex (3). The radical formation is less favoured as time passed 

because of the aging of the catalyst, as it was confirmed by observing an 

increase of deoxygenated products (4) when more fresh catalyst was added to 

the reaction. The fact that the addition of NaOH to the reaction medium 

decreased the ethylbenzene formation was explained because of the presence 

of the hydroxyl group, which decreased the adsorption of the epoxide oxygen 

and favoured the π-benzyl complex formation (3). 

Moreover, when palladium catalysts were used, 2-phenylethanol was obtained 

and no deoxygenated products were detected, indicating that the styrene oxide 

hydrogenolysis occurred through a SN2 mechanism (Scheme 4.1.3-4). 

 
Scheme 4.1.3-4. Proposed mechanism by Mitsui et al. for the hydrogenation   
 of styrene oxide when using palladium catalysts. 

In 1998 Yadav and Chandalia studied the influence of several parameters 

(type and amount of catalyst, the stirring speed, the reaction temperature and 

the reagents concentration) for the hydrogenation of styrene oxide using Pd/C 

and Ni/Raney catalysts.  
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More recently, one patent describes the formation of 2-phenylethanol using 

metal-supported catalysts of nickel, palladium and platinum in the presence of 

organic as well as inorganic alkalis that promote the hydrogenation obtaining 

almost total conversion and total selectivity (99%) to 2-PEA at mild reaction 

conditions (313-393 K and 2-5 atm.). 

Almost all the reported studies about the hydrogenation of styrene oxide have 

been performed in the liquid phase. However, there are few studies where 

styrene oxide hydrogenation was studied in the gas phase using supported 

palladium and supported platinum catalysts. (Kirm et al., 2005, 2007). At these 

conditions, when using an acid support, 1-phenylethanol and 

phenylacetaldehyde were the main products. Besides, when using a basic 

support, 2-phenylethanol was the main product. 

In a previous work of our research work, in our research group the use of metal 

catalysts supported on solids with controlled basicity resulted in total conversion 

and total selectivity to 2-PEA (Bergadà et al., 2007b; 2008). Besides, long 

catalytic lives were observed. Nonetheless, there are no studies about the 

behaviour of metal catalysts supported on acid solids. The acid properties of clay 

minerals together with their specific surface areas could became these solids in 

interesting supports. 
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4.1.4. Other transformation reactions of styrene oxide 

Other transformation reactions of styrene oxide, can take place in the 

presence of acid sites (Bergadà et al. 2009, González et al. 2009, Salla et al. 

2005, Scheme 4.1.4-1): 

 
Scheme 4.1.4-1.  Main products of other transformation reactions of styrene oxide 
  isomerisation. 

- Isomerisation of styrene oxide to phenylacetaldehyde (PA), which is 

catalysed by Brønsted acid sites. PA is an interesting product since it is 

used at industrial scale in fine chemistry to produce fragrances (this 

aldehyde gives a narcissus-like smell in floral perfumes), pharmaceuticals, 

insecticides, fungicides and herbicides (Hölderich and Barsnick, 2001; 

Kochkar et al., 2002). This reaction is favoured in aprotic solvents. 

- Ring-opening reaction of styrene oxide to 2-ethoxy-2-phenylethanol occurs 

when ethanol is used as solvent. This reaction is catalysed by Lewis and 

Brønsted acid sites with medium strength.  

- Condensation reactions that cause catalyst deactivation. They are 

catalysed by strong Brønsted acid sites in the presence of Lewis acid sites. 
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4.2. Ni nanoparticles supported on microwave-synthesised saponite 

for the hydrogenation of styrene oxide 

 

 

 

 

 

 

 

Abstract  

Several saponites were synthesised under microwaves, at different 

preparation conditions, to be used as supports of nickel nanoparticles for the 

catalytic hydrogenation of styrene oxide to 2-phenylethanol. Ni/saponites 

obtained by impregnation with the highest nickel content (20 wt %) or by using 

saponites synthesised at lower pH (pH=7) resulted in high activity, high 

selectivity to 2-phenylethanol, and high resistance to deactivation catalysts. 

Catalytic results were related to the different NiO-saponite interactions observed 

by TPR. 
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4.2.1. Introduction 

Saponite Mx[Mg6AlxSi8-xO20(OH)4] (M=Na, Li, NH4) is a trioctahedral 2:1 

smectite where some substitution of Si(IV) by Al(III) in the tetrahedral (Td) sheet 

causes the negative charge of layers. This charge is compensated by interlayer 

exchangeable cations. When these cations are exchanged by transition metal 

cations (Ni2+, Pd2+, Cu2+), metallic nanoparticles can be obtained, after reduction, 

in the interlayer space. Aluminium can also substitute magnesium in octahedral 

(Oh) positions, in a ratio 3Mg2+ = 2 Al3+ without creation of positive charge, or as 

suggested by Suquet et al. (1981), in a ratio 1 Mg2+ = 1 Al3+, creating positive 

charge, which compensates the negative charge of the tetrahedral sheet. 

Additionally, Al3+ and Mg2+ can be also present as interlayer cations.  

Nowadays, interest in smectites is increasing due to their important 

technological applications such as for nanocomposites preparation (Liu and 

Breen, 2005; Xue and Pinnavaia, 2008) or as heterogeneous catalysts due to 

their acidity and thermal stability (Varma, 2002; Casagrande et al., 2005). Large 

availability and low price are major advantages for using raw saponite. However, 

to obtain a reproducible composition, saponite must be synthesised.  

Saponite synthesising procedures often involve hydrothermal treatments in 

autoclaves at water autogenous pressure (5-17 MPa), and at 423-723 K for long 

times, from hours to days (Kloprogge et al., 1994a; Jaber and Miéhe-Brendlé, 

2005, 2008; Vogels et al., 1997; Vogels et al., 2005; Zhang et al., 2010; Zhou, 

2010). There is an increasing interest in using microwaves to synthesise and to 

modify microporous and mesoporous materials (Newalkar et al., 2001; Bergadà 

et al., 2007a; Vicente et al., 2009; González et al., 2009). Some studies on the 

use of microwaves for saponite preparation have been published (Yao et al., 
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2005; Rico et al., 2008; Trujillano et al.; 2010; Vicente et al., 2010; Zhang et al., 

2010). However, residual amounts of amorphous silica were observed for all 

samples when using softer preparation conditions.  

2-phenylethanol (2-PEA), the main component of rose oils, is widely used as a 

component in all chemical perfumes and as an additive in foods. Catalytic 

hydrogenation of styrene oxide to selectively obtain 2-phenylethanol is a cleaner 

alternative to the economical, environmental and purification problems shown by 

classical industrial production methods (Bauer et al., 2001; Wilson, 1991). Bulk 

nickel, palladium, and platinum catalysts have shown to be good catalysts for 

this reaction (Mitsui et al., 1973; Gibson and Theiling, 1977). The use of basic 

solids as catalytic supports considerably improved conversion and selectivity to 

2-phenylethanol, as well as catalyst life (Bergadà et al., 2007b; 2008). 

Nevertheless, there is no information about the behaviour of metal catalysts in 

the presence of acid sites for this reaction. 

Other transformation reactions of styrene oxide can take place in the presence 

of acid sites: isomerisation to phenylacetaldehyde (PA) catalysed by Brønsted 

acid sites, ring-opening reaction to 2-ethoxy- 2-phenylethanol (2-EPE), catalysed 

by Lewis and Brønsted acid sites with medium strength, and condensation 

reactions, which are responsible for catalyst deactivation and are catalysed by 

strong Brønsted acid sites in the presence of Lewis acid sites (Bergadà et al. 

2009, González et al. 2009, Salla et al. 2005).  

The aim of this work was to study the catalytic behaviour of several saponite-

supported nickel catalysts for the hydrogenation of styrene oxide to 2-

phenylethanol. The influence of residual amorphous silica in saponites on the 
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catalytic activity was also evaluated. Ni/saponite catalysts were obtained by 

impregnation with different nickel contents or by cation exchange. Saponites 

were synthesised under microwaves at different preparation conditions. Samples 

were characterised by XRD, XRF, TPR, TEM, FTIR, C.E.C. determination, N2 

adsorption, and 27Al NMR techniques. The experimental conditions are indicated 

in the Experimental Section (2.2).  

4.2.2. Experimental 

Synthesis of saponites 

Magnesium acetate (Aldrich 98 % min. pur.), lithium hydroxide (Scharlau, 99 % 

min. pur.), and fumed SiO2 (Aldrich, 99.8 % pur., BET area 227 m2/g, particle 

size 11 nm) were used as reagents for all samples. Nevertheless, different Al 

reagents were employed to achieve different pH values in the initial slurry: 

aluminium basic acetate (Sigma-Aldrich, 14.8 % min. Al content) to obtain pH 8, 

and aluminium isopropoxide (Aldrich, 98 % min. pur.) to obtain pH 7.  

Three samples were prepared at initial slurry pH of 8 with different 

Si4+/Al3+/Mg2+/Li+ molar ratios: 11.4/2.5/12.5/8 (20 % lower SiO2 content than the 

stoichiometric amount), 14.3/2.5/12.5/8 (stoichiometric amount), and 

26.8/2.5/12.5/8 (190 % higher SiO2 content than the stoichiometric amount). 

Then, they were aged by autoclaving under microwaves (Milestone Ethos Touch 

Control) at 453 K for 6 h (S8a, S8b and S8c, respectively). Two more samples 

were synthesised at the same preparation conditions than S8a and S8b but at 

initial slurry pH of 7 (S7a and S7b, respectively). After aging, pH was similar 

(around 4.5) for all samples, which were washed by centrifugation up to 

neutrality, and dried overnight in an oven at 353 K.  
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Preparation of saponites-supported nickel catalysts. 

Table 4.2.2-1 presents the preparation conditions of saponite-supported nickel 

catalysts. Nickel was introduced by two procedures: impregnation and cation 

exchange. All saponites were impregnated with nickel nitrate in the appropriate 

amounts to obtain 15 wt % of Ni in the final catalysts. Samples were calcined in 

air at 623 K (NiOs15-S8a, NiOs15-S8b, NiOs15-S8c, NiOs15-S7a, NiOs15-S7b), 

and reduced under pure hydrogen at 623 K for 6 h (Nis15-S8a, Nis15-S8b, 

Nis15-S8c, Nis15-S7a, Nis15-S7b). Two more catalysts were obtained by 

impregnation of S8a with nickel nitrate to result in 10 wt %, and 20 wt % of Ni in 

the final catalysts, which were obtained after calcination-reduction at the same 

conditions than the above samples (Nis10-S8a and Nis20-S8a, respectively).  

Table 4.2.2-1. Preparation conditions of the catalysts. 

