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General Introduction 
 
 
 
 
 
 
 
 
 
 

The purpose of this chapter is to give a brief introduction on Ga-containing zeolites and 

their catalytic application. Additionally, the general structure of zeolites and properties of 

trimethylgallium are discussed. A justification for our approach to prepare Ga/HZSM-5 

by chemical vapor deposition of trimethylgallium is also explained. The scope of this 

thesis is given at the end of the chapter. 
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1.1 General Introduction 

 

The history of zeolites began 250 years ago with the discovery by the Swedish 

mineralogist Crönsted. For nearly 200 years, the beautiful and large natural zeolite 

crystals were mere attractions displayed in museums. The advent of man-made synthetic 

zeolites led to their large-scale use in many applications. The synthetic zeolite chemists 

have been (and continue to be) particularly creative: while some 40 different zeolites 

were discovered in nature approximately 130 zeolites were synthesized. The main 

applications of zeolites are as detergents, adsorbents or desiccants and, of course, as 

catalysts.1 

Ga-containing zeolites have received considerable interest for paraffin aromatisation 

since their incorporation in the Cyclar process. The relative abundance of liquefied 

petroleum gas (LPG) and the strong demand for aromatics - benzene, toluene and xylenes 

(BTX) - make these catalysts economically attractive for the production of aromatics 

from light paraffins. The Cyclar process, which is based on catalyst formulation 

developed by British Petroleum, converts propane, butane or mixtures thereof to 

petrochemical-quality aromatics.2 The main reaction steps of this process are paraffin 

dehydrogenation followed by oligomerization and cyclization. 

 

1.2 Zeolite composition and structure 

 

The primary building blocks of zeolites are [SiO4]4- and [AlO4]5- tetrahedra which are 

linked at their corners to form channels and cages or cavities of discrete size. As a result 

of the difference in charge between the [SiO4]4- and [AlO4]5- tetrahedra, the total 

framework negative charge must be balanced by cations, typically protons, alkali or 

alkaline earth metal ions.3 
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As zeolite-catalysed processes involve adsorption and diffusion of molecules in the 

zeolite pores, only those zeolites with a minimum of 8-tetrahedral (8T) atoms windows 

are generally considered. Most of the zeolites can be classified into tree categories: 

• small-pore zeolites with-eight member-ring pore apertures having free diameters of 3-

4.5 Å 

• medium-pore zeolites with ten member-ring aperture, 4.5-6 Å in free diameter 

• large-pore zeolites with 12 member-ring apertures, 6-8 Å 

 

The zeolite structure has two types of hydroxyls groups: 

(i) Brønsted sites, which are hydroxyl groups bridging between a Si4+ and a trivalent 

metal cation such as Al3+, Ga3+ or Fe3+. The proton compensates the negative framework 

charge originating from replacing the tetravalent Si atom by a trivalent T atom (Figure 

1.1a). 

(ii) Silanol groups, which are terminal hydroxyl groups with low acidity. These groups 

are mostly found on the external zeolite surface, but can also occur as defect sites in the 

pore system of the zeolite (Figure 1.1b).4 

 

 

 

 

 

 

 

 

 
Figure 1.1: Brønsted sites (a) and terminal silanol groups (b). 

 

In this study we focus on chemisorption of trimethylgallium (TMG) on HZSM-5 and 

Mordenite (MOR).  The reasons are that Ga/ZSM-5 catalyst is extensively used in 

aromatisation reactions and MOR has wider pores so that bigger molecules can access the 

micropore space.  

Si 

O 

Al 

H 

Si    OH 

a) Brønsted site 

b) Silanol site 
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ZSM-5 

ZSM-5, a zeolite discovered by Mobil in 19655, is made up by ten-membered oxygen 

rings that are interconnected to form a chain. Linking of these chains leads to a 

framework that contains two intersecting channel types, straight and sinusoidal channels. 

Both channels consist of ten-membered rings with a diameter of 5.3 x 5.6 Å (straight 

channels) and 5.1 x 5.5 Å (sinusoidal or zigzag channels).6 

MOR 

Mordenite is a zeolite with a unidimensional pore system. The structure of MOR is built 

by twelve-membered rings with a diameter of 7 x 6.5 Å. The channel wall has side 

pockets circumscribed by eight-membered rings forming windows of 2.6 x 5.7 Å.6 

 

             
 
Figure 1.2: Cross section views of HZSM-5 (a) and MOR (b) along the main channel. 

 

With a three-dimensional channel structure, medium-pore openings and well-separated 

acid sites (high Si/Al ratio), HZSM-5 zeolites with and without Ga doping appear to be 

more selective to yield aromatic compounds. A larger three-dimensional pore channel-

structure like H-BEA zeolite (6-7 Å) modified with gallium exhibits more pronounced 

selectivity toward naphthalenes than mono-ring aromatics compared with HZSM-5.7 

(a) (b) 
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1.3 Ga/Zeolite catalyst 

 

Unpromoted HZSM-5 is not the best dehydrogenation catalyst; addition of promoters is 

required for such application. Modification of the zeolite with zinc, gallium and platinum 

has been successful for this purpose.8 Ga has the advantage over Zn of the lower 

volatility under reduced atmosphere at high temperatures.9 Platinum has a high activity 

for the dehydrogenation of paraffins but is also an active hydrogenolysis catalyst, while 

Ga is assumed to have moderated or low activity in hydrogenolysis.10 Although relevant 

progress in the understanding of dehydrogenation reactions over Ga-containing zeolites 

has been made in recent years, the role of the gallium species is still unclear. Some 

groups claim that the metal cations and acid sites play separate roles for alkane activation 

and cyclization.11-13 Other authors argue that there is a synergistic effect where acid sites 

stabilise adsorbed alkanes and cleave C-H bonds while gallium facilitates the 

recombination of H atoms.14-17 Various preparation methods have been described by 

which extra-framework gallium can be incorporated into the micropores of HZSM-5: ion-

exchange in aqueous solution18,19, impregnation20, chemical vapor deposition (CVD) of 

GaCl3
8 and by physical admixture of Ga2O3

21 or GaCl3.10 It is also possible to obtain 

isomorphous substitution of aluminum by gallium in MFI-type zeolite followed by steam 

activation.22 With aqueous ion-exchange the hydrated Ga cations tend to stay on the 

external zeolite surface, and subsequent reduction or oxidation of the Ga species is 

necessary to disperse them into the micropores.21,23 Sublimation of GaCl3 is a more 

efficient method to deposit cationic Ga species directly into the micropores replacing 

Brønsted acid sites.8,24 However, the subsequent treatment with water necessary to 

remove chlorine causes the hydrolysis of Ga atoms and the regeneration of some 

Brønsted acid sites.8 As an alternative route, we here address a completely anhydrous 

procedure consisting of chemical vapor deposition (CVD) of trimethylgallium (TMG) 

with subsequent removal of the methyl groups by reductive or oxidative treatments. 

Expectedly, the absence of water in our procedure prevents the formation of less-defined 

gallium (hydr)oxide species. 
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1.4 Properties of trimethylgallium 

 

Trimethylgallium is widely used to produce GaP and GaAs semiconducting devices. 

Unlike the alkyl silicon and germanium derivatives, this compound is extremely reactive 

at room temperature and, unlike its aluminium counterpart, is a monomer at this 

temperature or higher.25 Trimethylgallium is an organometallic substance with a 

relatively high vapour pressure (Scheme 1.1), a melting point of –19 oC and a boiling 

point of 56 oC.26,27 The amount of TMG chemisorbed on HZSM-5 can be controlled by 

the pressure of the gas phase according to:  

 

(liquid range) 9398.32log5201.8
14.273
4.2833)(log 1010 +∗−

+
−= T

T
Cp o

mmHg  (Scheme 1.1) 

 

TMG is a trigonal monomeric molecule with an effective radius of about 3.89 Å and a C-

Ga-C angle of 118.6o (Figure 1.3).22 
 

 

 

 

 

 

 

 

 

 

 

Figure 1.3: Molecular structure of trimethylgallium 
 

The decomposition of TMG in H2 produces mainly methane and a small amount of 

ethane. This decomposition is a hydrogenolysis process that takes place in a temperature 

range of 370-460 oC. TMG decomposition in N2 is a real pyrolysis, in which methyl 

radical formed by homolytic fission reacts with itself (forming ethane), TMG (forming 

Ga 

3.89 Å 
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methane or ethane) and products (forming propane and higher paraffins). This 

decomposition occurs in a temperature range of 450-570 oC.28 

The reaction of trialkylgallium compounds and water is often extremely exothermic. 

However, under controlled conditions it is possible to obtain some of the intermediates in 

the complete hydrolysis to the alkane and gallium hydroxide. The reaction of 

trialkylgallium compounds and oxygen is usually uncontrollably fast. These compounds 

inflame spontaneously in air. If the supply of oxygen is restricted, a controlled reaction 

takes place, to yield the alkoxide compounds via alkylperoxo intermediates.29 

 

1.5 Silylation of zeolites 

 

In catalytic applications, one generally aims to take advantage of the shape-selective 

effects of the small pore dimensions of zeolites. Therefore, the aim is to disperse the Ga 

species inside the zeolite pores. Because the external surface of the zeolite is fully 

accessible to all molecules it behaves catalytically in a non-shape selective manner. 

Therefore, it is of great interest to study the effects of passivating or inertizing external 

hydroxyls groups such as terminal silanol groups. 

Inertization of external surface sites can be achieved by chemisorbtion of silanes, 

disilanes,30 or SiH4.31 In order to prevent the undesirable reaction of TMG with silanol 

sites, we have tested the effect of blocking the silanol groups at the external zeolite 

surface by silylation with tetramethyldisilazane. This compound represents an effective 

silylating reagent to modify the external surface through30: 

 

               SiH(CH3)2            CH3 
2  SiOH   +   HN                   2  SiO-Si       H   +  NH3     (Scheme 1.3) 
               SiH(CH3)2            CH3 

     R3 Ga          R2GaOOR          R2GaOR  (Scheme 1.2) 
O2 -1/2O2 
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The silylation treatment on zeolites has a secondary effect of narrowing or blocking 

entrance to pores. This effect modifies the diffusional resistances for different 

molecules.32 

 

1.6 Scope of the thesis 

 

The present study considers the synthesis, characterization, and catalytic evaluation of 

extra-framework gallium-containing zeolites. We focus on modification of zeolites by 

chemical vapor deposition of trimethylgallium on HZSM-5 and Mordenite zeolites. 