Catalyst %Ni Nickel introduction by Reduction T (K) 

Nis10-S8a 10 Impregnation 623 
Nis15-S8a 15 Impregnation 623 
Nis20-S8a 20 Impregnation 623 
Nis15-S8b 15 Impregnation 623 
Nis15-S8c 15 Impregnation 623 
Nie/1-S8a 1.2 Cation exchange 623 
Nie/1-S8b 1.4 Cation exchange 623 
Nie/1-S8c 1.6 Cation exchange 623 
Nie/2-S8c 1.6 Cation exchange 673 
Nis15-S7a 15 Impregnation 623 
Nis15-S7b 15 Impregnation 623 
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Ni2+-exchanged saponites were prepared by stirring 35 ml of Ni(NO3)2·6H2O 

0.25 M with 1 g of S8a, S8b and S8c at 338 K for 2 h. Samples were calcined in 

air at 623 K, and reduced under pure hydrogen at 623 K for 6 h (Nie1-S8a, Nie1-

S8b, Nie1-S8c) (Table 4.2.2-1). Ni2+-exchanged S8c was also reduced under 

pure hydrogen but at 673 K for 6 h (Nie2-S8c). 

Characterisation of samples 

Samples were characterised by X-ray diffraction (XRD), transmission infrared 

spectroscopy (FTIR), X-ray fluorescence (XRF), N2 adsorption, transmission 

electron microscopy (TEM), aluminium magic angle spinning nuclear magnetic 

resonance 27Al-MAS-NMR, temperature-programmed reduction (TPR), and 

determination of cation exchange capacity (CEC). The experimental conditions 

are indicated in the Experimental Section (2.2). 

Catalytic Activity Determination 

Catalytic hydrogenation of styrene oxide was performed in the liquid phase, 

using for all tests 1 g of catalyst, 150 mL of absolute ethanol (Panreac, 96 %) 

and 2 mmol of styrene oxide (Aldrich, 97 %) with a hydrogen flow of 2 mL/s and 

mechanical stirring at 500 rpm. The reaction was performed at room 

temperature. Sample was taken at 1, and 2 h of reaction. The reaction products 

were analysed by gas chromatography, using a chromatograph model Shimadzu 

GC-2010 equipped with a 30 m capillary column DB-1 coated with 

phenylmethylsilicon and a FID detector. They were quantified by adding an 

internal standard and by using calibrated lines.  
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4.2.3.Results and discussion 

Characterisation of saponites  

 
Figure 4.2.3-1. XRD patterns of samples S8a, S8b, S8c, S7a and S7b. 

XRD patterns of S8a, S8b and S8c (Figure 4.2.3-1) showed the presence of 

reflections characteristic of clays minerals, and a broad band around 22.8º 

corresponding to amorphous silica, which decreased from S8c to S8a, making it 

possible to better distinguish the 020 reflection. Although the 001 reflection, 

related to layer stacking, was not observed for any of these samples, the 060 

reflection, which is characteristic of trioctahedral clay minerals (Srodon, 2006), 

appeared clearly for all of them with a d060 of 0.153 nm (Table 4.2.3-1). This 

involves the occupation of octahedral positions by Mg2+. S8c was slightly less 

crystalline than S8a and S8b since its crystallite size, determined from the 060 

reflection, was lower (Table 4.2.3-1). The lower stacking degree of the layers 

observed for the three saponites indicated a very limited ordering in the c axis.  
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Table 4.2.3-1. Characterisation data of saponite samples. 

Sample 
d(060) 

nm 

Crystallite 
size (060) 

(nm) 

Si/Mg 
ratioa 

 
Si/Al 
ratioa 

 
Mg/Al 
ratioa 

 
Al (Td)/ 
Al(Oh) 
ratio 

C.E.C. 
(meq/ 
100g) 

BET 
Area 

(m2/g) 

S8a 0.1528 6.6 1.6 (0.9)  3.8 (4.6)  2.3 (5)  1.0 40 344 
S8b 0.1528 6.7 2.4 (1.1)  5.0 (5.7)  2.0 (5)  1.1 49 386 

S8c 0.1530 6.2 4.5 (2.1)  9.7 (10.7)  2.2 (5)  2.5 55 290 

S7a 0.1528 5.7 1.7 (0.9)  3.1 (4.6)  1.9 (5)  1.0 45 314 
S7b 0.1528 5.9 1.9 (1.1)  3.6 (5.7)  1.8 (5)  1.1 35 339 

aValues in parentheses correspond to the initial reagent ratio 

FTIR spectra for S8a, S8b, and S8c are illustrated in Figure 4.2.3-2. Bands 

were assigned taking into account the characterisation data reported for 

saponite samples (Kloprogge et al., 1999; Kloprogge and Frost, 2000; Russel 

and Fraser, 1994). The appearance of one intense band around 1105 cm-1 

together with a shoulder at 1200 cm-1 confirmed the presence of amorphous 

silica in S8c, as detected by XRD. The intensity of this band decreased in the 

order S8c > S8b > S8a, as expected. For S8a and S8b, the band mainly 

observed was that due to the Si-O stretching in a ordered structure, which 

appeared around 1027 cm-1. 

XRF results revealed the presence of silicon, magnesium and aluminium in the 

three samples (Table 4.2.3-1). The Si content increased from S8a to S8c, and 

consequently the Si/Mg and Si/Al ratios also increased, according to the molar 

ratios of the reagents used. The amount of Mg was similar in the three samples, 

and was always lower than the expected value. This can be explained by the 

magnesium solubilisation at the pH of the work (from 8 to 4.5). The content of Al 

was also similar in the three samples, and was always higher than the expected 

value. This means that, in addition to tetrahedral aluminium, aluminium can be 
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also in octahedral positions in the layers as well as in the interlamellar space. 

These contributions should be more important when the content of Si is lower, 

as deduced from the important decrease of Al (Td)/Al(Oh) ratio observed by 27Al-

NMR (Table 4.2.3-1) when the amount of SiO2 used in the synthesis decreased, 

specially for S8a. 

 
Figure 4.2.3-2. FTIR spectra of samples S8a, S8b, S8c, S7a and S7b. 
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Regarding N2 adsorption data (Table 4.2.3-1), S8c exhibited a lower BET 

surface area than S8b and S8a, despite its lower crystallite size. This can be 

explained by the higher amount of amorphous silica, which may block saponite 

pores, that was observed by FTIR for S8c (Figure 4.2.3-2), which may block 

saponite pores.  

With respect to C.E.C. values, they increased in the order S8a < S8b < S8c. 

The higher percentage of tetrahedral aluminium (higher substitution of Si by Al in 

the tetrahedral sheet) observed in S8c can explain its higher C.E.C. since 

amorphous silica had no contribution. The lower C.E.C. values of S8a and S8b 

can be justified because some amount of Oh aluminium, that may be located in 

the interlamellar space as Al3+ or as hydrolysed aluminium species, cannot be 

exchanged by the copper complex used in the determination of C.E.C. Besides, 

some aluminium can be in the octahedral sheet, instead of magnesium, 

counteracting the positive charge generated in the tetrahedral sheet.  

XRD patterns of samples S7 showed the typical reflections of trioctahedral 

smectites with a low order in the stacking (Figure 4.2.3-1). The main difference 

between S7 and S8 samples was the lower crystallite size, calculated from the 

060 reflection, of S7 samples (5.7 and 5.9 nm) with respect to the S8 ones (6.6 

and 6.7 nm) (Table 4.2.3-1).  

FTIR spectra for S7a and S7b were similar to the FTIR spectrum of S8a 

(Figure 4.2.3-2). This means that the amount of amorphous silica in these 

samples was very low, according to XRF results.  

Si, Mg and Al contents were similar in S7 samples despite the ratio of reagents 

used (Table 4.2.3-1). It is important to remark on the higher amount of aluminium 
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of these samples. Consequently, part of this aluminium would be occupying 

octahedral positions, either layer or interlamellar, as in samples S8a and S8b. 

This was in agreement with the Al(Td)/Al(Oh) ratios, calculated from 27Al-NMR 

spectra, which showed a similar tendency as for S8a and S8b, respectively 

(Table 4.2.3-1). 

Specific surface areas of samples S7 were similar but lower than those 

observed for corresponding S8 samples (Table 4.2.3-1). The presence of 

hydrolysed Al(OH)2+ species in the interlamellar space could partially block the 

pores resulting in lower BET areas. This agrees with the low C.E.C. values 

calculated for these samples (Table 4.2.3-1) since these hydrolysed Al(OH)2+ 

species may be difficult to be exchanged by the copper complex used in the 

C.E.C. determination procedure. Additionally, some Al3+ occupying octahedral 

positions in the saponite layer could also contribute to these lower C.E.C values.  

In conclusion, the amount of amorphous SiO2 present in the synthesised 

saponites depended on the molar ratio of reagents and the initial slurry pH, and 

determined the properties of the saponites. 

Catalytic activity of nickel/saponite catalysts in the hydrogenation of styrene 

oxide. 

Saponites (S7, S8), and the silica source used as reagent, showed negligible 

conversion values for the styrene oxide hydrogenation, styrene oxide 

isomerisation, and styrene oxide ring-opening reactions. 

Nis15-S8a, Nis15-S8b and Nis15-S8c, prepared from saponites with different 

silica contents (S8a, S8b and S8c) impregnated with the same percentage of 

nickel (15 wt %), resulted in almost total selectivity to 2-PEA for different 
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conversion values after 1 h of reaction. (Figure 4.2.3-3). Conversion was higher 

(55 %) for the sample with higher silica content (Nis15-S8c). Nevertheless, the 

order of conversion (Nis15-S8c> Nis15-S8a> Nis15-S8b), did not follow the 

order of silica content. Therefore, some contribution of silica to the catalysts 

activity cannot be discarded especially taking into account that Ni/fumed SiO2 

(15 wt % of nickel) also yielded high conversion and high selectivity to 2-PEA 

after 1 h of reaction. 

 
Figure 4.2.3-3. Catalytic results after 1 h of reaction of samples Nis15-S8a, Nis15-S8b 
 and Nis15-S8c. 

In order to understand the differences observed in the catalytic behaviour of 

these catalysts, the reducibility of their precursors was studied by TPR. 

Thermograms of the three samples showed mainly three peaks (Figure 4.2.3-4) 

the maxima of which are presented in Table 4.2.3-2. The first peak appeared 

around 523 K with low intensity for all samples. The second peak, around 703 K, 

exhibited a different intensity in the order NiOs15-S8a> NiOs15-S8c> NiOs15-

S8b (Figure 4.2.3-4).  
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Figure 4.2.3-4. TPR curves of samples NiOs15-S8a, NiOs15-S8b and NiOs15-S8c. 
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Finally, the third peak presented significant differences in the maximum 

reduction temperature, which was at 888 K, 978 K and 1083 K for NiOs15-S8a, 

NiOs15-S8c and NiOs15-S8b, respectively (Table 4.2.3-2). 

Table 4.2.3-2. Characterisation data from TPR curves of catalytic precursors. 

Catalyst T Peak 1 (K) T Peak 2 (K) T Peak 3 (K) 

NiOs15-S8a 513 688 888, 998 
NiOs15-S8b 566 708 1083, 1138 
NiOs15-S8c 518 718 978 
NiOs15-S7a 523 698 883, 993 
NiOs15-S7b 518 693 873, 983 

  aTemperature corresponding to the maximum of the peak. 