Chapter 2 is dedicated to the chemisorption and stability of TMG on HZSM-5 and 

HMOR zeolites. The effect of silylation is also addressed. Some theoretical calculations 

are also shown in this study to support part of the experimental results. In Chapter 3, the 

effect of oxidation and reduction treatments on these catalysts is investigated by FTIR, 

ICP and multinuclei NMR. In Chapter 4, the oxidation state and Ga coordination 

obtained during and after thermal treatment with H2 and O2 is analysed by X-ray 

adsorption spectroscopy (XANES and EXAFS) and IR analysis of CO adsorption. These 

results allow a better understanding of the catalytic behaviour of Ga-containing zeolites 

catalyst. Chapter 5 consists of two parts: one discusses the H2 activation over Ga/HZSM5 

and Ga/MOR catalysts by H2/D2 isotopic exchange reaction, and the second part deals 

with the aromatization of n-heptane over the same catalysts. 
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2 
Synthesis and Characterization of 

TMG/Zeolite catalysts 
 

 

Different methods for introducing extra-framework Ga species in zeolites are briefly 

reviewed in this chapter. Three main aspects are addressed: (i) the chemical vapour 

deposition of trimethylgallium on HZSM-5 and mordenite, (ii) the stability of Ga species 

obtained after chemisorption and (iii) the effect of silylation of zeolites. This completely 

anhydrous route for loading gallium on zeolites results in better-defined Ga species than 

those obtained by conventional methods of synthesis. Silylation with 

tetramethyldisilazane is explored as a method for deactivating the external zeolite 

surface. Deposition of TMG in silylated ZSM-5 results in a gallium-to-aluminium ratio 

close to unity, which indicates a homogeneous metal distribution in the micropore space. 

However, pore blockage in the one-dimensional channels of mordenite prevents the total 

replacement of protons by trimethylgallium and results in an inhomogeneous distribution 

and a low Ga loading. Upon exposure to moistened air, the adsorbed methylgallium 

species decompose and alkoxy groups are formed.  
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2.1 Introduction  

 

The modification of HZSM-5 with gallium is usually achieved by ion-exchange, 

impregnation, isomorphous substitution of framework silicon by gallium, mechanical 

mixing with Ga2O3 or GaCl3 and chemical vapor deposition of GaCl3. The dispersion of 

the Ga species appears to directly affect the catalytic activity and products selectivity in 

aromatic reactions.1,2 Kwak and co-corkers3 have shown hat the Ga deposition in the 

zeolite cavities is more effective using sublimation of GaCl3 than, ion-exchange from an 

aqueous solution of a Ga3+ salt. The gallium phase being introduced by incipient 

impregnation is found to be restricted to the outer surface of the zeolite crystals and only 

small amounts of gallium are found inside the zeolite cages. According to various 

authors, the hydrated Ga3+ cations are too large to gain access to the exchangeable 

protons of Brønsted sites inside the zeolite pores during the impregnation step.4 

Sublimation of GaCl3 is a more efficient method to substitute protons by cationic Ga 

species.5,6 However, the subsequent treatment with water to remove chlorine from the Ga 

precursor induces hydrolysis of the metal ions and increases the Brønsted acid site 

density.5 This study addresses a completely anhydrous process to introduce Ga species 

into the micropore space. Chemical vapor deposition of trimethylgallium requires only 

treatment with H2 or O2 to remove the methyl groups, thus avoiding the hydrolysis step. 

Bayense and co-workers7 have used trimethylgallium (TMG) to modify dealuminated 

HZSM-5. Methane was the main decomposition product. In the presence of surface 

silanol groups, gallosilane structures may be formed 

 

Si  OH   +  Ga(CH3)3      Si  O  Ga(CH3)2   +   CH4  (Scheme 2.1) 

 

An equivalent reaction is considered to occur between trimethylgallium and Brønsted 

acid sites 

Si  (OH)  Al  +  Ga(CH3)3    Si  (O Ga(CH3)2)  Al  +  CH4 (Scheme 2.2) 
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2.2 Synthesis of Catalysts 

 

2.2.1 Chemical vapor deposition of trimethylgallium 

 

HZSM-5 and HMOR were obtained by calcination of the parent zeolites NH4ZSM-5 

(Akzo Nobel, Si/Al = 19.4) and NH4MOR (Akzo Nobel, Si/Al = 10). Ga/HZSM-5 and 

Ga/HMOR were prepared by chemical vapor deposition of trimethylgallium (Strem 

Chemicals, purity >99 %) on these acidic zeolites. 3.5 g of previously dried acidic zeolite 

was loaded in a reactor with an excess amount of TMG (1 ml) in an argon-flushed glove-

box at room temperature. After 24 h, the resulting material was maintained under vacuum 

for 2 h to remove unreacted TMG and gaseous reaction products, mainly methane.8 The 

catalysts were kept in Ar atmosphere prior to further use. 

 

2.2.2 Silylation of zeolites 

 

The silanol groups in HZSM-5 and HMOR were silylated employing the procedure of 

Anwander and co-workers.9 The silylated zeolites were obtained as follows: 3 g of 

tetramethyldisilazane was diluted in 30 ml of n-hexane and added to a 120 ml suspension 

of 3 g of dried zeolite in n-hexane. The solution was stirred for 24 h at ambient 

temperature. The mixture was filtrated and washed several times with n-hexane. Finally, 

the silylated materials were dried for 24 h at 383 K. The deposition of trimethylgallium 

on silylated zeolite followed the same procedure as outlined above. 

Catalysts are denoted as [TMG/] ZEO [Sy], where TMG optionally indicates TMG 

deposition, ZEO stands for ZSM-5 or MOR and Sy indicates the optional application of 

silylation. 

In order to obtain information about the stability of TMG adsorbed on zeolites, the as-

prepared TMG/ZSM-5 catalyst was separately exposed to moistened air, oxygen and de-

oxygenated water flows and subsequently characterized by 1H, 13C and 2D 1H-13C NMR. 

The treatment with de-oxygenated water was obtained by exposing the fresh catalyst to a 

flow of de-oxygenated water for 5 h. The de-oxygenated water was produced after 

boiling distillate water for 1 h and flowing 100 ml/min of N2 for 24 h. To analyse the 
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simultaneous effect of oxygen and water, the fresh catalysts were simply exposed to 

moistened air for 24 h. 

The effect of the thermal oxidative and reductive treatments will be extensively discussed 

in Chapter 3. 

 

2.3 Characterization of synthesised catalysts 

 

The as-synthesised catalysts were characterized by ICP and FTIR. The stability of 

chemisorbed TMG was analyzed by 71Ga, 1H, and 13C and 2D 1H-13C NMR. Additionally, 

this section describes all the equipment used for characterization of catalysts. 

The contents of Ga and Al were determined by Inductively Coupled Plasma Optical 

Emission Spectrometry (ICP-OES) technique, using a SPECTRO CIROSCCD 

spectrometer. 

FTIR spectra were obtained in a Bruker IFS113V FT absorbance spectrometer with 

spectra recorded between 400 and 4000 cm-1. To obtain a more detailed picture of the 

chemisorption process of TMG, this reaction was also carried out in situ in the IR 

apparatus. A 10 mg pellet of the proton zeolite was mounted into the IR cell and 

evacuated at 550 oC for 2 h. The pellet was exposed to an excess amount of TMG (7 

KPa) at room temperature and the adsorption on the zeolite was followed by IR 

spectroscopy. 
1H, 13C and (2D) 1H-13C NMR spectra were recorded on a Bruker DMX500 spectrometer 

operating at 500.13 MHz for 1H and 125.76 MHz for 13C nuclei. For all the experiments, 

we used 4-mm sample holders and a rotation rate of 8 kHz. Except for studies of the 

effect of air, the samples were packed under argon atmosphere to prevent hydration. 1H 

NMR spectra were recorded using single-pulse excitation with a 54-degree pulse of 3 µs. 

The number of scans was 16 and the interscan delay was 3 s. Ethanol with its proton 

signals at 5.0, 3.5 and 1.0 ppm was used as an external reference. 13C NMR spectra were 

obtained using either 1H-13C Varied-Amplitude Cross Polarization (VACP) with a contact 

time of 1 ms, or a rotor-synchronized 90-τ-180-τ pulse sequence with a 5-µs 90-degree 

pulse and a delay τ of 117.5 µs. In both cases, 2048 scans were typically accumulated 
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with an interscan delay of 5s. No signal-intensity change was observed at a shorter 

interscan delay of 2s. The 38.56 ppm signal of adamantane was used for external 

calibration. Two-dimensional (2D) 1H-13C NMR correlation experiments to improve the 

identification of hydrocarbon species were carried out with a varied-amplitude version of 

the WIdeline-SEparated (WISE) pulse sequence with a contact time of 1 ms.10 The 

number of scans was 128, the number of experiments 200, and the interscan delay 5 s. 

Theoretical calculations were carried out to obtain insight into the stability of various 

adsorption complexes on different zeolite sites. All theoretical calculations have been 

performed with Gaussian98.11 The zeolite crystal is modeled by a small molecular 

fragment that describes the site of interest, viz. zeolite hydroxyl groups and acidic 

Brønsted site. Two zeolite cluster models have been used. First, an 18-atom cluster 

(Si(OH)(OSiH3)3) was employed to represent a silanol group Si-OH. Second, a Brønsted 

site model cluster was made up by 22 atoms (Al(OSiH3)3(OHSiH3)) to represent an Al-

O(H)-Si site. Geometry optimization calculations have been carried out to obtain a local 

minimum for reactants, adsorption complexes and products. Zero-point energy (ZPE) 

corrections have been calculated for all optimised structures. 

 

2.4 Results 

 

2.4.1 Catalyst composition 

 

The gallium loadings on the various samples are listed in Table 2.1. TMG/ZSM-5 has 

higher gallium content than TMG/MOR, although the Si/Al ratio of HZSM-5 is 

approximately two times higher than that of HMOR. Samples prepared with silylated 

zeolites, TMG/ZSM-5(Sy), and TMG/MOR(Sy), contain approximately 30% less gallium 

than materials prepared with non-silylated zeolites. This observation indicates that 

silylation of zeolites decreases the number of sites where TMG can adsorb. The Ga/Al 

ratio of TMG/ZSM-5(Sy) is close to unity. 
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Table 2.1: Total gallium content and Ga/Al ratio obtained by ICP. 

 

Samplea wt% Ga Mol Ga/Al 

   
TMG –ZSM5 6.8 1.48 

TMG –MOR 3.42 0.44 

TMG –ZSM5(Sy) 4.98 1.05 

T MG –MOR(Sy) 2.32 0.28 

   
 

 

2.4.2 FT-Infrared spectroscopy 

 

The reaction of trimethylgallium with HZSM-5 and mordenite was followed by in situ 

FTIR spectroscopy. The IR spectra of the dry HZSM-5 and during the TMG adsorption 

are displayed in Figure 2.1. Three bands due to OH stretching vibrations were identified 

for the parent HZSM-5 zeolite (Figure 2.1a). These bands are assigned as follows: 3612 

cm-1 for Brønsted acid sites, 3664 cm-1 for extra-lattice AlOH ions, and 3744 cm-1 for 

terminal silanol groups.12 The extra-framework Al ions are generated during the 

calcination of the ammonia zeolite to obtain the proton zeolite form. The three signals of 

hydroxyl groups are removed after 2 h of TMG adsorption (Figure 2.1b-g). The intensity 

of these features did not increase after 60 min evacuation. This is indicative of the strong 

adsorption of Ga species on the zeolite framework structure (Figure 2.1h-i). 