Since different NiO-support interactions were observed for each precursor, 

their corresponding catalysts may have nickel sites with different characteristics, 

and consequently different activity should be expected. The lowest conversion of 

catalyst Nis15-S8b could be related to the presence of metal nickel sites with a 

higher influence of support. Actually, the TEM image of Nis15-S8b (Figure 

4.2.3-5a) showed the presence of smaller and more dispersed nanoparticles 

than Nis15-S8a and Nis15-S8c (Figure 4.2.3-8b, Figure 4.2.3-5b). The sizes of 

nickel particles for Nis15-S8b ranged from 5 to 10 nm. This agrees with the 

crystallite size (7 nm) calculated from its XRD pattern that only showed the 

presence of the nickel phase. Moreover, maximum reduction temperatures of 

peaks 2 and 3 of NiOs15-S8c were higher than those of NiOs15-S8a (Table 

4.2.3-2). This should be related to slightly higher NiO-support interaction, which 

after reduction, resulted in more active nickel nanoparticles for this reaction. This 

explained the higher conversion observed for Nis15-S8c.  
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Figure 4.2.3-5. TEM images of samples: a)Nis15-S8b x500k and b)Nis15-S8c x500k. 

High selectivity to 2-PEA was explained in nickel catalysts promoted by basic 

solutions through the formation of the π benzyl complex from the adsorbed 

styrene oxide, that yielded a primary alkoxide ion, which was stabilised by 

NaOH, and finally hydrogenated to the primary alcohol (Mitsui et al., 1973). 

Another possible pathway in a basic medium was the formation of the secondary 

alkoxide ion, which through hydride attack gave 2-PEA (Mitsui et al., 1973, Rode 

et al., 2000, 2003).  

The high selectivity to 2-PEA in these Ni/saponite catalysts without basic 

promotion could be explained by the formation of a primary alkoxide ion, 

stabilised by acid sites, which yielded the primary alcohol by hydrogenation. 

Actually, the presence of Brønsted acid sites was confirmed since 

phenylacetaldehyde was detected at short reaction times for these catalysts. 

Fortunately, this compound was hydrogenated to 2-PEA, and after 6 h and 10 h 

for Nis15-S8a and Nis15-S8b, respectively, total conversion and total selectivity 

to 2-PEA was obtained. The catalytic behaviour of these catalysts remained 

constant after five runs.  

Conversion and selectivity results of the Ni/saponite catalysts obtained by 
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cation exchange and later calcination-reduction (NieS8a/1, NieS8b/1, NieS8c/1, 

NieS8c/2) were calculated (Table 4.2.3-3). Activity of fumed silica reagent 

subjected to the same preparation procedure than the exchanged catalysts was 

also tested. No adsorption of nickel by silica was observed and conversion was 

negligible.  

Table 4.2.3-3.  Catalytic results after 2 h of reaction of samplesNie/1-S8a, 
 Nie/1-S8b, Nie/1-S8c and Nie/2-S8c. 

Catalyst 
Conversion 

(%) 
Selectivity to 

PA (%)a 
Selectivity to 
2-PEA (%)b 

Selectivity to   
2-EPE (%)c 

Nie/1-S8a 22 72 0 28 
Nie/1-S8b 15 60 0 40 
Nie/1-S8c 25 60 40 0 
Nie/2-S8c 100 0 0 100 

 aPA: phenylacetaldehyde, b2-PEA: 2-phenylethanol.    
 c2-EPE: 2-ethoxy-2-phenylethanol. 

NieS8a/1, NieS8b/1, and NieS8c/1 prepared from saponites synthesised with 

different silica content, showed low conversion (15-25 %), high selectivity to 

phenylacetaldehyde (60-72 %), and fast deactivation (after 2 h of reaction 

conversion was almost constant). The low conversion values may be related to 

the low percentage of nickel in these samples (< 2 %) together with the presence 

of some acid sites that deactivated catalysts by the formation of condensation 

products (Salla et al., 2005). The high selectivity to phenylacetaldehyde (PA) can 

be associated with Brønsted acid sites generated during NiO formation. The 

appearance of 2-ethoxy-2-phenylethanol (2-EPE) in catalysts NieS8a/1 and 

NieS8b/1 could be related to the formation of some Lewis acid sites during 

thermal treatments. Interestingly, NieS8c/1 also gave 2-phenylethanol (40 %) 

whereas 2-EPE did not appear. This could be explained by two facts: one was 
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its slightly higher Ni content (Table 4.2.2-1), since it was prepared from the 

saponite with higher C.E.C. (Table 4.2.3-1), having in mind that metal sites are 

responsible for hydrogenation of styrene oxide to 2-phenylethanol; the other one 

was the absence of Lewis acid sites competing with metal ones for the styrene 

oxide transformation, since with NieS8c/1 the ring-opening reaction to 2-PEA did 

not take place (Table 4.2.3-3). On the other hand, the absence of 2-

phenylethanol for NieS8a/1 and NieS8b/1 could be attributed to the competition 

of hydrogenation and ring-opening reactions since, in these catalysts, 2-EPE 

was obtained.  

 
Figure 4.2.3-6. TEM images of samples: a) Nie1-S8b x800k and b) Nie1-S8c x200k. 

Regarding TEM images of catalysts NieS8b/1 and NieS8c/1 (Figure 4.2.3-6), 

dark nanoparticles with sizes around 15 nm, probably of nickel, were observed in 

catalyst NieS8c/1. In contrast, catalyst NieS8b/1 showed lighter nanoparticles 

around 2 nm supposed to contein NiO phase. This could mean that degree of 

reduction was lower for this catalyst, and consequently lower water formation 

during Ni2+ reduction could be expected, favouring the saponite dehydroxylation, 

and therefore the appearance of higher amounts of Lewis acid sites that justify 

the higher selectivity to 2-EPE observed (40 %). Catalyst NieS8c/2 improved 
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conversion (100 %) with respect to NieS8c/1 but total selectivity to the non 

desired 2-ethoxy-2-phenylethanol (2-EPE) was obtained. The higher reduction 

temperature used to prepare this catalyst should favour a higher dehydroxylation 

of saponite resulting in a loss of Brønsted acid sites together with the generation 

of higher amounts of Lewis acid sites. The loss of Brønsted acidity explained the 

lack of detection of phenylacetaldehyde whereas the higher amounts of Lewis 

acid sites catalysed the formation of 2-EPE (Table 4.2.3-3). This reaction seems 

to be faster than hydrogenation. The presence of amorphous silica should not 

contribute to the activity since free SiO2 and adsorbed nickel-SiO2 were not 

active, as commented above. 

 
Figure 4.2.3-7. Catalytic results after 1 h of reaction of samples  
 Nis10-S8a, Nis15-S8a and Nis20-S8a. 

The activity results of the catalysts obtained from the impregnation of saponite 

S8a with different Ni contents (Nis10-S8a, Nis15-S8a, Nis20-S8a) are illustrated 

in Figure 4.2.3-7. When nickel percentage in the catalyst was lower, conversion 

and selectivity values to 2-PEA decreased, at the expense of 

phenylacetaldehyde formation. The most active catalyst was that prepared with 
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the highest nickel content (Nis20-S8a) with total conversion and total selectivity 

to 2-PEA at 1 h of reaction whereas conversion of Nis10-S8a and Nis15-S8a 

were quite low (10 % and 18 %, respectively). Moreover, while Nis15-S8a 

reached total conversion and total selectivity to 2-PEA at 6 h of reaction, it was 

not possible to obtain total conversion, even after a long time of reaction, for 

Nis10S8a, confirming its deactivation. 

The increase of selectivity to PA and the deactivation observed for Nis10-S8a, 

can be explained by the higher accessibility of the reactants to the acid sites 

because of the lower coverage of nickel. These acid sites catalysed the styrene 

oxide isomerisation to PA and the formation of condensation products (Bergadà 

et al. 2009, González et al. 2009; Salla et al., 2005). 

TEM was used to monitor the size of nickel nanoparticles on catalysts Nis10-

S8a, Nis15-S8a and Nis20-S8a (Figure 4.2.3-8). An increase of nickel coverage 

on the saponite surface was observed at higher nickel content, together with an 

increase in the average nanoparticle size, from 10 nm for the catalyst with the 

lowest Ni content (Nis10-S8a) to 25 nm for the catalyst with higher Ni content 

(Nis20-S8a).  
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Figure 4.2.3-8. TEM images of samples: a)Nis10-S8a, b) Nis15-S8a,   
 and c) Nis20-S8a x500k. 

Catalytic results of Nis15-S7a and Nis15-S7b, prepared by impregnating the 

saponites synthesised at pH=7 with 15 wt % of nickel the saponites synthesised 

at pH=7, are presented in Figure 4.2.3-9. To compare these results with those 

obtained with Nis15-S8a and Nis15-S8b (Figure 4.2.3-3), it is important to 

remember that no residual amounts of SiO2 were observed for saponites S7 by 

FTIR (Figure 4.2.3-2). 
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Figure 4.2.3-9. Catalytic results after 1 h of reaction of samples Nis15-S8a, 
 Nis15-S8b, Nis15-S7a and Nis15-S7b. 

Selectivity to 2-phenylethanol was almost 100 % for all catalysts after 1 h of 

reaction but important differences arose with respect to conversion (Nis15-S7a > 

Nis15-S7b > Nis15-S8a > Nis15-S8b). The higher conversion of the catalysts 

prepared with S7 can be explained by the presence of metal nickel sites, the 

interaction of which with the support conferred them higher activity. Interestingly, 

the intensity of peak 3 around 983 K observed in the TPR of their catalytic 

precursors (Figure 4.2.3-4, Figure 4.2.3-10 and Table 4.2.3-2) was higher for the 

catalysts which showed higher conversion (Nis15-S7a > Nis15-S7b > Nis15-

S8a) according to the higher intensity also observed in the TPR for the catalytic 

precursor of Nis15-S8c (Figure 4.2.3-4), which also exhibited higher conversion 

than Nis15-S8a and Nis15-S8b. Therefore, the presence of high amounts of 

metallic nickel with medium support interaction may be responsible for the 

electronic characteristics of these metal sites favouring conversion. The higher 

conversion of Nis15-S7a and Nis15-S7b, the saponites of which did not show 
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residual amorphous silica, confirmed that the presence of silica did not have an 

important contribution to the activity of Ni/saponite catalysts. 

 
Figure 4.2.3-10. TPR curves of samples NiOs15-S7a and NiOs15-S7b. 
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4.2.4. Conclusions 

The use of microwaved-synthesised saponites as supports of nickel 

nanoparticles for the catalytic hydrogenation of styrene oxide resulted in high 

activity, high selectivity to 2-phenylethanol and high resistance to deactivation 

catalytic systems. Saponites with different properties were obtained by modifying 

the ratio of reagents and the synthesis pH. 

The activity of Ni/saponites, obtained from impregnation of saponites with 

nickel nitrate and later calcination-reduction, mainly depended on the nickel 

content and the initial slurry pH used for the synthesis of saponite. These results 

were related to the presence of metal nickel sites with different activity since 

different NiO-saponite interactions were observed by TPR for their precursors. 