Figure 2.2 shows the IR spectra during the chemisorption of TMG on HZSM-5 in the 

region where methyl stretching bands are observed. The two most intensive signals at 

2916 and 3000 cm-1 are assigned to physically adsorbed TMG13 with perhaps a small 

contribution from methyl groups adsorbed to the zeolite structure. The small band at 3054 

cm-1 is due to the CH4 vibration signal that is produced during the reaction of TMG and 

HZSM-5.8 The intensity of all these bands decreases during the evacuation of the un-

reacted TMG and methane produced during the reaction. Two residual bands at 2913 and 

2970 cm-1 are assigned to CH3 vibrations from the TMG species that remain chemisorbed 
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after evacuation.14 The signal at 2837 cm-1 corresponds to an overtone of the C-H 

bending vibration of CH3 groups.15 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 2.1: Infrared spectra of (a) dry HZSM-5; adsorption of TMG after (b) 15 min; (c) after 30 
min; (d) 45 min; (e) 60 min; (f) 90 min; (g) 120 min; (h) after 30 min and (i) 60 min evacuation. 

Figure 2.2: Infrared spectra of TMG adsorbed on HZSM-5 after (a) 15 min; (b) 90 min; (c) 120 
min; (d) after 30 min and (e) 60 min evacuation. 
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In order to study the chemical vapour deposition of trimethylgallium on a zeolite with a 

larger pore size than in HZM-5, TMG was also adsorbed on mordenite. Figure 2.3 shows 

the spectra of the proton mordenite and the subsequent adsorption of TMG. The first 

spectrum, taken before exposure to TMG, shows an IR adsorption band at 3746 cm-1 and 

a much stronger one centered at 3610 cm-1. These two bands correspond to O-H 

stretching vibration of silanol groups and Brønsted acid sites, respectively.16,17 

Zholobenko and co-workers18 have reported that the band at 3610 cm-1 is a combination 

of two components; one centered at 3613 cm-1 an other at 3595 cm-1, as shown in Figures 

2.3II and III. The band at higher frequency (3613 cm-1) is due to acidic hydroxyls 

vibrating in the main channels, and the band at lower frequency (3595 cm-1) is assigned 

to those present in the side pockets with higher effective acidity.18 Note the larger half-

width of the low frequency component, which results from electrostatic perturbation of 

OH groups within side pockets.19 

After exposure of mordenite to TMG, the intensity of both silanols and Brønsted 

hydroxyl group signals decreases. The band of silanol groups rapidly disappears, while 

the signal of Brønsted sites decreases gradually. Moreover, the low and high frequency 

bands of the Brønsted sites decrease equally and keeping approximately the same area 

ratio. This observation indicates that TMG cannot easily enter into the small side pockets 

(2.6 x 5.7 Å) and main channels (7 x 6.5 Å) and react with the hydroxyl acid groups, as 

occurs in HZSM-5 zeolite. Although TMG has and effective radius of 3.89 Å, it is able to 

react with Brønsted sites located in the side pockets. Probably, the trimethylgallium 

decompounds in smaller molecules like dimethylgallium that are able to enter and react 

in the side pockets. 
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Figure 2.3: (I) Infrared spectra of (a) dry HMOR; adsorption of TMG on HMOR after (b) 15 
min; (c) 30 min; (d) 60 min; (e) 90 min; (f) 120 min; (g) 180 min; and (h) after 30 min 
evacuation. (II) Computer deconvolution of the HMOR band at 3610 cm-1. (III) Deconvolution of 
spectrum (h). Experimental spectra (solid line); resolved components (dotted lines); fit (dashed 
line). 
 

During the in situ IR adsorption of TMG on HZSM-5 and MOR, the pressure of TMG 

was monitored inside the IR cell. Figure 2.4 compares the consumption of TMG on 

HZSM-5 and MOR zeolites per Al atom. The pressure of TMG was registered until the 

IR spectra (Figure 2.1 and 2.3I) did not change any more. The three-dimensional pore 

system of HZSM-5 allows a faster adsorption of TMG and the consecutive reaction with 

Brønsted sites than the one-dimensional pore system of MOR. However, most of the 

TMG is only physically adsorbed on the outer surface of both zeolites that is easily 

removed by evacuation. The previously mentioned is corroborated with the final Ga/Al 

ratio obtained by ICP (Table 2.1). In a typical synthesis of TMG/zeolites catalysts, the 

unreacted TMG and the products generated during the reaction were evacuated. The final 

Ga/Al ratios obtained were 1.48 and 0.44 for TMG/HZSM-5 and TMG/MOR 

respectively. 
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Figure 2.4: Consumption of trimethylgallium on HZSM-5 (�) and HMOR ( ). 

 

As mentioned in Chapter 1, the outer surface of the zeolite contains silanol groups that 

can influence the chemisorption of TMG. In order to promote the selective reaction of 

TMG with Brønsted sites, the silanol groups were passivated by silylation. Scheme 1.2 

describes the silylation reaction where ammonia is released. Figure 2.5a shows the IR 

spectrum of the proton ZSM-5 zeolite after silylation with tetramethyldisilazane. The 

spectrum was recorded after evacuation of the IR pellet for 2 h at room temperature and 

contains many different IR bands, some of them overlapping with the bands from the 

framework zeolite structure and hydroxyl groups. A sharp signal appears at 1458 cm-1 

after silylation and is assigned to C-H bending vibration of CH3 groups.9,20 Signals at 

2149 and 905 cm-1 are due to Si-H and Si-C stretching vibrations, respectively, from the 

silylated reagent.20 Bands at 2916 and 2967 cm-1 reflect the C-H symmetric and 

asymmetric stretching vibration of Si-CH3 group.15 Ammonia is formed during the 

silylation process and it can adsorb on the zeolite surface. The broad signal between 3200 

and 3280 cm-1 is probably due to N-H stretching bands of different species interacting 

with the zeolite.15 A better-defined band at 3578 cm-1 can be assigned to N-H asymmetric 

stretching vibration.15 The band at 3744 cm-1 is not present anymore after silylation, this 

observation indicates that the silylation reagent successfully covers the silanol groups. 

Although the silylated HZSM-5 was evacuated for 2 h, the presence of water cannot be 
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excluded. A clear understanding about the effects of silylation on Brønsted and silanol 

sites is difficult since the presence of water yields broadening of the hydroxyl signals. For 

this reason, the silylated HZSM-5 was either oxidized or reduced in order to remove CH3 

and NHx species. The resulting materials present IR spectra which are more facile to 

interpret (Figure 2.5b-c). The band of Brønsted sites at 3612 cm-1 is not considerably 

altered after thermal treatment in comparison with the parent HZSM-5 (Figure 2.5d), 

while the signal of silanol groups at 3744 cm-1 decreases more drastically. These results 

suggest that the reductive treatment is more effective in keeping the silanol groups 

covered than the oxidative treatment. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.5: HZSM-5 silylated with tetramethyldisilazane after (a) evacuation at room 
temperature for 2 h, (b) after oxidation at 550C for 1 h, (c) after reduction at 550C for 1 h and 
(d) parent dry HZSM-5. 
 

2.4.3 13C CPMAS NMR spectroscopy 

 

The stability of the chemisorbed TMG species on HZSM-5 and MOR in contact with 

oxygen and water was analysed by one- and two-dimensional 13C and 1H NMR. 

Figure 2.6 shows the 13C NMR spectra of TMG chemisorbed on silylated and non-

silylated HZSM-5. As-prepared TMG/ZSM-5 before exposure to air or water presents a 

broad 13C NMR signal at –7 ppm (Figure 2.6a), which is assigned to Ga-13CH3.21 To 
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obtain information about the stability of TMG dispersed in the ZSM-5 matrix, as-

prepared TMG/ZSM-5 was exposed to an argon flow containing oxygen (Figure 2.6b) or 

de-oxygenated water vapor (Figure 2.6c) at room temperature. The resulting NMR 

spectra closely resemble those of the as-prepared material. After exposure of TMG/ZSM-

5 and TMG/ZSM-5(Sy) to moistened air, however, two new signals appear at 60 and 18 

ppm (Figure 2.6d-e). The signal at 60 ppm is assigned to 13CH3-O and/or CH3-13CH2-O 

species probably connected to Ga. However, the 13C NMR shift can also reflect a possible 

linkage of alkoxy groups to Si or Al. The signal at 18 ppm is assigned to a methyl group 

connected to another carbon atom.22-24 Silylated TMG/ZSM-5(Sy) catalyst presents 

additional signals between 1 and –2 ppm (Figure 2.6e). These are methyl signals, which 

probably arise from the trimethylsiloxy species generated in the silylation of the silanol 

groups.9 The lineshape suggests a bimodal distribution of structures or environments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6: 13C NMR spectra of TMG/ZSM-5 after (a) synthesised, (b) exposed to O2, (c) de-
oxygenated H2O, (d) moistened air, and (e) TMG/ZSM-5(Sy) exposed to moistened air. The 
second and third spectrum has been recorded with VACP, the other three with a Hahn-echo pulse 
sequence. 
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2.4.4 1H NMR spectroscopy 

 
1H NMR experiments confirm the formation of methoxy and ethoxy groups after 

exposure to moistened air. The spectrum of fresh TMG/ZSM-5 (Figure 2.7a) consists of a 

single broad signal at 0.1 ppm assigned to Ga-CH3. When the catalyst was exposed to 

moistened air, a new signal at 1.2 ppm appears, which belongs to methyl groups bonded 

to carbon atoms, like in an ethoxy groups. Both CH3-O and -CH2-O groups give rise to 

overlapping signal at 3.7 ppm. The signal at 4.6 ppm is due to water adsorbed on HZSM-

5.25 

The spectrum obtained for TMG/ZSM-5(Sy) exposed to moistened air (Figure 2.7c) 

shows a relatively intensive signal at 3.7 ppm as compared to in Figure 2.7b, indicating 

an enhanced methoxy:ethoxy ratio for silylated catalysts. The signal at –0.02 ppm is 

assigned to methyl groups from the silylating reagent. The CH3-Si-O signal probably 

overlaps with the Ga-CH3 signal at 0.1 ppm. A new peak at 6.9 ppm is assigned to NH4
+ 

produced during the silylation of zeolite that remains adsorbed after chemisorption of 