The presence of amorphous silica in higher or lower amounts in the synthesised 

saponites cannot explain the different behaviour of these catalysts. 

Ni/saponites, prepared from Ni2+ cation exchange of saponites synthesised 

with different silica content and later calcination-reduction, showed lower 

conversion and lower selectivity to 2-phenylethanol than impregnated catalysts, 

and higher selectivity to phenylacetaldehyde. 
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4.3.Ni nanoparticles supported on microwave-synthesised hectorite 

for the hydrogenation of styrene oxide. 

 

 

 

 

 

 

Abstract  

Several hectorites were synthesised with microwaves, and treated by different 

procedures, to be used as supports of nickel nanoparticles for the catalytic 

hydrogenation of styrene oxide to 2-phenylethanol. One more hectorite sample 

was synthesised by the conventional aging method, for comparison. The 

impregnation of a microwaved-synthesised hectorite with 10 wt % of nickel 

content, resulted in high activity, high selectivity to 2-phenylethanol, and high 

resistance to deactivation hectorite-supported nickel catalyst. Catalytic results 

have been related to the different NiO-hectorite interactions observed by TPR 

and also to the presence of acid sites. Both facts are consequence of hectorite 

purity and the use of microwaves for hectorite synthesis. 
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4.3.1. Introduction 

2-Phenylethanol (2-PEA), the main component of rose oils, is widely used as 

component in chemical perfumes, and as additive in foods, due to its pleasant 

smell (Mookherjee et al., 1996). Catalytic hydrogenation of styrene oxide to 

obtain selectively 2-phenylethanol is a cleaner alternative to the economical, 

environmental and purification problems shown by classical industrial production 

methods, such as the Friedel–Crafts alkylation of benzene with ethylene oxide 

(Bauer et al., 2001), the reaction of chlorobenzene with Grignard-type reactants 

followed by several reaction steps (Rode et al., 2000), or the ring opening of the 

epoxide with reduction agents such as hydrides or alkaline metals (Eliel and 

Delmonte; 1956, Krishnamurthy et al., 1973; Sreekumar et al., 1998).  

Catalytic hydrogenation of styrene oxide to obtain 2-phenylethanol has been 

studied from 50’s to solve the important problems mentioned above (Wood and 

Clifton, 1950). Bulk nickel, palladium and platinum catalysts have shown to be 

good catalysts for this reaction ( Gibson and Theiling, 1977; Mitsui, 1973) . Their 

activity and selectivity were considerably improved with the addition of basic 

solutions to the reaction medium (Mitsui, 1973). However, the basic medium 

could also favour condensation reactions that may deactivate the catalyst 

(Yadav and Chandalia, 1998). In previous studies in our research group, high 

selective and high resistant to deactivation catalysts were prepared using basic 

solids as supports of nickel catalysts (Bergadà et al., 2007b, 2008)  

Other transformation reactions of styrene oxide can take place in the presence 

of acid sites: isomerisation to phenylacetaldehyde (PA) catalysed by Brønsted 

acid sites; ring-opening reaction to 2-ethoxy- 2-phenylethanol (2-EPE), catalysed 

by Lewis and Brønsted acid sites with medium strength, and condensation 
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reactions, which are responsible for catalyst deactivation and are catalysed by 

strong Brønsted acid sites in the presence of Lewis acid sites. (Bergada et al., 

2009, Gonzalez et al., 2009; Salla et al., 2005). Indeed, it is possible to 

characterise the acidity of samples by studying the products obtained when 

using 2-phenylethanol as substrate. 

Hectorite is a trioctahedral 2:1 mineral clay with formula (Si8.0) [Mg6.0-xLix] 

(OH.F)4O20Mn+x/n·mH2O, where some substitution of Mg(II) by Li(I) in the 

Octahedral (Oh) sheet, causes the negative charge of layers. This charge is 

compensated by interlayer exchangeable cations. When these cations are 

exchanged by transition metal cations (Ni2+, Pd2+, Cu2+), metallic nanoparticles 

can be obtained, after reduction, in the interlayer space. Hectorite can be used 

for nanocomposites preparation, (Liu and Breen 2005, Xue and Pinnavaia, 

2008), as heterogeneous catalysts due to their acidity and thermal stability 

(Casagrande et al., 2005; Varma, 2002), in ionic adsorption, ionic exchange 

processes and in nanoparticles synthesis. Although clays can be found in 

nature, in order to work with a reproducible material they must be synthesised. 

However, preparation methods usually involve long time hydrothermal 

treatments (Kloprogge et al., 1999). 

In a previous study, we achieved to synthesise hectorite clays using 

microwaves, obtaining a reproducible material up to 24 times faster than by 

conventional ways. However, residual amounts of amorphous silica were 

observed for all samples. 
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The aim of this study was to evaluate the catalytic behaviour of several 

hectorite-supported nickel catalysts for the hydrogenation of styrene oxide to 2-

phenylethanol. The influence of using microwave or conventional heating during 

hectorite aging, the effect of residual silica in synthesised hectorites and the 

presence of acid sites in competition with metal sites, were also studied. 

Ni/hectorite catalysts were obtained by impregnation with different nickel 

contents or by cation exchange. 

4.3.2. Experimental 

Synthesis of hectorites 

Hectorites were prepared following the method reported by Vicente et al. 

(2009; 2010b) in which brucite sheets were proposed to act as crystallisation 

nuclei of hectorite. Preparation was carried out as follows: 50 ml of a slurry 

composed by SiO2, freshly prepared brucite Mg(OH)2 and LiF was vigorously 

stirred for 1 h. Fresh brucite was previously synthesised by precipitation from an 

aqueous solution of MgCl2 with ammonia. The slurry contained 3 wt. % solids 

and the molar ratio of the reagents was SiO2: Mg(OH)2: LiF=7.5:3:1. The sample 

was aged by autoclaving in laboratory microwave equipment (Milestone Ethos 

Touch Control), at 393 K for 8 h (sample H1). With the aim of comparing 

conventional aging with microwave hydrothermal treatment, one hectorite 

sample was obtained by aging in an autoclave heated at 393 K in a conventional 

oven for 8 days (sample H1conv). H1 was exchanged with NH4NO3 and calcined 

at 623 K for 6 h to obtain an acid hectorite (H1ac). Lastly, in order to obtain pure 

hectorite, the SiO2 reagent amount was decreased in the starting slurry, using as 

reagents molar ratio 4 SiO2: 3 Mg(OH)2: 1 LiF (Vicente et al., 2010b). After aging 
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this slurry by autoclaving with microwaves at 393 K for 8 h, sample H2, was 

obtained. All samples were washed by dialysis and dried overnight in an oven at 

353 K. 

Preparation of hectorite-supported nickel catalysts. 

Table 4.3.2-1 shows the preparation conditions of hectorite-supported nickel 

catalysts. Nickel was introduced by two procedures: impregnation and cation 

exchange. All hectorites were impregnated with nickel nitrate in the appropriate 

amounts to obtain 5 wt % of Ni in the final catalysts. Samples were calcined in 

air at 623 K (NiOs5-H1, NiOs5-H1ac, NiOs5-H1conv, NiOs5-H2), and reduced 

under pure hydrogen at 623 K for 6 h (Nis5-H1, Nis5-H1ac, Nis5-H1conv, Nis5-

H2). Parallel procedure was carried out with the silica source reagent (Nis5-

SiO2) to provide a benchmark for comparison. One more catalyst was obtained 

by impregnating H1 with nickel nitrate to result in 10 wt % of Ni in the final 

catalyst, which was obtained after calcination-reduction at the same conditions 

than the above samples (Nis10-H1).  

Ni2+-exchanged hectorites were prepared by stirring 35 ml of Ni(NO3)2·6H2O 

0.25 M with 1 g of H1 at 338 K for 2 h (NiOe-H1). Sample was reduced using 

two procedures: (a) Reduction with ethyleneglycol and later elimination of 

reductant excess at 453 K for 5 h under vacuum (Nie/1-H1), following the 

method reported by de Lima et al. (2003), and (b) reduction with hydrazine (Li et 

al., 2006) and later elimination of the hydrazine excess at 473 K for 1 h under 

pure nitrogen until the pH of released vapours was 8 (Nie/2pH8-H1). In order to 

improve the activity of the catalysts, Nie1-H1 was treated with a 0.01 m NaOH 

solution for 10 minutes (Nie/1NaOH-H1) and Nie/2pH8-H1 was dried 1 more 
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hour until the pH of released vapours was 7 (Nie/2pH7-H1). 

Table 4.3.2-1. Preparation conditions of the catalysts. 

Catalyst 
wt. 

%Ni 
Nickel 

introduction by 
Reduction parameters 

Nis5-SiO2 5 Impregnation Calcination at 623 K + Reduction with H2 at 623 K 

Nis5-H1 5 Impregnation Calcination at 623 K + Reduction with H2 at 623 K 

Nis10-H1 10 Impregnation Calcination at 623 K + Reduction with H2 at 623 K 

Nis5-H1c 5 Impregnation Calcination at 623 K + Reduction with H2 at 623 K 

Nis5-H1ac 5 Impregnation Calcination at 623 K + Reduction with H2 at 623 K 

Nis5-H1conv 5 Impregnation Calcination at 623 K + Reduction with H2 at 623 K 

Nis5-H2 5 Impregnation Calcination at 623 K + Reduction with H2 at 623 K 

Nie/1-H1 2 Exchange Reduction with ethylene glycol; elimination at 453 K 

Nie/1NaOH-H1 2 Exchange 
Reduction with ethylene glycol; elimination at 453 K. 

Treatment with NaOH 

Nie/2pH8-H1c 2 Exchange 
Reduction with hydrazine; elimination at 473 K              

until pH 8 

Nie/2pH7-H1c 2 Exchange 
Reduction with hydrazine; elimination at 473 K          

until pH 7 

Characterisation of samples 

Samples were characterised by X-ray diffraction (XRD), transmission infrared 

spectroscopy (FTIR), X-ray fluorescence (XRF), N2 adsorption, transmission 

electron microscopy (TEM), temperature-programmed reduction (TPR), and 

determination of cation exchange capacity (CEC). The experimental conditions 

are indicated in the Experimental Section (2.2).  
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Catalytic Activity Determination 

Catalytic hydrogenation of styrene oxide was performed in the liquid phase, 

using, for all tests, 1 g of catalyst, 150 mL of absolute ethanol (Panreac, 96 %) 

and 2 mmol of styrene oxide (Aldrich, 97 %) with a hydrogen flow of 2 mL/s and 

mechanic stirring of 500 rpm. The reaction was performed at room temperature. 

Sample was taken at 5 min, 1, 2, and 6 h of reaction. Impregnated catalysts 

were reused at least for 3 times. The reaction products were analysed by gas 

chromatography, using a chromatograph model Shimadzu GC-2010 equipped 

with a 30 m capillary column DB-1 coated with phenylmethylsilicon and a FID 

detector. They were quantified by adding an internal standard and by using 

calibration lines. 

4.3.3. Results and Discussion  

Characterisation of hectorites 

The existence of smectite structure was confirmed from the XRD patterns of 

samples (Figure 4.3.3-1), where we observed only one crystalline phase 

corresponding to hectorite. A very broad band with a maximum at 2θ = 22.8° 

was assigned to amorphous silica by comparison with the SiO2 diffraction 

pattern included in the figure. The silica band was more appreciable in samples 

H1, H1conv and H1ac than in sample H2, resulting in a worse definition of 004 

reflection (Figure 4.3.3-1). Therefore, we can conclude that residual silica was 

lower in H2. 
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Figure 4.3.3-1. XRD patterns oh samples H1, H1conv, H1ac and H2. 

Table 4.3.3-1. Characterisation data of hectorite samples 

Sample 
Si/Mg 
Ratio 

Mg/Li  
Ratio 

d (0 0 1) 
(nm) 

Crystallite size 
(0 6 0) (nm) 

CEC 
(meq/100g) 

BET area 

(m2/g) 

H1 2.7 6.1 13.3 9.3 64 162 

H1ac --- --- 13.2 7.4 --- 219 

H1conv 2.3 3.6 12.6 7.9 53 165 

H2 1.9 5.5 14.2 9.9 75 199 

H1 and H2 had similar crystallinity, as deduced from their similar crystallite 

size, calculated from the 060 reflection of XRD patterns (Table 4.3.3-1). In 

contrast, crystallite sizes of H1ac and H1conv were smaller. In the case of 

H1ac, this may be due to some layer disaggregation produced in the exchange 

step during its synthesis. For H1conv, the lower crystallite size could be 

associated with the use of conventional heating during aging, which seems to 

be less effective than the use of microwaves. 
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The basal spacing was higher for sample H2 (14.2 Å) than for the other 

samples (12.6-13.3 Å) (Table 4.3.3-1). This may be related to the presence of 

higher amounts of interlamellar cations, in agreement with its higher CEC value 

(Table 4.3.2-1).  

Figure 4.3.3-2 shows the FTIR spectra taken for samples H1, H1-conv and H1-

ac. Bands were assigned taking into account the characterisation data reported 

for clay samples (Kloprogge et al., 1999; Kloprogge and Frost, 2000; Russel and 

Fraser, 1994). The band around 1027 cm−1 corresponds to the Si–O–Si ordered 

in the clay mineral layer and can be observed in all samples, especially for H2, 

confirming the XRD results. The appearance of one intense band around 1105 

cm−1 together with a shoulder at 1200 cm−1 was related to the presence of the 

amorphous silica phase, being more intense for H1, according to XRD results. 

This agrees the enhancement of CEC value observed for the sample with less 

amorphous silica content (H2, Table 4.3.2-1) since CEC in silica was 0. The 

other IR band observed for samples at 666 cm−1 was associated to vibrations 

related to Mg–OH librations.  
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Figure 4.3.3-2. FTIR spectra of samples 
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From XRF results, Si/Mg and Mg/Li ratios were determined (Table 4.3.3-1). 

The Si/Mg ratios of samples H1 and H1conv were higher than that expected for 

a theoretical pure hectorite (Si/Mg=1.7, when x=1.2) due to the presence of the 

amorphous silica. H1 had much higher Mg/Li ratio (6.1) than sample H1conv 

(3.6) (Table 4.3.3-1). Assuming that magnesium and lithium are in the hectorite 

structure (in the layers or in the interlamellar space), the higher Mg/Li ratio of H1 

could be attributed to the presence of higher amounts of magnesium ions in the 

interlamellar space. Higher BET areas were observed for H1ac and H2 than H1 

and H1conv (Table 4.3.3-1). In the case of H1ac, this fact could be related to 

some disorder in stacking due to the performed treatments performed during its 

preparation, resulting in a loss of definition of the 001 reflection. The higher BET 

area of sample H2 could be explained by the almost totally absence of silica, 

which may block the pores of the other samples.  

Catalytic Activity 

Hectorites (H1, H1c, H1ac, H1conv, and H2) and the silica used as reagent 

showed negligible conversion values for the styrene oxide hydrogenation, 

styrene oxide isomerisation, and styrene oxide ring-opening reactions after 6 h 

of reaction. The presence of weak acid sites may explain these results. Nis5-

SiO2 catalyst gave 25% of conversion and 100% of selectivity to 2-PEA for the 

hydrogenation of styrene oxide at 1 h of reaction but it deactivates from the first 

reuse. 
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Catalysts prepared from hectorite synthesised with microwaves or by 

conventional aging impregnated with 5 wt % content of nickel (Nis5-H1 and 

Nis5-H1conv, respectively), resulted in total selectivity to 2-PEA (Table 4.3.3-2). 

Catalyst Nis5-H1conv showed higher conversion (88 %) than catalyst Nis5-H1 

(40%). However, the catalyst prepared from the hectorite synthesised by 

conventional aging suffered higher deactivation since after 3 runs at 1 h of 

reaction conversion decreased to 60 %. On the other hand, for Nis5-H1 no 

deactivation after 3 runs was observed (Table 4.3.3-2). Both catalysts 

maintained total selectivity to 2-PEA after 3 runs. 

Table 4.3.3-2. Catalytic results at 1 h of reaction of samples Nis5-H1, Nis10-H1, Nis5-H1ac,
 Nis5-H1conv and Nis5-H2 at 1 h of reaction after 1 and 3 runs. 

Catalyst 

1 run 
 

3 runs 

Conversion 
Sel. to  

2-PEA (%) 
 

Conversion 
Sel. to  
PA (%) 

Sel. to  
2-PEA (%)  

 
Nis5-H1 40 100 

 
40 n. d. 100 

Nis10-H1 100 100 
 

100 n. d. 100 

Nis5-H1ac 66 100 
 

54 4 96 

Nis5-H1conv 88 100 
 

58 1 99 

Nis5-H2 78 100 
 

58 2 98 

Sel.: Selectivity; PA: phenylacetaldehyde; 2-PEA: 2-phenylethanol; n.d. Non detected. 
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TEM images of both catalysts (Figure 4.3.3-3) showed the presence of 

dispersed nanoparticles sized around 8-15 nm (Figure 4.3.3-3a).  

 
Figure 4.3.3-3. TEM images of samples Nis5-H1 and Nis5-H1conv. 

In order to understand the differences observed in the catalytic behaviour of 

these catalysts, the reducibility of their precursors was studied by TPR. 

Thermograms of both samples showed mainly three peaks (Figure 4.3.3-4). The 

first peak had low intensity for both samples. Since different NiO-support 

interactions were observed for each precursor, their corresponding catalysts 

may have nickel sites with different characteristics, and consequently different 

activity should be expected. In a previous study, Ni/saponite catalysts were 

tested for this reaction (Vicente et al., In press). TPR curves with similar shape 

were obtained for their precursors. In general, it was observed that, the more 

active the catalyst, the higher the intensity of the third reduction peak, which was 

related to NiO sites with high interaction with the support. Therefore, the higher 

conversion of catalyst Nis5-H1conv could be attributed to a higher content of 

metal nickel sites with higher influence of support that results in a higher 

intensity of the third peak of its precursor (NiOs5-H1conv) when compared to 

that of NiO5s-H1. 
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Figure 4.3.3-4. TPR of samples NiO5-SiO2, NiOs5-H1, NiOs5-H1conv and NiOs5-H2. 

High selectivity to 2-PEA was explained in nickel catalysts promoted by basic 

solutions through the formation of π benzyl complex from the adsorbed styrene 

oxide, that yielded a primary alkoxide ion, which was stabilised by NaOH, and 

finally hydrogenated to the primary alcohol (Mitsui et al., 1973). Another possible 

pathway in basic medium was the formation of the secondary alkoxide ion, which 

through hydride attack gave 2-PEA (Mitsui et al., 1973, Rode et al., 2000, 2003).  

The high selectivity to 2-PEA in these Ni/hectorite catalysts without basic 

promotion could be explained by the formation of a primary alkoxide ion, 
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stabilised by acid sites, which yielded the primary alcohol by hydrogenation. 

Even though conversion was negligible when H1, H1c, H1ac, H1conv and H2 

were tested, the later calcination-reduction steps performed to obtain the 

catalysts may result in some modifications such as their acidic properties. 

Actually, the presence of Brønsted acid sites in Nis5-H1conv was confirmed 

since phenylacetaldehyde (PA) was detected at shorter reaction times. This 

compound was quickly hydrogenated to 2-PEA in the first two reuses. However, 

PA remained longer during the third run although after 2 h the only product 

observed was 2-PEA. For catalyst Nis5-H1conv, the higher accessibility to the 

acid sites, because of the lower crystallinity of initial hectorite, could be also 

responsible for the deactivation of the catalyst, through the formation of 

condensation products from PA (Bergadà et al. 2009, González et al. 2009; 

Salla et al., 2005). 

Catalyst Nis5-H2, prepared from hectorite with lower silica content than H1, 

and impregnated with the same content of nickel (5 wt %), showed total 

selectivity to 2-PEA and higher activity (78 % conversion) than Nis5-H1 (Table 

4.3.3-2). The third run, its conversion dropped to 58 % and 2 % of PA was 

observed. The appearance of PA as by-product after one hour of reaction on the 

third reuse (Table 4.3.3-2), and the deactivation observed for Nis5-H2 can be 

explained by the higher accessibility of the reactants to the acid sites because of 

the high surface area of this support (H2, Table 4.3.3-1). 

When TPR curve of its precursor (NiOs5-H2, Figure 4.3.3-4) was analysed, 

similar shape to that of NiOs5-H1conv, was observed. This explains the similar 

catalytic behaviour obtained for both catalysts (Table 4.3.3-2). Moreover, TPR of 

NiOs5-H2 showed higher intensity of the first reduction peak than NiOs5-
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H1conv. The intensity of this peak can be related to NiO that can be easily 

reduced to Ni particles that afterwards became agglomerated because of their 

low interaction with the support. This resulted in the formation of bigger Ni 

nanoparticles in Nis5-H2 (around 20-25 nm) than in Nis5-H1, as observed by 

TEM (Figure 4.3.3-5). Apart from these Ni particles, other Ni particles around 5-

10 nm were obtained for this catalyst (Figure 4.3.3-5). 

 
Figure 4.3.3-5. TEM image of sample Nis5-H2 x500k. 

One more catalytic test was performed using as catalyst Nis5-H1ac. This 

catalyst, which was prepared using an acidified hectorite impregnated with 5 wt 

% Ni, had total selectivity to 2-PEA and higher conversion (66 %) than Nis-H1 

(Table 4.3.3-2). TEM image of Nis5-H1ac (Figure 4.3.3-6) showed the presence 

of Ni nanoparticles with sizes around 8-15 nm, had similar to those observed for 

Nis5-H1 (Figure 4.3.3-3). 
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Figure 4.3.3-6 TEM image of sample Nis5-H1ac x500k. 

In order to explain the catalytic behaviour of Nis5-H1ac, TPR of its catalytic 

precursor was performed. 

TPR curve of NiOs5-H1ac (Figure 4.3.3-7) showed again three peaks: the first 

one with low intensity, and the second and third peaks the intensities of which 

were higher than those of NiOs5-H1 (Figure 4.3.3-7). This is in agreement with 

the higher activity observed for Nis5-H1ac when compared with Nis5-H1. 