TMG.26 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7: 1H NMR spectra of as-prepared TMG/ZSM-5 (a), TMG/ZSM-5 (b) and TMG/ZSM-
5(Sy) (c) exposed to moistened air. 
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2.4.5 Two-dimensional 1H-13C correlation NMR 

 
1H and 13C NMR signals, which overlap in one-dimensional spectra, are generally better 

resolved in two-dimensional 1H-13C NMR spectra. The experiment is selective for 13C 

nuclei with protons in their direct surroundings (< 1 nm). By correlating the 1H and 13C 

shifts, the chemical structure of the hydrocarbon species can be identified more 

specifically. Figure 2.8 shows the 2D 1H-13C NMR spectrum of the non-silylated 

TMG/ZSM-5 catalyst after exposure to moistened air. For comparison, the spectral 

projections on the 1H and 13C axis are indicated, as well as the corresponding one-

dimensional spectra. The spectrum confirms the formation of methoxy and ethoxy 

species and the presence of methyl groups that remain bonded to Ga or Si atoms in 

silylated zeolites. Note, that the 4.6-ppm proton signal is absent in the 2D spectrum, as 

expected for a water signal. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.8: 2D 1H-13C NMR spectra of TMG/ZSM-5 exposed to moistened air. Projections on the 
1H and 13C axes are marked as “P”. For comparison the corresponding one-dimensional spectra 
(Figures 2.6d, 2.7b) have been added. 
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2.4.6 Theoretical modelling 

 

Theoretical calculations were performed to estimate the energy of the reaction of 

trimethylgallium and tetramethyldisilazane with silanol groups or Brønsted acid sites. 

The adsorption of Ga(CH3)3 on acid zeolites may lead to the formation of methane and 

chemisorbed Ga(CH3)2
+ cations according to schemes 2.1 and 2.2. 

Table 2.2 shows the computed thermochemical data of these reactions. Chemisorption on 

Brønsted sites is thermodynamically more favourable than on silanol sites. Geometric 

optimization analysis indicated that the most stable structure is the one where Ga(CH3)2
+ 

is tetrahedrally coordinated to two framework oxygen atoms (Figure 2.9a). The reaction 

of TMG and terminal silanol sites results in interaction with one oxygen atom which is 

less favourable (Figure 2.9b). In general, one should also consider the possibility of TMG 

reacting with two neighbouring hydroxyl groups giving monomethylgallium. The 

probability for the occurrence of two aluminium-containing oxygen tetrahedral in 

mordenite (Si/Al = 10) is significantly higher than in ZSM-5 (Si/Al = 19.4). 

 
Table 2.2: Computed thermodynamic data (energies in kJ/mol) of the reaction between TMG and 
zeolite hydroxyl groups. 
 

 
Silanol group 

(Scheme 2.1) 

Brønsted acid site 

(Scheme 2.2) 

   

∆298 KHr -121.8 -203.4 

∆298 KG -102.5 -203.9 

∆0 KHr -122 -209 
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Figure 2.9: Schematic representation of trimethylgallium chemisorbed on Brønsted acid sites (a) 
and on silanol sites. 
 

Silylation of the parent zeolite with NH(SiH(CH3)2)2 involves a double protonation of the 

nitrogen atoms. The zeolite protons are replaced by –SiH(CH3)2 groups and NH3 is 

released. The silylation of silanol and Brønsted sites probably proceeds in two steps: 

 

Silanol sites 

≡Si-OH + NH(SiH(CH3)2)2  ≡Si-O-SiH(CH3)2 + NH2(SiH(CH3)2)  (Scheme 2.3a) 

≡Si-OH + NH2(SiH(CH3)2)  ≡Si-O-SiH(CH3)2 + NH3    (Scheme 2.3b) 

 

Brønsted sites 

≡Al-O(H)-Si≡ + NH(SiH(CH3)2)2   

≡Al-O(SiH(CH3)2)-Si≡ + NH2(SiH(CH3)2) (Scheme 2.4a) 

≡Al-O(H)-Si≡ + NH2(SiH(CH3)2)   

≡Al-O(SiH(CH3)2 )-Si≡ + NH3  (Scheme 2.4b) 
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The thermodynamic data indicate that the silylated silanol groups are more stable than the 

silylated Brønsted acid sites (Table 2.3). Thus, from a thermodynamic point of view, 

there is a preference for silylation of the silanol groups. 

 
Table 2.3: Computed thermodynamic data (energies in kJ/mol) of the reaction between 
NH(SiH(CH3)2)2, NH2SiH(CH3)2 and zeolite hydroxyl groups. 
 

 Silanol group Brønsted acid site 

 Scheme 2.3a Scheme 2.3b Scheme 2.4a Scheme 2.4b 

     

∆298 KHr -60.5 -59.8 -42.9 -42.1 

∆298 KGr -56.1 -54.5 -31.4 -29.9 

∆0 KHr -58 -62 -41 -45 

 

2.5 Discussion 

 

2.5.1 Chemical vapor deposition of trimethylgallium 

 

Comparing TMG/ZSM-5 and TMG/MOR catalysts, we observe that, on the one hand, the 

mordenite-based samples have a considerably lower Ga content (Table 2.1). This 

indicates that not all Brønsted acid sites have reacted with TMG. On the other hand, the 

average Ga/Al ratio for the ZSM-5 based catalysts is higher than unity indicating that 

TMG reacts both with Brønsted acid sites and silanol groups. In TMG/ZSM-5(Sy) the 

Ga/Al ratio is close to unity. This is interpreted as a selective reaction of TMG with the 

acidic protons. Due to the protection of the silanol groups by silylation, the latter sites 

cannot react with TMG. The lower Ga content of TMG/MOR is most likely related to the 

one-dimensional pore system of this zeolite. In fact, chemisorption of TMG in the zeolite 

pores close to the pore entrances prevents further diffusion of TMG throughout the 

micropores. The three-dimensional pore system of ZSM-5 is more accessible and allows 

full exchange of all Brønsted sites for alkylgallium species. 
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FTIR spectra show that chemisorption of TMG modifies the hydroxyl bands of ZSM-5 

(Figure 2.1). Clearly, the silanol groups (3744 cm-1) and Brønsted acid sites (3612 cm-1) 

have disappeared. New bands around 2900-3000 cm-1 indicate the presence of methyl 

groups13,15 (Figure 2.2). Similar modifications occur to hydroxyl groups present on MOR 

(Figure 2.3), with the difference that the Brønsted sites (3610cm-1) are not completely 

substituted by TMG species. Moreover, Brønsted sites located in small channels (side 

pockets) of the MOR are more difficult to access than the acid sites located in the main 

channels. 

After deposition of an excess amount of TMG on the zeolite, the outer surface is 

saturated with physically adsorbed TMG that is easily desorbed under vacuum (Figure 

2.2). Only the TMG species interacting with Brønsted and silanol sites remain attached to 

the zeolite framework after evacuation (Figures 2.1 and 2.3I). 

Thus, mordenite-based catalysts have an initial outer surface enriched in TMG. The more 

accessible structure of ZSM-5 results in a homogeneous distribution of Ga over all the 

Brønsted acid sites. 

The adsorption of Ga(CH3)3 on HZSM-5 and MOR is accompanied by the formation of 

methane, Ga(CH3)2
+ and Ga(CH3)2+ ions.8 The loss of protons from the Brønsted and 

silanol sites occurs concomitant with the formation of methane. The resulting Ga(CH3)2
+ 

and Ga(CH3)2+ ions are adsorbed on the negatively charged oxygen atoms and replace 

protons from the zeolite framework structure. 

Theoretical calculations indicate that chemisorption of TMG on Brønsted sites is 

thermodynamically more favourable than on silanol sites (Table 2.2). Nevertheless, FTIR 

results clearly pointed out that TMG reacts with both silanol and Brønsted acid sites 

(Figures 2.1 and 2.3I). This is due to the excess of TMG and the more accessible 

positions of the silanol groups, which are mainly located on the external surface of the 

zeolite crystallites. The most stable structure is the one where Ga(CH3)2
+ is chemisorbed 

on a Brønsted site and coordinates to two oxygen neighbours of aluminium (Figure 2.9a). 

Similar coordination was proposed by Gonzales and co-workers27 for Ga/ZSM-5 catalysts 

treated with H2. The divalent monomethyl Ga species, Ga(CH3)2+, prefers to 

simultaneously interact with two Brønsted sites, if these are sufficiently close together. 
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This is more probable in the low-silica mordenite sample. When Ga(CH3)3 is 

chemisorbed on terminal silanol sites, Ga is connected to only one oxygen (Figure 2.9b). 

 

Shown before by us1, optimal Ga/ZSM5 catalysts for aromatisation of alkanes are 

prepared by reduction with H2 to disperse the gallium species. Chemisorption of TMG is 

selective to Brønsted acid sites resulting in a high dispersion of Ga species even before 

reductive treatment. 

 

2.5.2 Stability of chemisorbed TMG 

 

Trialkylgallium compounds are unstable upon contact with water resulting in the 

hydrolysis of the alkane group and the formation of the metal hydroxide. The reaction of 

trialkylgallium compounds and oxygen yields alkoxide compounds via alkylperoxo 

intermediates.28 In order to obtain information about the stability of this compound on 

HZSM-5, as-prepared TMG/ZSM-5 was exposed to oxidative and reductive atmospheres 

and subsequently characterized by 1H, 13C and 2D 1H-13C NMR. Methoxy and ethoxy 

groups are formed when TMG/ZSM-5 and TMG/ZSM-5(Sy) are exposed to water and 

oxygen simultaneously. 1H and 13C NMR spectra indicate the formation of alkoxy groups 

(Figures 2.6d-e and 2.7b-c). To unequivocally prove the formation of alkoxy compounds 

and to avoid the overlapping signals from water, 2D 1H-13C NMR spectrum was recorded 

to selectively detect the protons connected to carbons (Figure 2.8). The resulting three 

signals are due to methyl groups in CH3-Ga, CH3-CH2-O, and overlapping signals of 

CH3-O and -CH2-O species. However, no formation of these methoxy and ethoxy species 

was observed when TMG/ZSM-5 was separately exposed to either de-oxygenated water 

or oxygen. In this case, 13C NMR spectra do not present additional signals next to the 

broad band assigned to methyl groups connected to Ga (Figures 2.6 b-c). TMG/ZSM-

5(Sy) shows a similar stability in air. The 13C NMR spectrum presents the same bands 

assigned to alkoxy groups (Figure 2.6e). Additional signals at 1.2 and –1.7 ppm are 

probably due to methyl groups from the silylating reagent. 

In brief, the samples are unstable upon contact with moistened air at room temperature. 

Water and oxygen promote the hydroxylation of adsorbed Ga(CH3)x species and the 
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subsequent formation of alkoxy groups in silylated and non-silylated HZSM-5. We 

assume that alkoxy groups are connected to Ga atoms. However, we are not able to 

distinguish by 1H and 13C NMR whether alkoxy groups are bonded to the Ga atoms or to 

the zeolite structure. 

 

2.5.3 Silylation of zeolites 

 

Silylation by tetramethyldisilazane is explored as a method to selectively deactivate 

silanol groups on the external surface. The spectrum obtained after silylation of the ZSM-

5 has many signals that overlap with the bands of hydroxyl groups. The silylated zeolite 

was either oxidized or reduced for a better understanding of the silylation effect on 

zeolites. FTIR results of silylated HZSM-5 show a substantial decrease of the silanol site 

signal after oxidation or reduction, whereas the Brønsted signal is only slightly decreased 

(Figure 2.5b-c). These results indicate that tetramethyldisilazane mainly reacts with 

silanol sites. Most of the Brønsted sites thus remain accessible for subsequent reaction 

with TMG.  

Theoretical calculations predict that the interaction of tetramethyldisilazane with silanol 

groups is more favourable than that with Brønsted protons (Table 2.3). In addition, we 

surmise that the size of the silylating agent, which prevents diffusion into the micropores, 

is of overriding importance. The effectiveness of the silylation procedure is underlined by 

the lower Ga contents of the samples after deposition of TMG (Table 2.1). Moreover, for 

silylated ZSM-5 the resulting Ga/Al ratio is close to unity indicating the direct deposition 

of one TMG molecule on one Brønsted acid site. The Ga content of the mordenite based 

sample is also lower after silylation, although the overall Ga/Al ratios are much lower 

than unity. 1H NMR spectrum points to the presence of NH4
+ ions (6.9 ppm) produced 

during the silylation and adsorbed on the zeolite external surface and in the micropore 

space (Figure 2.7c).26 

Summarizing, silylation by tetramethyldisilazane is an effective method to deactivate the 

silanol groups on the external zeolite surface. Subsequent deposition of TMG results in a 

homogeneous distribution of Ga in the micropore space for ZSM-5. This distribution is 

less effective for mordenite due to diffusion limitations. 
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2.6 Conclusions 

 

Chemical vapor deposition of trimethylgallium is an efficient method to disperse Ga in 

the micropore space of the HZSM-5 zeolite. Silylation with tetramethyldisilazane is 

effective in deactivating the silanol groups on the external zeolite surface. While 

deposition of trimethylgallium on silylated HZSM-5 leads to a homogeneous distribution 

of the Ga species with a Ga/Al ratio close to unity, the lower dimensionality of the 

mordenite framework results in pore blockage during deposition and Ga/Al ratios lower 

than unity. The reaction of chemisorbed TMG with moistened air was studied in more 

detail. In the presence of both O2 and H2O, oxygen inserts into Ga-C bonds resulting in 

the formation of methoxy and, quite surprisingly, ethoxy groups. 
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3 
Activation of trimethylgallium in zeolites 

by oxidation and reduction 
 

 

As generally known, that thermal activation with oxygen or hydrogen of Ga-containing 

zeolites strongly influences the activity and selectivity of alkane activation. The aim of 

this chapter is to analyse the effect of oxidation and reduction treatment on Ga species 

embedded in zeolites by the anhydrous chemisorption of trimethylgallium. This 

activation was monitored by in situ FTIR. The possible migration of species located on 

the external surface to the micropore space was followed by XPS. 71Ga and 27Al MAS 

NMR techniques were used to gain information on changes in the Ga coordination and 

dealumination of the zeolite structure. The oxidation or reduction of the trimethylgallium 

in the zeolites leads to the complete removal of methyl groups. The reductive route is the 

preferred one resulting in a better dispersion of Ga, since oxidation of the methyl groups 

leads to water formation and partial hydrolysis of cationic Ga species. This hydrolysis 

leads to the partial regeneration of Brønsted sites. 
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3.1 Introduction 

 
Various research groups have reported that the Ga loading and pre-treatment with 

hydrogen or oxygen of gallium-containing zeolite catalysts influence the catalytic activity 

and selectivity in the alkane aromatisation.1-4 It was observed that the Ga species obtained 

by ion-exchange or impregnation are mainly accumulated on the zeolite crystal surface.5 

Subsequent reduction treatment promotes the migration of these Ga species into the 

micropore space.6 Prince and co-workers7 provided evidence for a strong interaction 

between Ga2O3 and HZSM-5 in the presence of hydrogen, even when the hydrogen is 

supplied by a hydrocarbon aromatisation reaction. Despite these extensive studies about 

the effect of pre-treatment on Ga-containing zeolite, the role of Ga species in alkane 

activation is still unclear. Treatment of Ga-containing catalysts with H2 at elevated 

temperatures leads to an improved catalytic performance. Some researchers claim that 

hydrogen is necessary to generate the highly active Ga1+ species.5,7 Others claim that the 

reduction with hydrogen improves the dispersion of the gallium oxide species, although 

there is a possible negative effect due to the reduction of some Ga3+ to less active Ga1+ 

species.1,8 Ga1+ can eventually be reoxidized to Ga3+ during calcination with consecutive 

cycles of reaction and oxidative regeneration and this leads to the presence of Ga species 

with two different oxidation states as it is exemplified by scheme 3.1.6 

 

Ga2(III)O3                                  Ga2(I)O   +   H2O   (Scheme 3.1) 

 

 

However, it has been reported that reduced Ga species can be reoxidized under reductive 

or inert conditions when cooled to room temperature.9 Although the mechanism is not 

totally clear, this might be due to traces of oxygen or water in the hydrogen or inert feed. 

In this chapter, the effects of reduction and oxidation on zeolites into which Ga has been 

dispersed by chemical vapour deposition of trimethylgallium are discussed. Different 

spectroscopic techniques were used to characterize the materials. We will expatiate on 
71Ga NMR because it will allow a better understanding of the results of this technique. 

H2 (reaction) 

O2 (regeneration) 
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3.1.1 Ga NMR background 

 

Solid-State NMR spectroscopy is a powerful technique in the study of atomic scale 

structure. It permits the study of the local structure around nuclei. Nuclei like 27Al and 
71Ga possess a quadrupole moment. A quadrupolar nucleus has a non-spherically 

symmetric charge distribution (Figure 3.1a). The quadrupole interaction complicates the 

interpretation of NMR spectra but is a potential valuable source of structural information, 

because it reflects the local symmetry of the studied nucleus.10 NMR interactions are 

represented by a spin Hamiltonian with terms that correspond to the experimental 

conditions (external part), and those that results from the sample itself (internal part). The 

latter provides information about the structure of the sample. The total interaction of the 

nucleus is represented by a sum of these terms.11 

The energy level diagram of a spin 3/2 nuclei, as Ga nuclei, is given in Figure 3.1b. 

Placing the nuclei in a strong external magnetic field (Bo) leads to an equal splitting of 

the energy levels due to the Zeeman interaction with Hamiltonian HZ (= -mωL, where 

ωL is the Larmor frequency and m the spin-quantum number). In first-order perturbation 

theory HQ
(1) energy levels |+m> and |-m> with equal m are shifted by the same amount of 

energy. As a result the most often observed central transition |+1/2> ↔ |-1/2>, is not 

affected to first order. Looking to the second-order perturbation HQ
(2), all the transitions 

levels are affected by the quadrupolar interaction.10 Thus, the energy levels of the 

quadrupole nuclei are affected by the Zeeman interaction, and by first and second-order 

quadrupole perturbations. 
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Figure 3.1: Non-spherical charge distribution of quadrupolar nucleus (a). Schematic energy 
diagram of spin-3/2 nucleus with axially symmetric quadrupole tensor (b). Left: splitting due to 
the dominant Zeeman interaction; center and right: respectively, first- and second-order 
perturbation of the levels. θ denotes the angle between the major axis of the quadrupole tensor 
and the magnetic field. ωL and ωQ are the Larmor and quadrupolar frequency, respectively.12 
 

The first and second-order perturbations depend on (i) the angle θ between the magnetic 

field and the major axis of the quadrupole tensor and (ii) a coupling constant ωQ that is 

defined as 2e2qQ/ħ, where eQ is the quadrupole moment, eq the main value of the 

quadrupole electric field gradient at the nuclei itself, and ħ Planck’s constant divided by 

2π. 
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The most prominent technique applied nowadays in solid-state NMR of quadrupolar 

nuclei is (fast and ultra-fast) magic-angle spinning (MAS).13 MAS eliminates the line 

broadening by first-order Hamiltonians terms, like those associated with the chemical 

shift and the dipolar interaction, and reduces the line width caused by second-order 

effects, like that of the quadrupolar interaction. MAS does not remove the second-order 

line broadening completely. In fact, there is no single rotation angle capable of averaging 

the second-order perturbation. Furthermore, spinning side-bands arise when the spinning 

speed is smaller that the static line width. Presently, commercial MAS units are available 

capable of achieving spinning speeds of up to 35 kHz. Even faster units are in 

development.10 

Gallium has two NMR observable nuclei, 69Ga and 71Ga with a natural abundance of 

60.4% and 39.6%, quadrupole moments of 1.68*10-29 and 1.06*10-29 m2, respectively, 

and both of them with a spin I=3/2. The second-order quadrupolar interaction is 

proportional to the square of the nuclear quadrupole moment. Consequently, 69Ga spectra 

are more affected by second-order quadrupolar broadening, yields less sensitivity and less 

resolution than for 71Ga, despite its higher natural abundance. This is one of the main 

reasons why most of the published data focus on 71Ga MAS NMR.14 Water equilibration 

of Ga/ZSM-5 before NMR measurement reduces the line broadening of the Ga signal by 

shielding the local electric field gradients.15,16 

 

3.2 Experimental 

 

Chapter 2 describes the synthesis of Ga-containing zeolite by chemisorption of 

trimethylgallium. In order to compare the amount of Ga loaded on HZSM-5 by different 

method of synthesis, the Ga-containing zeolite was also prepared by chemical vapor 

deposition of GaCl3. 