However, 4% of phenylacetaldehyde was obtained after one hour of the third 

reuse for catalyst Nis5-H1ac (Table 4.3.3-1). The appearance of PA, together 

with the decrease of activity observed, may be related to the formation of 

condensation products catalysed by the acid sites of support that deactivated the 

catalyst. 
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Figure 4.3.3-7. TPR curves of catalytic precursors.  
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Figure 4.3.3-8. TEM image of simple Nis10-H1 x400k. 

Figure 4.3.3-8 corresponds to TEM image of catalyst Nis10-H1, where Ni-

nanoparticles with two main average diameters (20 and 10 nm) were observed. 

This catalyst was prepared using as support H1 but increasing the Ni content to 

10 wt %. When it was tested, total conversion and total selectivity to 2-PEA were 

yielded after one hour of reaction. This catalytic result maintained after 3 runs.  

When comparing the TPR curve of NiOs10-H1 to that of NiOs5-H1, higher 

intensity for the three peaks was observed (Figure 4.3.3-7). The nickel 

nanoparticles of 20 nm observed could be related to the higher intensity of the 

first reduction peak since there was a higher amount of NiO particles that could 

be more easily reduced. This favoured the existence of more agglomerated Ni 

particles. The high selectivity to 2-PEA and high conversion of this catalyst may 

be related to the higher amount of Ni metal interacting strongly with the support 

as confirmed by the higher intensity of the third peak from the TPR curve of its 

precursor, NiOs10-H1. Besides, the better coverage of acid sites because of the 
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higher amount of Ni introduced should minimise Nis10-H1 deactivation without 

decreasing its activity. 

Figure 4.3.3-9 illustrates conversion and selectivity results of Ni/hectorite 

catalysts obtained by cation exchange (Nie-H1/1, Ni-H1/NaOH, Nie-H1/2pH8 

and Nie-H1/2pH7).  

 
Figure 4.3.3-9. Catalytic results of samples Nie-H1/1, Nie-H1/1NaOH, Nie-H1/2pH8 
 and Nie-H1/2pH7. 

Activity of the silica reagent submitted to the same preparation procedure than 

the exchanged catalysts was also tested. No adsorption of nickel by silica was 

observed and conversion was negligible.  

The use of ethylene glycol to reduce Ni2+ in the exchanged hectorite H1 Nie-

H1/1 gave well dispersed Ni nanoparticles, with sizes around 2-5 nm, as 

observed by TEM (Figure 4.3.3-10a). The low conversion (30 % Figure 4.3.3-9) , 

low selectivity to 2-PEA (8%, Figure 4.3.3-9) and high selectivity to PA (85%, 

Figure 4.3.3-9) obtained after 2 h of reaction, may be related to the low 
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percentage of nickel in these samples (2 %) together with the presence of some 

active acid sites, which initially catalysed the formation of PA and afterwards 

deactivated catalysts by the formation of condensation products (Salla et al., 

2005). In order to neutralise these acid sites, this catalyst was treated with a 

NaOH 0.05 M solution after reduction and followed by a drying step prior to the 

catalytic test (Ni-H1/NaOH). Conversion and selectivity to 2-PEA slightly 

increased to 40% and 15%, respectively, at two hours of reaction. However, 

catalyst deactivation was also observed. 

 
Figure 4.3.3-10. TEM images of samples a) Nie/1-H1 x 500k    

 and b) Nie/2pH7-H1 x 500k. 

With the aim to control these acid sites, and given its basicity, hydrazine was 

used to reduce Ni2+ exchanged hectorite. Then hydrazine was used to reduce 

Ni2+ exchanged hectorite H1 with the aim to control the hectorite acid sites taking 

advantage of the hydrazine basicity. The hydrazine excess was eliminated by 

heating at 473 K for 1 h under pure nitrogen until the pH of released vapours 

was 8 (Nie/2pH8-H1). When this catalyst was tested, extremely low conversion 

after 2 h of reaction (8% Figure 4.3.3-9), was observed. This could be related to 

an important blockage of metal and acid sites by remaining hydrazine. In order 
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to improve the behaviour of catalyst, hydrazine was eliminated after the 

reduction step at 473 K for 3 h until the pH of released vapours was 7 

(Nie/2pH7-H1). The resulting catalyst showed Ni particles with sizes around 10-

15 nm (Figure 4.3.3-10b). A significant improvement of conversion (50% Figure 

4.3.3-9) at 2 h of reaction was observed when using this catalyst although only 

30% of selectivity to 2-PEA was obtained (Figure 4.3.3-9). The high selectivity to 

PA (70%, Figure 4.3.3-9) and the catalyst deactivation could suppose that not 

only the hydrazine that blocked the metal sites was eliminated, but also the one 

that blocked the acid ones. 

4.3.4. Conclusions 

The use of microwaved-synthesised hectorites as supports of nickel 

nanoparticles for the catalytic hydrogenation of styrene oxide resulted in high 

active, high selective to 2-phenylethanol and high resistant to deactivation 

catalytic systems. 

The activity of Ni/hectorite, obtained from impregnation of hectorites with nickel 

nitrate and later calcination-reduction, mainly depended on the use of microwave 

during hectorite synthesis, the nickel content and the hectorite purity. These 

results were related to the presence of different amounts and different 

accessibility of acid sites, and also to metal nickel sites with different activity 

since different NiO-saponite interactions were observed by TPR for their 

precursors. Ni/hectorites, prepared from Ni2+ cation exchange of hectorite 

synthesised under microwave and later calcination-reduction, showed lower 

conversion and lower selectivity to 2-phenylethanol than impregnated catalysts, 

and higher selectivity to phenylacetaldehyde. The conversion and selectivity to 

2-PEA increased when higher amount of hydrazine was eliminated. However the 
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hydrazine elimination was not selective for the metal sites. The 

phenylacetaldehyde formation and the catalyst deactivation could be explained 

by the accessibility to acid sites. 
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Chapter 5  
Hectorite in Polyurethane Composites 
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Characterisation of composites prepared by dispersion of hectorite, 

synthesised with microwaves, in polyurethane. 

 

 

 

 

 

 

 

 

Abstract 

A selection of nanocomposite samples were prepared by dispersion of one 

hectorite (H2SB), synthesised with microwaves, in a commercial polyurethane 

(PU) with clay contents of 1, 2, 5 and 20 wt% (related to the total composite). 

Another set of composites were prepared under the same conditions but using a 

commercial hectorite (Laponite) as clay for comparison. The samples were 

studied by XRD, DRIFTS, TGA, and dynamic thermal analysis. Dispersion of 1 

and 2 wt% H2SB in PU was achieved since because no diffraction peaks were 

observed in the XRD patterns. Thermomechanical results of H2SB 

nanocomposites were similar to those of laponite dispersed in polyurethane 

found in the bibliography. 
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5.1. Introduction 

The study of nanocomposites formed by polymers and clays (usually 

montmorillonite, saponite or hectorite) is a field in expansion due to the obtention 

of materials which showed improved stiffness and toughness, enhanced barrier 

properties and fire and ignition resistance together with their cost-effectiveness 

(Alexandre and Dubois, 2000; Bujdák and Iyi, 2006; Chen at al., 2008; Moncada 

et al., 2007; Urbanzyk et al., 2006; Wang et al., 2002)  

Nanocomposite structures 

Three main types of composites may be obtained when a clay is dispersed 

within a polymer matrix, which type depends on the nature of the reagents (clay, 

polymeric matrix) and the method of preparation. (Figure 5.1-1, Alexandre and 

Dubois, 2000, Chen et al., 2008): 

- Phase separated composites, when the polymer is unable to 

intercalate between the clay layers. (Figure 5.1-1a).  

- Intercalated composites, in which one or more extended polymer 

chains are intercalated between the silicate layers resulting in a well 

ordered multilayer morphology built up with alternating polymeric and 

silicate layers. (Figure 5.1-1b) 

- Exfoliated composites, when each clay layer is completely and 

uniformly dispersed in a continuous polymer matrix. (Figure 5.1-1c). 
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Figure 5.1-1. Diferent types of composites (Alexandre and Dubois, 2000). 

In the case of phase-separated composites, their properties remain in the 

same range as traditional composites. Intercalated and exfoliated composites 

can be classified as nanocomposites. Polymer nanocomposites represent a new 

class of composite materials (Dimitry et al., 2010) with particle-filled polymers in 

which at least one dimension of the dispersed particles is in the nanometre 

range. This can result in the improvement of properties for the related composite 

materials at much lower filler contents; for instance 3–5 wt% of nano-sized filler 

gives comparable properties to those obtained for 30 –50 wt% of micron-sized 

filler.  

There are many studies concerning polymer nanocomposites based on 

various polymer matrices. As a brief sample: nylon 6 (Liu and Breen, 2005), 

polystyrene (Chen et al., 2008), polypropylene, polyethylene (Shah and Paul, 

2006), polyimide, poly(methylmethacrylate) and polyurethane (Chattopadhyay 

and Raju, 2007).  
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Two complementary techniques are used in order to characterise these 

structures. XRD is used to identify intercalated structures. In such 

nanocomposites, the repetitive multilayer structure is well preserved, allowing 

the interlayer spacing to be determined. The intercalation of the polymer chains 

usually increases the interlayer spacing, in comparison with the spacing of the 

clay used (Figure 5.1-1), leading to a shift of the reflection towards lower angles. 

As far as an exfoliated structure is concerned, no reflections are visible in the 

XRD patterns either because of a much too large spacing between the layers 

(i.e. exceeding 8 nm in the case of ordered structure when using a Cr X-ray 

tube) or because the clay dispersed in the nanocomposite does not present any 

ordering. Transmission electron microscopy (TEM) is used to confirm the 

presence of exfoliated structures in a nanocomposite. 

Polymer-clay nanocomposites synthesis methods 

In order to obtain polymer-clay nanocomposites three methods are typically 

used:  

- “In situ” polymerisation method, in which clay is directly added to a 

monomer, followed by dispersal mixing. Heating and usually the 

presence of an initiator starts the polymerisation reaction (Okada and 

Usuki, 2006). 

- Solution method, in which the clay is exfoliated into single layers 

using a solvent in which the polymer (or a prepolymer in case of 

insoluble polymers such as polyimide) is soluble. The polymer then 

adsorbs onto the delaminated clay sheets before, during or after 

evaporation of the solvent (or the precipitated mixture). The sheets 

often reassemble sandwiching the polymer although exfoliated 
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composites can be obtained using this method. This method is often 

used with water-soluble polymers, such as PEO, poly(vinyl alcohol) 

and poly(vinyl pyrolidone), although the use of other solvents, such 

as toluene (Furuichi et al., 1996), chloroform (Shen et al, 2002), 

dimethylacetamide (Chang et al., 2001) and tetrahydrofuran (Zhang 

and Wilkie, 2003), have also been reported. 

- Melt-processing methods. The use of some solvents, often incurs 

higher costs. Besides, environmentally benign and easily removed 

solvents are not always available. Sometimes small solvent 

molecules rather than the desired macromolecule intercalate into the 

host clay galleries. For these reasons the clay can be mixed within 

the polymer matrix in the molten state in the absence of solvents. 

Under these conditions and if the layer surfaces are sufficiently 

compatible with the chosen polymer, the polymer can enter the 

interlayer space and form either an intercalated or an exfoliated 

nanocomposite.  

Besides these three methods, others include co-vulcanization (Pinnavaia and 

Beall, 2000), solid-state intercalation (Khaorapapong, 2001), sol–gel, emulsion 

(Xu et al., 2003) and supercritical CO2 fluid (Zhao and Samulski, 2006) methods. 

The use of unmodified clays for polymer-clay nanocomposites synthesis, 

greatly limits the type of polymers that can be intercalated. This limitation is 

overcome by replacing the original, inorganic interlayer cations with organic 

cations (often alkylammonium cations but also phosphonium and sulfonium 

cations). 
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However, chemical modification of clays may result in thermal degradation of 

the organoclay, and also the composite, at low temperatures, even during melt 

processing. Furthermore, the modifying agent may not be compatible with the 

matrix polymer and the process itself adds to production costs, as does the 

process of clay modification.  

The usefulness of solution methods are limited because of, the limited 

numbers of solvents that can both dissolve polymers and disperse nanoparticles. 

For this reason Kumar et al. (2005) developed a solvent-exchange method to 

effectively and uniformly disperse laponite nanoparticles in polymers, resulting in 

an improvement of the mechanical, thermal, optical, and/or electrical properties 

of composites by more complete exfoliation and dispersion of nanoparticles 

therein. 

Synthetic smectites like hectorite can be dispersed in many organic, polar 

solvents owing to its hydrophilic character, which promotes the separation of 

clay platelets via osmotic pressure produced by the hydration of intercalated 

ions. In non-polar solvents, the large energy barrier created by the reduced 

wettability and the absence of osmotically driven platelet separation prevents 

direct dispersion of the clay. With that solvent-exchange method is possible to 

disperse polar nanoparticles, such as Laponite, in organic solvents.  

This procedure can be used to fully disperse polar nanoparticles within 

different polymer systems with little to no modification. The procedure requires 

the use of two solvents, A and B that meet four criteria:  

- Solvent A must fully disperse and exfoliate the nanoparticles.  
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- Solvent A and B must be fully miscible, 

- Solvent B must have a higher boiling point than solvent A. 

- Solvent B must fully dissolve the polymer. 

For example for a Polyurethane/Hectorite system the optimal solvent pair could 

be deionised water (A) and N,N- dimethylacetamide (DMAc) (B). 

Composites: Trying to simulate nature 

Polyurethanes (PUs) are segmented polymers with a microphase-separated 

morphology, this means the polymer is composed of hard segments (HS) and 

soft segments (SS) that combine to give the PU moderate stiffness, high rubber-

like extensibility and easy processability (Figure 5.1-2). 

 
Figure 5.1-2. Structure of Polyurethane. 

Thermodynamic incompatibility of the HS and SS drives the polymer system 

into a two- phase morphology in which hydrogen-bonded, crystalline hard 

microdomains form amid the rubbery soft domains. The stiffness (or elastic 

modulus, E) and strength (tensile stress at break, σmax of the PU increase with 

HS content, whereas the extensibility (strain at failure, εmax) increases with SS 

content). The flexibility of urethane chemistry enables the chemical structure of 

the HS and SS domains to be systematically varied to control the thermal 

transition temperatures and thermomechanical properties of the polyurethane. 

Synthetically, it is difficult to increase the elastic modulus of polyurethane and 
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maintain its high extensibility, or vice-versa: an increase in one often results in a 

decrease in the other (Liff et al., 2007). 

High-performance biomaterials, such as silk (Vollrath and Knight, 2001) and 

bone (Smith et al., 1999), exhibit unparalleled combinations of stiffness, 

strength, extensibility and toughness by exploiting hierarchical structures in 

which stiff nanometre-size crystallites are embedded and dispersed in softer 

protein matrices (Vollrath and Knight, 2001). Some studies show that araneid 

spiders modify the stiffness and strength of silk by regulating the ordering of 

polypeptide chains and/or through formation of nanocrystallites during spinning 

(Porter et al., 2005). 

Successful mechanical enhancement of polymer matrices via reinforcement is 

expected only when the nanoparticles are fully exfoliated in the polymer matrix. 

This can prove difficult because the organic, hydrophobic polymer matrices 

thermodynamically and kinetically inhibit the dispersal of the inorganic, 

hydrophilic clay. Despite numerous advances, synthetic polymer 

nanocomposites have yet to show the superior toughness of natural biomaterials 

such as silk. Like a majority of engineering materials, the nanocomposites are 

either stiff but not extensible, like steel, or extensible but not stiff, like rubber.  

Liff et al., (2007) using the solvent-exchange approach to exfoliate 

nanoparticles reported by Kumar et al., (2005) observed that, the unmodified 

Laponite nanoparticles preferentially reinforced the polyurethane hard 

microdomains, rather than being dispersed throughout the soft and hard 

segments. Consequently the elastic modulus, E and the tensile failure at break, 

σmax increased whilst maintaining the characteristically high εmax of a typical 
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polyurethane. To optimise this microsegregation, it was key that the dimensions 

of clay platelets were similar in magnitude to the natural dimensions of the HS 

domains that microphase separate, HS length=3−11nm (Martin et al., 1999, 

Figure 5.1-3). The stronger affinity of the hydrophilic, non-surface-modified 

Laponite with the more polar HS rather than with the more organophilic SS 

allowed the Laponite to segregate into the hard microdomains during the 

processing of the TPU, decreasing the undesired stiffening of the soft domain 

without compromising the large εmax of the polyurethane composite. However, 

Liff and co-workers pointed out that the size of Laponite platelets (25 x 1 nm.) 

was larger than the hard domains of the polyurethane. This made possible some 

undesirable interaction of laponite platelets with the soft domains of the 

polyurethane. 

 
Figure 5.1-3. The charged Laponite platelets (in orange) preferentially reinforce the polar
 hard domains (Liff et al., 2007). 

Since we achieved to synthesise a hectorite with small crystallite size (10 nm), 

calculated from 060 reflection of its XRD pattern, our objective was to study the 

feasibility of using a microwave synthesised hectorite in the formation of 

composites with commercial polyurethane following the procedure by Kumar et 

al (2005).  
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5.2. Experimental section 

Synthesis of hectorite 

Li+-Hectorite (H2) was synthesised according to the procedure previously 

reported (Vicente et al., 2009, Figure 5.2-1) from a slurry (3 wt. % solids) 

containing SiO2, fresh brucite Mg(OH)2, and LiF, in a molar ratio of 4:3:1, 

respectively. The slurry was aged by autoclaving in laboratory microwave 

equipment (Milestone Ethos Touch Control), at 393 K for 8 h. Afterwards the 

sample was washed by dialysis and dried at 353 K. In order to obtain the 

smallest particles of clay, H2 was stirred for 24 h and then allowed to sediment 

for a further 24 h. The supernatant was collected and dried at 353 K, obtaining 

H2SB. 

 
Figure 5.2-1. H2SB preparation procedure.  
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Preparation of composites 

A set of nanocomposite samples were prepared, using a commercial PU and 

with clay contents of 1, 2, 5 and 20 wt% (related to the total composite, Figure 

5.2-2). 

 
Figure 5.2-2. Composites preparation. 

Hectorite was dispersed in dimethylacetamide (DMAc) via the solvent-

exchange procedure outlined by Kumar et al., 2005. One gram of hectorite was 

added to 100 g water and stirred for one day. Then, 200 g of DMAc was added 

to the hectorite/water suspension and stirred for one day. Water was removed by 

distillation at 438 K until a hectorite/DMAc suspension was formed. 1.5 g 

polyurethane was dissolved in 400 ml. DMAc. The dissolved polyurethane, 

hectorite/DMAc suspension and additional DMAc were mixed resulting in 

hectorite–DMAc dispersion in DMAc to obtain composites with different clay 

content. The polyurethane concentration in the solution was maintained at 1.4–

UNIVERSITAT ROVIRA I VIRGILI 
SYNTHESIS OF HECTORITES AND SAPONITES WITH MICROWAVES AND THEIR APPLICATION IN CATALYSIS AND COMPOSITES 
Isabel Vicente Valverde 
ISBN:/DL:T. 1033-2011 



1.6 wt%. Polyurethane/hectorite nanocomposite films with 80-120 µm 

thicknesses were prepared in Teflon containers (6 cm × 4 cm x 2cm) by 

evaporation of DMAc at 343 K. The final clay concentration in the dry film was 

controlled by varying the hectorite concentration in the hectorite–polyurethane–

DMAc solution (Figure 5.2-2).  

Another set of composites was prepared using the same conditions but with 

commercial hectorite (Laponite) instead of microwaved synthesised hectorite as 

clay for comparison 

Characterisation of samples 

Clay samples were studied using X-ray diffraction (XRD), diffuse reflectance 

Fourier transform infrared spectroscopy (DRIFTS) thermogravimetric analysis 

(TGA) and transmission electron microscope (TEM). Composite samples were 

characterised by XRD, DRIFTS, TGA and thermo mechanical dynamic analysis, 

using the experimental conditions indicated in Section 2.2. 

5.3. Results and discussion 

Characterisation of hectorites 

No crystalline phases other than hectorite were observed in the powder XRD 

patterns of H2SB and Laponite (Figure 5.3-1). The d001 spacing of H2SB was 

13.4 Å, but it was not possible to determine the corresponding value for the 

Laponite sample. The 001, 002 and 004 reflections were more prominent in the 

trace obtained from H2SB than that of Laponite, which is due to a more ordered 

orientation of the clay layers in the former. 
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Figure 5.3-1. XRD pattern of H2SB and Laponite. 

The crystallite size, calculated from 060 reflection, was slightly smaller for 

Laponite than for H2SB (Table 5.3-1). This contrasted with the data reported by 

Liff et al., (2007) where the diameter of the Laponite platelets was determined as 

25 nm. When comparing sizes with the ones observed in the TEM images 

(Figure 5.3-2) the latter ones are sensibly larger (≈ 200 nm), and may be due to 

some layer aggregation when the sampled was manipulated for its TEM 

observation. 

Table 5.3-1. Characterisation data of samples from XRD data  

Sample 
Basal 

spacing (Å) 
Crystallite size 

(0 6 0) (nm) 

H2SB 13.4 8 

Laponite ---- 7 
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Figure 5.3-2. TEM images x 100 k of H2SB (left) and Laponite (right). 

Nevertheless, when Laponite was mixed with polyethylene glycol MW=600 

(PEG 600), (Figure 5.3-3) it swelled and oriented the clay layers resulting in the 

presence of 001 reflection together with 002-006 reflections. This indicates a 

more ordered system than that obtained with H2SB treated in the same manner 

(Figure 5.3-3). The increase in basal spacing achieved with H2SB was slightly 

higher than that obtained for the Laponite sample. This may be due to different 

water contents in the two samples. 