The synthesised catalysts were thermally treated with hydrogen or oxygen and 

characterized by XPS, 71Ga and 27Al MAS NMR and FTIR spectroscopy. 
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3.2.1 Chemical vapor deposition of GaCl3 

 

GaCl3/ZSM-5 was prepared by chemical vapor deposition (CVD) of GaCl3 following the 

same procedure as El-Malki and co-workers.17 Into a U-shaped reactor 1.5 g of 

dehydrated H-ZSM5 (Si/Al=19.4) was loaded into one side of the reactor, which was 

kept at 250 oC and 0.70 g of GaCl3 (99.99%, Aldrich) was loaded into the other side of 

the reactor where the temperature was maintained at 180 oC. The chemical vapor 

deposition was carried out in a 20 ml/min N2 flow for 4 h. The HCl produced during the 

reaction was absorbed from the outlet gas with 100 ml of 1M NaOH solution. The solid 

obtained was filtrated and washed with a copious amount of distilled water and dried for 

24 h at 110 oC. Similar procedure was followed for the synthesis of GaCl3/MOR catalyst 

using 1.5 g of acid mordenite (Si/Al=10) and 0.94 g of GaCl3. This catalyst is specifically 

discussed in Chapter 5. 

 

Pre-treatment 

After the chemisorption of GaCl3 or TMG on silylated and non-silylated HZSM-5 and 

MOR (described in section 2.2), the catalysts were either calcined in 100 ml/min of a 

mixture of 20 vol.% O2 in nitrogen or reduced in 100 ml/min of 20 vol.% H2 in nitrogen. 

These treatments were performed under the following heating program: 7 oC/min to 250 
oC and 2 h isothermal followed by 7 oC /min to 550 oC and 4 h isothermal. Catalysts 

synthesised by chemisorption of TMG are denoted as [TMG/] ZEO ([Sy], X), where 

TMG optionally indicates TMG deposition, ZEO stands for ZSM-5 or MOR, Sy indicates 

optional silylation and X indicates either oxidative (O) or reductive (R) treatment. 

The materials synthesised by CVD of GaCl3 and oxidized is denoted as GaCl3/ZSM-5(O) 

and the reduced catalyst as GaCl3/ZSM-5(R). 

 

3.2.2 Characterization  

 

The catalyst materials were characterized after the thermal treatments by XPS, 71Ga and 
27Al MAS NMR. The oxidative or reductive treatment was followed by in situ IR 

spectroscopy. These experiments on TMG/ZSM-5 and TMG/ZSM-5 (Sy) catalysts were 
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carried out using a Bruker IFS113V FT absorbance spectrometer that has been described 

in section 2.3. The zeolite modified with TMG was stepwise reduced at 200, 300, 400, 

and 500 oC for 1 h. Intermittently, an IR spectrum was recorded after cooling the sample 

to room temperature under vacuum conditions. The X-Ray Photoelectron Spectroscopy 

(XPS) measurements were done with a VG Escalab MKII spectrometer, equipped whit a 

dual Al/Mg Kα X-ray source. Spectra were obtained using the aluminium anode (Al 

Kα=1486.6 eV) operating at 480 W and constant pass energy of 20 eV with a 

background pressure of 2x10-7 Pa. 
71Ga Magic-Angle-Spinning (MAS) NMR spectra were recorded on a Bruker DMX500 

spectrometer operating at 152.5 MHz. Approximately 10 mg of hydrated zeolite was 

packed into a 2.5-mm sample holder and rotated at a rate of 30 kHz. To better 

characterize the broad 71Ga resonance, whole Hahn echoes were recorded using a rotor-

synchronized 90-τ-180 pulse sequence with a 90-degree pulse of 0.7 µs. Typically 

between 4000 and 25000 scans were accumulated with a time resolution of 0.5 µs (1-

MHz spectral width) and an interscan delay of 3 s. No spectral-intensity change was 

observed for a shorter interscan delay of 1 s. Solid GaNO3 was used for external shift 

calibration, and Ga2O3 to optimise the pulse sequence. In order to increase sensitivity and 

to reduce the mobility of the Ga nuclei in the solid sample, static 71Ga NMR was carried 

out at the uncalibrated low temperature of –193 oC. The sample was loaded in a glass 

holder with a diameter of 3 mm and a length of 15 mm, which was introduced in a 

horizontal magnetic coil. The 71Ga NMR was recorded with a 90-degree pulse of 2 µs 

and a delay τ in the Hahn-echo sequence of 12 µs. With a time resolution of 0.1 µs (5-

MHz spectral width) and interscan delay of 1 s 2000 scans were accumulated. 
27Al MAS NMR measurements were carried out on the same Bruker DMX500 

spectrometer operating at 130.3 MHz. The sample was rotated in a 4 mm rotor with a 

spin rate of 12.5 kHz. The 90-degree pulse sequence was 1.5 µs and delay τ in the Hahn-

echo sequence of 80 µs. Thousand scans were accumulated with a time resolution of 5 µs 

(100 kHz spectral width) and interscan delay of 1 s. A solution of Al(NO3)3 was use for 

shift calibration. 

Different investigations on Ga/ZSM-5 zeolites have shown that water equilibration of the 

samples prior to the NMR measurement is necessary to reduce the line broadening of the 



Activation of trimethylgallium in zeolites by oxidation and reduction 
 

 

 40 

Ga and Al signal.15,16 For this reason, the samples were exposed to moistened air during 

the loading of the sample holder. 

 

3.3 Results 

3.3.1 Ga content and XPS results 

 

Table 3.1 shows the total Ga content and the Ga/Al molar ratio determined by ICP 

elemental analysis for the various samples. The analysis results of samples pre-treated in 

oxygen or hydrogen did not differ to a great extent and we conclude that these treatments 

do not lead to a significant reduction of the Ga content.  

The Ga/Si molar ratios derived by XPS are also displayed in Table 3.1. It is important to 

mention that these values give an indication of the Ga/Si ratio at the outer surface of 

zeolites due to the limited mean free electron path (~ 5nm). Clearly, the surface region of 

TMG/MOR is enriched in Ga (Ga/Si = 0.34) compared to the cases where TMG/MOR 

has been oxidized or reduced. The decrease of the Ga/Si ratio measured by XPS after 

reduction or oxidation of catalysts indicates the migration of Ga present on the outer 

surface and its redistribution through the mordenite micropores. Adbul Hamid and co-

workers6 observed similar behaviour for a Ga/HZSM-5 catalyst prepared by ion-

exchange with Ga-nitrate. It is important to stress that the amount of Ga observed by XPS 

constitutes only a very small fraction of the total Ga present in the catalyst. 

The catalyst synthesised by CVD of GaCl3 yields total Ga/Al molar ratio close to unity. 

This ratio is clearly smaller than the one obtained for TMG/ZSM-5. The higher Ga 

content obtained using the organometallic Ga precursor is due to its reaction with both 

Brønsted and silanol groups, whereas GaCl3 only reacts with Brønsted acid sites. As 

discussed in section 2.4.1, the Ga content for silylated zeolites (TMG/ZSM-5(Sy) and 

TMG/MOR(Sy)) is about one third smaller than the amount of Ga on non-silylated 

zeolites. 
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Table 3.1: Gallium content, Ga/Al molar ratio (ICP) and Ga/Si molar ratio (XPS) 

 

Sample wt.% Ga Ga/Al Ga/Si 

    

TMG/ZSM-5 6.8 1.5  

TMG/ZSM-5(O) 6.4 1.5  

TMG/ZSM-5(R) 6.3 1.5  

TMG/ZSM-5(Sy) 4.9 1.1  

GaCl3/ZSM-5 3.8 0.9  

TMG/MOR 3.4 0.4 0.34 

TMG/MOR(O) 3.4 0.4 0.17 

TMG/MOR(R) 3.1 0.4 0.04 

TMG/MOR(Sy) 2.3 0.3 0.17 
    

R=reduced, O=oxidized and Sy=silylated catalysts. 
 

3.3.2. FTIR studies  

 

The IR spectra of freshly calcined HZSM-5, TMG/ZSM-5 during the oxidative and after 

reductive treatment at 500 oC are displayed in Figure 3.2. In accordance with earlier 

results (Chapter 2), the signals of silanol (3744 cm-1) and Brønsted acid sites (3612 cm-1) 

are not present anymore after the chemisorption of TMG. Signals at 2924 and 2981 cm-1 

belong to symmetric and asymmetric C-H stretching of methyl groups adsorbed on ZSM-

5, respectively.18 These bands completely disappear after oxidation of the TMG/ZSM-5 

catalyst at 400 oC (Figure 3.2e), indicating the complete decomposition of those groups. 

A similar situation was observed during the reductive treatment where the methyl groups 

have also disappeared at 400 oC (spectrum not shown). Figure 3.2g shows the spectrum 

recorded after reduction at 500 oC. Whereas in TMG/ZSM-5(R) no bridging hydroxyl 

groups are observed, an oxidative treatment (TMG/ZSM-5(O)) results in a small number 
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of Brønsted sites (Figure 3.2f). The band at 3664 cm-1 in the parent sample corresponds 

to extra-lattice AlOH species. In TMG/ZSM-5(O), a more dominant band at 3672 cm-1 is 

observed that most probably corresponds to extra-lattice GaOH groups. These OH groups 

could derive from water produced during oxidation of the alkylgroups. Furthermore, this 

water may induce a small amount of dealumination of the zeolite structure as is observed 

from 27Al MAS NMR measurements (Figure 3.6). Water production also explains the 

small amount of Brønsted protons regenerated due to hydrolysis of charge-compensating 

Ga cations. However, most of the negative zeolite charge is still compensated by Ga-

containing cationic species. 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 
Figure 3.2: FTIR of HZSM-5 (a), TMG/HZSM-5 after 120 min evacuation (b), oxidation at 200 
oC (c), 300 oC (d), 400 oC (e), 500 oC (f) and after reduction at 500 oC (g). 
 

In Figure 3.3 the FTIR results of the silylated samples are collected. Figures 3.3a and b 

show the spectra of silylated HZSM-5 after oxidation and reduction, ZSM-5(Sy,O) and 

ZSM-5(Sy,R), respectively. Comparing these two spectra with the parent HZSM-5 

(Figure 3.2a), we observe that the signal of silanol groups at 3744 cm-1 is strongly 

decreased. The peak corresponding to Brønsted acid sites (3612 cm-1) is not significantly 

altered indicating that the silylating agent has selectively reacted with silanol groups 

leaving the Brønsted sites free for further modifications. The spectra of TMG/ZSM-
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5(Sy,O) and TMG/ZSM-5(Sy,R) show a drastic decrease of the Brønsted site signal after 

chemisorption of TMG (Figure 3.3c-d). Similar to the non-silylated samples, it is 

observed that the signal corresponding to Brønsted acid sites completely disappears after 

reduction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3: FTIR spectra of silylated HZSM-5 after oxidation (a); after reduction (b); TMG 
chemisorbed on silylated HZSM-5 after oxidation (c) and after reduction at 550 oC (d). 
 

3.3.3 71Ga NMR spectroscopy 

 

Figure 3.4 shows the 71Ga MAS NMR spectrum of the gallium(II)chloride used as model 

compound. In the solid gallium dichloride Ga+[Ga3+Cl4], the Ga3+ is at the center of a 

GaCl4 tetrahedron, in which the bonds have considerable covalent character. Ga+ forms 

longer and more ionic bonds with chlorine.19 71Ga MAS NMR signals at 209 and –608 

ppm can be ascribed to Ga3+ and Ga+, respectively. The 71Ga MAS NMR signals of as-

prepared TMG/MOR and TMG/ZSM-5 catalysts were not visible, probably because of 

the low coordination symmetry around Ga that results in a huge quadrupolar line 

broadening (Figure 3.4b). This is in line with an earlier study by Bayense and co-
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workers20 who assumed that part of the gallium in dealuminated TMG/ZSM-5 catalyst is 

undetectable by NMR. Hydration of the zeolites to reduce the internal electric-field 

gradients and obtain a narrower 71Ga signal was unsuccessful. 

On the contrary, reduction or oxidation of the precursors (TMG/ZSM-5 and TMG/MOR) 

followed by air exposure results in the appearance of a notable but extremely broad 71Ga 

signal. Even with the ultrafast sample-rotation rate of 30 kHz applied in these 

experiments, it was impossible to obtain well-resolved sideband patterns. The lineshape 

suggests a bimodal distribution of Ga-species with shift values centered around 0 and 140 

ppm. These two values are typical of trivalent Ga3+ with octahedral and tetrahedral 

oxygen coordination, respectively.21,16,22 Note that the samples after H2 or O2 treatment 

were exposed to moistened air to narrow the 71Ga MAS NMR signal, thus leading to the 

partial oxidation of the reduced Ga species. TMG/ZSM-5(O) and TMG/ZSM-5(R) show 

similar 71Ga MAS NMR spectra (Figures 3.4 c-d). In contrast, in TMG/MOR(R) (Figures 

3.4e) the signal at 140 ppm is relatively enhanced compared to TMG/MOR(O) (Figures 

3.4f). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.4: 30-kHz Magic-angle spinning 71Ga MAS NMR spectra of Ga2Cl4 (a), as-prepared 
TMG/ZSM-5 (b), reduced at 550 oC (c), oxidized at 550 oC (d), TMG/MOR reduced (e) and 
oxidized at 550 oC (f). 
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Most of the recently published 71Ga MAS NMR results have been carried out at high 

magnetic fields under ultra-fast magnetic-angle spinning with the aim to reduce the 

quadrupolar broadening HQ
2. However, MAS is not capable of completely averaging the 

second-order quadrupolar broadening. MAS is still useful, however, because it averages 

the chemical shift anisotropy and the dipolar interaction reducing the line width. 

When the quadrupolar coupling is large but it is still possible to acquire the whole 

spectrum in the acquisition band width, the spectrum becomes complicated using MAS 

because of the overlapping of numerous spinning sidebands. Under this conditions, 

Massiot and co-workers14 recommend to use static 71Ga NMR for a better resolution. 

Static 71Ga NMR at low temperature is an alternative to increase the spin polarization and 

consequently increase the signal-to-noise ratio. The spin polarization is inversely 

proportional to the absolute temperature. The static 71Ga NMR experiments were carried 

out at the low temperature of –193 oC (Figure 3.5). The spectra observed are consistent 

with the spectra obtained by 71Ga MAS NMR at room temperature (similar 

tetrahedral:octahedral ratio signal). However, the spectra at low temperature show better-

defined signals in a shorter time (2000 scans ~ 30 min)) than the spectra obtained at room 

temperature. 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5: Static 71Ga NMR spectra at –193 oC of TMG/ZSM-5 after reduction (a), after 
oxidation (b), TMG/MOR after reduction (c) and oxidized (d). 
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3.3.4 27Al NMR of TMG/ZSM-5 

 
27Al nuclei with a quadrupole moment (Q=1.49*10-29 m2) between that of 69Ga and 71Ga 

and a spin I=5/2, is fortunately less sensitive to local field gradients. The quadrupole 

frequency νo is proportional to Q / [2I (2I - 1)]. 71Ga has spin I = 3/2, thus 2I (2I - 1) = 6, 

whereas for 27Al nuclei 2I (2I - 1)= 20. For this reason 27Al MAS NMR experiments are 

able to provide well-resolved spectra. 

Figure 3.6 shows the 27Al MAS NMR spectrum of the as-synthesised TMG/ZSM-5 

catalyst exposed to air and the spectra obtained after reductive and oxidative treatments. 

The first spectrum mainly consists of a signal at 52 ppm due to tetrahedrally coordinated 

aluminium. A small signal is visible at around 1 ppm and is attributed to octahedral extra-

framework Al species.23 The catalysts after thermal treatment present a more intensive 

signal of the Al in octahedral coordination than the fresh TMG/ZSM-5 catalyst. Thus, 

thermal treatments with H2 or O2 cause a small dealumination of the zeolite structure, 

especially after oxidation. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.6: 27Al MAS NMR spectra of as-prepared TMG/ZSM-5 (a), oxidized (b) and reduced at 
550 oC (c). 
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3.4 Discussion 

 

The activation of the as-prepared Ga-containing zeolites is relevant to catalysis. This 

chapter has examined the structure of Ga species after oxidative and reductive treatments. 

First of all, there is hardly any loss of Ga during these treatments (Table 3.1). The non-

ideal Ga dispersion in the mordenite case can be alleviated by these oxidative and 

reductive treatments leading to the redispersion of Ga throughout the micropore space. 

This redispersion is confirmed by the decrease in the Ga/Si XPS molar ratio of mordenite 

catalyst. Especially, reductive treatments appear to be efficient in line with earlier 

observations.17,6 However, the amount of Ga deposited is too low to cover all the acid 

sites. The chemisorption of TMG on ZSM-5 present less diffusional limitation than on 

MOR. 

During the chemisorption of trimethylgallium on zeolites, methyl groups are observed by 

their IR signals between 2900 and 3000 cm-1 (Figure 3.2b).18,24 The intensity of these 

signals is reduced at 400 oC and completely disappears after oxidative or reductive 

treatments at 500 oC indicating the complete removal of the methyl groups (Figures 3.2 f-

g). Moreover, for TMG/ZSM-5(Sy,O) and TMG/ZSM-5(O) almost all bridging hydroxyl 

groups have disappeared, while they are completely absent in the corresponding reduced 

samples (Figure 3.3). We surmise that the difference is mainly caused by water generated 

by the oxidation of the remaining alkyl groups in the case of oxidative treatment. This 

water may lead to the hydrolysis of Ga-containing cationic species and regeneration of a 

small part of acid protons. Additionally, this may lead to dealumination of the zeolite 

observed by 27Al MAS NMR measurements (Figure 3.6b). Dealumination of zeolites 

involves the formation of AlOH species that adopt octahedral coordination. The 

generation of protons due to hydrolysis leads to the formation of neutral Ga-oxo species 

in the zeolite micropores or at the external zeolite surface. Most probably, [GaO]1+ ions 

react with water according to 

 

[GaO]1+ + H2O → GaO(OH)  +  H+       (Scheme 3.2) 

 



Activation of trimethylgallium in zeolites by oxidation and reduction 
 

 

 48 

The subsequent decomposition of the GaO(OH) species could result in formation of 

gallium oxide clusters 

 

2 GaO(OH)      Ga2O3 + H2O      (Scheme 3.3) 

 

The 27Al MAS NMR spectrum of the parent HZSM-5 zeolite shows a weak signal at 1 

ppm indicating the presence of a small amount of extra-framework Al species (Figure 

3.6a). These species are also detected by IR spectroscopy. The IR spectrum of HZSM-5 

contains a band at 3664 cm-1 due to AlOH species, whereas the spectrum of TMG/ZSM-5 

catalyst after oxidation exhibits a more intensive signal at 3672 cm-1 (Figures 3.5a and f). 

This points to the presence of hydroxyl groups connected to extra-framework Ga-oxide 

species as forwarded in Scheme 3.3. However, the relatively low amount of bridging 

hydroxyl groups after oxidation (FTIR) indicates that the amount of neutral Ga-oxide 

species should be quite low. 

The interpretation of the 71Ga MAS NMR signals after oxidation and reduction and air 

exposure is more difficult (Figure 3.4). Most importantly, Ga is present as Ga3+ in two 

different coordinations. The resonance at 0 ppm is close to the one observed for Ga3+ in 

octahedral coordination in β-Ga2O3.25 The broad signal at 140 ppm is related to Ga3+ 

species in a lower than octahedral coordination symmetry. A resonance around 160 ppm 

has been detected when Ga is part of the zeolite framework structure in tetrahedral 

coordination.16,20,21,26 In our case, the resonance at 140 ppm is likely due to tetrahedrally 

coordinated Ga3+ species such as Ga(OH)2
+ coordinating to the Brønsted site. 

Additionally, a small fraction of Ga may be incorporated in the framework since the 

initial HZSM-5 structure possibly contains some defect sites. TMG/ZSM-5(R) and 

TMG/ZSM-5(O) show similar 71Ga MAS NMR spectra with broad overlapping signals 

(Figures 3.4c-d). In contrast, TMG/MOR(R) shows a more intense signal at 140 ppm 

(Figures 3.4e-f). Although not totally clear, this might relate to less water adsorption 

during air exposure in mordenite leading to a smaller extent of hydrolysis of charge-

compensating species. Although these results clearly point to the presence of Ga3+, one 

cannot rule out that Ga1+ may be present under reductive conditions at high temperature. 

Previous studies have indeed shown that upon cooling in H2 the reduced Ga/HZSM-5 to 
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room temperature Ga1+ is oxidized to Ga3+. 9 Moreover, our samples were exposed to air 

prior to NMR measurements. Similar results were obtained after oxidation and reduction 

for the silylated zeolites. Finally, static 71Ga NMR results at –193 oC are in a good 

agreement with the 71Ga MAS NMR results. The advantage of the static experiments at 

low temperature is that a spectrum is recorded in a shorter time and with higher signal-to-

noise ratio than a spectrum obtained by the magic-angle spinning method. 

 

3.5 Conclusion 

 

Chemical vapor deposition of trimethylgallium followed by H2 treatment to remove the 

remaining methyl groups is an efficient method to disperse Ga in the micropore space of 

acid zeolites. Silylated zeolites exhibit a lower Ga content than the non-silylated zeolites. 

This indicates that silylation is successful in passivating the external surface and allowing 

the selective reaction of trimethylgallium with Brønsted acid sites. NMR results upon 

thermal treatment of the Ga-containing zeolites indicate the presence of Ga in tetrahedral 

and octahedral coordination and the unavoidable dealumination of the zeolite structure. 