 
Figure 5.3-3. XRD patterns of PEG600 oriented H2SB and Laponite. 
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Figure 5.3-4, compares the DRIFTS spectra of H2SB and Laponite samples. 

Bands were assigned taking into account the characterisation data reported for 

clay samples (Russell and Fraser, 1994; Kloprogge et al., 1999; Kloprogge and 

Frost, 2000). The band around 1027 cm−1 corresponds to ordered Si–O–Si in the 

clay mineral. The appearance of shoulder bands around 1105 cm−1 and 1200 

cm−1 was related to the presence of the amorphous silica phase. The low 

intensity of these bands for both samples indicated a low concentration of the 

amorphous silica starting material and a high conversion to hectorite. 

Additionally, several broad bands were observed in the Laponite spectrum, 

between 1200 cm-1 and 1400 cm-1, that may be due to some remaining reagents 

or impurities (Figure 5.3-4). 

 
Figure 5.3-4. DRIFTS spectra of H2SB and Laponite. 
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TGA curves, and their derivatives, of the two hectorites showed two peaks for 

both samples (Figure 5.3-5). The first peak around 373 K is related to 

dehydration of samples whereas the second, around 973-1073 K, can be 

associated with their dehydroxilation. H2SB contained much more water of 

hydration. 

 
Figure 5.3-5. TGA curves of H2SB and Laponite (upper-two) and their negative derivatives 

 (bottom-two). 

The curves presented slight differences. Dehydroxylation in H2SB occurred 

over a narrower temperature than in Laponite, perhaps relating to the higher 

homogeneity of the former sample. 
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Characterisation of composites 

Figure 5.3-6 illustrates some composite films prepared with 1 and 20 wt.% of 

H2SB and Laponite. 

 
Figure 5.3-6. Composite films.Scale is in mm.  

The integrity of the films between samples varied more with laponite was than 

with H2SB, suggesting homogeneity of clay dispersion in Laponite composite 

samples was lower than in H2SB. The need to drive off large quantities of 

solvent when producing the films may lead to cracks in the samples prepared 

with Laponite. It was not possible to obtain a coherent film 20 wt. % Laponite.  
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Figure 5.3-7. XRD patterns of composite samples prepared with HSB and Laponite. 

Figure 5.3-7 shows the XRD patterns of the composite samples. H2SB 

appeared to be more oriented in polyurethane than laponite since (00l) 

reflections due to the hectorite phase were observed in H2SB composites at 

lower clay wt. % (10 wt. % and 20 wt. % for H2SB and laponite composites, 

respectively). Those (00l) reflections were not observed for ≤ 20 wt % 

polyurethane-Laponite composites found in the bibliography. At higher clay 

concentrations (> 2wt% for H2SB and > 5 wt% for laponite) an intercalated 

system is obtained whereas below these concentrations exfoliated clay may 

exist. An expansion of the clay layers by the polyurethane, at higher clay 

concentrations, was observed as in the PEG swollen H2SB and laponite 

described earlier.  
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The TGA curves, and their negative derivatives, of composite films are 

presented in Figure 5.3-8. 

 

 

Figure 5.3-8. TGA and first derivative curves of composite samples prepared with 
 H2SB and with Laponite. 
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All the derivatives showed two maxima at approximately 330 K and 430 K, 

respectively, confirming that neither H2SB nor the Laponite exerted any strong 

effect on the decomposition route. In both sets of composite samples, the 

temperature of the second maximum increased slightly when the hectorite wt. % 

increased in the composite. When Laponite was used for composite preparation 

the first maximum changed to produce two maxima suggesting two different 

thermal events were occurring, however, for H2SB composites the first 

maximum remained to suggest one thermal event. 

Figure 5.3-9a) shows the storage modulus data of H2SB composite samples at 

various temperatures, plotted against the fraction of hectorite. The higher value 

of storage modulus at higher temperature observed when increasing hectorite 

fraction may indicate that this microwave synthesised hectorite increased the 

heat distortion temperature (HDT) of composite, i.e., the temperature at which 

the material deforms under load (Kumar et al., 2005). 

However, in the case of Laponite samples (Figure 5.3-8b) the intersample 

variation between the results made it difficult to compare these results to those 

obtained with H2SB samples.  
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Figure 5.3-9. Storage modulus data at various temperatures of a)H2SB composites and 

 b) Laponite composites. 
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Nevertheless, when the H2SB results were compared to those of McKinley et 

al. (2005, Figure 5.3-10), whose method was followed to synthesise our 

samples, the behaviour was quite similar. 

 
Figure 5.3-10. Storage modulus data at various temperatures (-75ºC= 198 K; 25 ºC= 298 K; 
 100 ºC= 373 K; 150 ºC= 423 K) of Laponite composites by Kumar et al., 
 (2005). 

The key difference between our samples and those of Kumar et al. (2005), is 

that they were able to dry their samples in a very controlled manner, which we 

were unable to replicate. Our samples were dried in an oven for shorter times 

and at higher temperature which were those feasible in our laboratories. 

Figure 5.3-11 shows the Tan delta (loss modulus/ storage modulus) for the 

composite samples. The soft segment glass temperature (Tg) did vary 

significantly; however, a second peak appeared above the Tg (about 300 k) at 

concentrations greater than 10 wt % of clay. The appearance of this peak, 
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together with a reduction in the intensity of the tan delta peak by increasing the 

clay content, indicated that the composite was becoming less rubbery as more 

clay was added. This is a normal behaviour because it is well known that adding 

clay makes a composite more brittle. 

 
Figure 5.3-11. Tan delta (Tan δ) of a) H2SB and b) Laponite composites. 
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Again these results agreed with those obtained by Mc Kinley et al (2005, 

Figure 5.3-12) 

 
Figure 5.3-12. Tan delta (Tan (δ)) of Laponite composites by Kumar et al. In  this case wt.

 clay content in composites is expressed in parts per unit. For example 0.04 
 in this diagram is equivalent to 4 wt%. 

The original plan was to encourage the hectorite particles to interact 

preferentially with the hard segments in the PU taking advantage of the small 

diameter of hectorite particles, however, this did not seem to happen. The 

increasing stiffness with clay content suggests that the hectorite particles went 

into the soft segments. Nevertheless, the obtained results were similar to those 

obtained by Mc Kinley et al, using a more simple procedure. 
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5.4. Conclusions 

When using a microwave synthesised hectorite in the preparation of 

clay/polyurethane composite: 

- Well dispersed clay into the polyurethane matrix composites were 

achieved using microwave synthesised hectorite but at lower clay 

loadings than when using Laponite (≤ 2 wt. % in front of ≤ 5 wt. %, 

respectively), as deduced from XRD results. 

-  The thermal stability of composites prepared with microwave 

synthesised hectorite and with Laponite did not significantly vary as 

observed by TG/DTG curves. 

- From the thermomechanical analysis we observed that both 

microwave synthesised hectorite and Laponite not only interacted 

with the hard segments of polyurethane but unfortunately also with 

the soft segments. 

- Composite prepared with microwave synthesised hectorite led to 

thermomechanical properties comparable to those found in the 

bibliography (Kumar et al., 2005). 
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Since each study has their own conclusions, in this section some general 

conclusions will be exposed. 

When using microwaves to synthesise hectorites and saponites: 

 The hydrothermal microwave aging treatment provided faster synthesis of 

hectorites and saponites than those obtained by conventional heating. At 

longer times, an increase of clay phase content was also observed for 

both. 

Regarding hectorites: 

 The formation of the hectorite phase was faster when increasing 

the synthesis temperature from 373 K to 393 K, as observed by 

XRD, N2 physisorption and CEC determination techniques. 

 Hectorite with higher crystallinity was obtained when the fresh 

brucite Mg(OH)2 reagent, which is supposed to act as 

crystallisation nuclei of hectorite, had higher crystallinity, as verified 

by XRD. 

 Purer hectorites were obtained by treating the impure hectorite with 

Na2CO3 or by decreasing the silica content in the starting slurry, as 

confirmed by XRD and FTIR techniques.  
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In the synthesis of saponites: 

 Higher crystallinity of the saponite phase with higher Al(Td)/Al(Oh) 

ratio was observed when increasing the pH of the initial slurry from 

7 to 8. However, the amorphous SiO2 content in the latter samples 

was also higher, as monitored by XRD, FTIR, CEC determination 

and 27Al-MAS-NMR.  

 Higher content of higher crystalline saponite was achieved when F¯ 

was added to the initial slurry as observed by XRD, FTIR, CEC 

determination and 27Al-MAS-NMR techniques. 

 

When applying microwave synthesised clays as catalytic supports for the 

hydrogenation of styrene oxide: 

 High activity, high selectivity to 2-phenylethanol and high resistance to 

deactivation catalytic systems were obtained by impregnating microwave 

synthesised saponites and hectorites with nickel nitrate followed by 

calcination-reduction. The best catalytic results were achieved with 20 wt. 

% and 10 wt. % nickel for Ni/saponite and Ni/hectorite catalysts, 

respectively. 

 Catalytic results were related to the presence of metal nickel sites with 

different activity since different NiO-support interactions were observed by 

TPR for their precursors. 
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 Ni/saponites and Ni/hectorites prepared by Ni2+ cation exchange of 

hectorites and saponites showed lower conversion, lower selectivity to 2-

phenylethanol and higher selectivity to phenylacetaldehyde than 

impregnated catalysts. This was explained by the lower coverage of 

support acid sites by metal sites due to the lower nickel content of the 

exchanged catalyst.  

 The best result was achieved when using a 10 wt. % Ni/ microwave 

synthesised hectorite catalyst obtained by impregnation, with total activity 

and total selectivity to 2-phenylethanol at 1 h of reaction, and maintaining 

this behaviour after 3 runs. 

When impregnated Ni/saponites catalysts were used: 

 The presence of amorphous silica in higher or lower amounts in 

the synthesised saponites could not explain the different activity of 

the catalysts prepared at different initial pH. However, catalysts 

prepared with saponite obtained from a slurry with initial pH of 7 

showed higher activity than the catalysts obtained from a slurry 

with initial pH= 8. 

When impregnated Ni/hectorites catalysts were used: 

 The use of conventional synthesised hectorite, acidified microwave 

synthesised hectorite or microwave hectorite synthesised with less 

silica content as catalytic supports, initially resulted in more active 

catalytic systems but they lost their activity faster than when using 

the microwaved synthesised hectorite as catalytic support. 
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When using a microwave synthesised hectorite in the preparation of 

clay/polyurethane composites: 

 Well dispersed clays into the polyurethane matrix composites were 

obtained when hectorite loading was ≤ 2 wt. % as observed by XRD. 

 The thermal stability of obtained composites (clay contents ≤ 20 wt. 

%) did not significantly vary as observed from TG/DTG curves. 

 When thermomechanical analyses were performed, we observed 

that hectorite not only interacted with the hard segments of 

polyurethane but unfortunately also with the soft segments. 

Nevertheless, the composites prepared led to thermomechanical 

properties comparable to those found in the bibliography (Kumar et 

al., 2005). 
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