Treatment with hydrogen is the preferable route to remove the remaining methyl groups, 

because the usual calcination leads to partial hydrolysis of the Ga cations from the 

Brønsted sites. 
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4 
IR study of CO adsorption on TMG/Zeolites 

catalysts and Ga K-edge XAS study 
 

In this Chapter, we study the local coordination and oxidation state of Ga species 

obtained during and after thermal treatment of trimethylgallium chemisorbed on zeolites. 

We focus on the effects of the reductive treatment for the following reasons: (i) the 

activation of alkanes hydrocarbons takes place under reductive conditions around 550 oC 

and, (ii) the active Ga species formed at these conditions are still unclear and difficult to 

characterize. IR study of CO adsorption on pre-treated HZSM-5 modified with 

trimethylgallium was carried out at room temperature. IR study of CO adsorbed on 

reduced TMG/ZSM-5 catalyst indicates the presence of Ga+ and Ga3+ ions. The 

adsorption of CO can also distinguish Ga species with different coordination to oxygen 

atoms and polarizing power. 

Trimethylgallium chemisorbed on HZSM-5 and mordenite zeolites where characterized 

at room temperature and during the thermal treatment with hydrogen, oxygen or n-

hexane. Ga hydride species and Ga metal were detected at 500 oC and under hydrogen 

atmosphere. The hydride species are unstable in the absence of hydrogen and upon 

cooling at room temperature. EXAFS experiments were carried out at room temperature 

and indicate that Ga atoms from the as-prepared catalysts adopt tetrahedral coordination 

bonded to two framework oxygen atoms and keeping two methyl groups. The Ga 

tetrahedral/octahedral ratios calculated by XANES and EXAFS features suggest that the 

reductive treatment promote the tetrahedral coordination of Ga3+ ions. 
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4.1. Introduction 

 

The aim of this chapter is to analyse de local coordination and oxidation sate of Ga 

species during and after thermal treatment with oxygen and hydrogen at room 

temperature and at 500 oC. Two characterization techniques were used for this purpose: 

IR study of CO adsorbed on Ga-containing zeolites and X-ray adsorption spectroscopy. 

Although a large number or publications that discuss the state of extra-framework Ga 

species in ZSM-5, there is no agreement about the nature of the Ga species obtained 

under reductive conditions. Prince and co-workers1 suggest that Ga2O3 is reduced with 

hydrogen involving the formation of Ga2O that exchange proton sites within zeolite 

channels: 

 

Ga2O3   +   2 H2      Ga2O   +   2 H2O     (Scheme 4.1) 

 

Ga2O   +   2 H+·····Z-      2 Ga+·····Z-   +   H2O    (Scheme 4.2) 

 
 

Biscardi and co-workers2 report that reduced Ga are neutral [GaOH] species stabilized by 

interaction with basic oxygens into the micropore space. Ga hydrides (GaHx) bonded to 

zeolite oxygens have been also suggested after reductive treatment.3 In the same 

direction, Frash and co-workers4 propose that Ga hydrides are likely the active catalytic 

form of gallium with a charge of +1.25. We suggest that the well-defined Ga species 

obtained by anhydrous chemisorption of trimethylgallium, which are homogeneously 

dispersed in the micropore space, make easier the understanding of the reduction effects. 

The adsorption of carbon monoxide has been propose as a powerful alternative for 

characterization of acid sites on solid catalyst surfaces. Otero Areán and co-workers5 

have proved that CO can also be efficiently used to explore Lewis acidity associated with 

partially of totally extra-framework gallium species in GaZSM-5 catalysts. CO undergoes 

H-bonding interactions with hydroxyl groups with formation of 1:1 OH⋅⋅⋅CO complexes.6 

Interaction of the dipolar CO molecule (via the carbon end) with the hydroxyl zeolite 
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groups shifts the stretching CO vibration to higher values from that of the free molecule 

(2143 cm-1).7 Moreover, CO molecules provide information about oxidation and 

coordination state of different ions. In this context, numerous infrared studies have been 

devoted to CO adsorption on copper-containing zeolites catalysts8-10 and only few of 

them to the effects of reductive treatment of gallium-containing zeolite.11,12 This section 

addresses the CO interaction with different Ga species obtained after reductive or 

oxidative thermal treatment of Ga-containing zeolites. 

The second part of this chapter consists of the study of TMG/ZSM-5 and TMG/MOR 

catalysts by X-ray absorption spectroscopy. X-ray absorption spectroscopy gives 

information about the local structure of gallium ions by providing the bonding parameters 

of central ions to the adjacent atoms and the oxidation sates of the central metal. Two 

regions are discerned after the absorption edge, the X-ray absorption near-edge structure 

(XANES) is extended in the first 40-60 eV past the absorption edge, while the extended 

X-ray absorption fine structure (EXAFS) covers the photon energy range from about 40 

eV and goes up to hundreds eV past the edge. XANES contains local geometrical as well 

as electronic information and EXAFS informs about the local geometrical structure 

around the photo-excited atom.13 Different research groups have analyzed Ga/zeolites 

materials by XANES and EXAFS techniques.14-16 However, only few XANES and 

EFAFS studies of zeolites with Ga in extra-framework position have been carried out at 

high temperature.3 It has been observed that the Ga EXAFS intensity gradually decreased 

during reduction at elevated temperature and this results in a difficulty to distinguish 

neighboring atoms. Thus, the intensity of such features gives uncertain information about 

the geometry around the Ga. For this reason, the TMG/ZSM-5 and TMG/MOR catalysts 

were analyzed by XANES between room temperature and 500 oC and by EXAFS at room 

temperature after calcination and/or reduction of the Ga-containing zeolites. 

The reductive treatment of Ga-containing zeolites is of higher interest than the oxidative 

treatment since the activation of alkane compounds takes place in a reductive 

atmosphere. 
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4.2 Experimental 

 

4.2.1. IR study of CO adsorbed on TMG/ZSM-5 

 

The adsorption of CO was studied on two different HZSM-5 zeolites modified by 

trimethylgallium: NH4ZSM-5 (Si/Al = 19.4) obtained from Akzo Nobel and NH4ZSM-5 

(Si/Al = 20-24) zeolite from Alsi-Penta with a smaller amount of silanol sites due to a 

larger zeolite crystal size. The proton zeolites were obtained by calcination of the parent 

ammonia forms. A pellet of the proton zeolite was loaded in a quartz ampoule with a side 

arm and a CaF2 IR window (Figure 4.1). 

 

Figure 4.1: Ampoule for thermal treatment and CaF2 window for IR spectroscopy. 
 

This ampoule was subjected to a vacuum system in which the sample could be pre-

treated. The chemisorption of TMG on the two zeolitic materials was slightly different. 

HZSM-5 (Si/Al = 19.4) zeolite was dried under vacuum at 550 oC for 1 h. Then, the 

pellet was exposed to 7 KPa of TMG at room temperature for 1 h. Excess of unreacted 

TMG and gaseous reaction products were removed from the ampoule by evacuation. The 

zeolite modified with TMG was subsequently reduced, in the presence of 15 KPa of H2, 

under heating to 550 oC at a heating rate of 10 oC.min-1. The sample was kept at this 

temperature for 15 min. After cooling to RT and evacuation, the sample was then 

exposed to different doses of CO (1.3 to 6.6 KPa) at room temperature. After evacuation, 

the sample was oxidized at 550 oC for 15 min with 12 KPa of O2. Finally, CO (6.6 KPa) 

was again adsorbed on the pellet followed by acquisition of an IR spectrum. This catalyst 

is denoted as TMG/ZSM-5. 

A different HZSM-5 (Si/Al~20-24) zeolite with a very small amount of silanol sites was 

loaded with TMG in two steps. First, the dry zeolite was exposed to 5 KPa of TMG for 

CaF2 window 
Quartz ampoule 

for thermal 
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1.5 h. and subsequently reduced with 15 KPa of H2 at 550 oC. The sample was then 

exposed to 5 KPa of TMG and reduced at 550 oC for 3 h. The material resulted is denoted 

as TMG/ZSM-5(no-SiOH). 

Diffuse-reflectance IR spectra were recorded at room temperature using a Nicolet Impact 

410 Fourier transform IR spectrophotometer equipped with an attachment for measuring 

the diffuse-reflectance spectra with a CaF2 window. In order to avoid the signal of the gas 

phase inside the ampoule, the pellet to analyze was positioned next to the CaF2 window.   

IR spectra were recorded in the range 1000–7000 cm-1 The resulting spectra were 

transformed into Kubelka-Munk units assuming that the reflecting ability of a zeolite at 

5000 cm-1 was 0.9. The spectra in the region of 2100 to 2260 cm-1 of the parent zeolites 

were subtracted from those of the TMG/ZSM-5 with CO adsorbed. 

 

4.2.2 X-ray absorption spectroscopy (XAS) 

 

XAS measurements were recorded at beamline BL17C of the Synchrotron Radiation 

Research Center (SRRC), Taiwan. The storage ring energy was operated at 1.5 GeV, the 

beam current between 120 and 200 mA. The X-ray absorption spectra were measured in 

transmission mode. The energy was scanned from 200 eV below the Ga-K absorption 

edge (10375 eV) to 1000 eV above the edge. β-Ga2O3 powder was used as a reference 

and measured simultaneously with the sample. A pellet of the sample was mounted in an 

in situ transmission cell under exclusion of contact with air (Figure 4.2). The temperature 

of the cell was controlled by a furnace adapted to the cell. A dewar for liquid nitrogen 

was used for cooling down the cell after thermal treatment. XAS spectra were measured 

in situ during the reduction or oxidation of the as-prepared sample at room temperature or 

higher. To this end, the catalyst was reduced in situ at a rate of 4 oC.min-1 to 500 oC in a 

flow of 100 ml.min-1 of 10 vol.% hydrogen in helium. For oxidation treatment, the 

sample was exposed to a flow of 100 ml.min-1 of 20 vol.% oxygen in helium with the 

same heating rate mentioned above. For consecutive treatments (oxidation-reduction), the 

cell was flushed with He for an isothermal period of 10 min between treatments. 

In order to analyze the stability of the reduced TMG/ZSM-5, the catalyst was exposed to 

a different atmosphere at 500 oC. After the reductive treatment with H2 for 30 min, the 
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sample was exposed to a flow of 60 ml.min-1 He for 30 min. Subsequently, the sample 

was exposed to a flow of 60 ml.min-1 He saturated with n-hexane. After 10 min, the 

sample was exposed to a flow of 20 ml.min-1 H2 saturated with n-hexane for 40 min. 

Finally, the sample was again reduced by exposure to a flow of 20 ml.min-1 H2 for 10 

min. During these treatments at 500 oC, XANES spectra were recorded. 

 
Figure 4.2: In situ transmission cell for XAS experiment adapted for in situ thermal treatments. 
 

EXAFS analysis was carried out at room temperature after oxidation or/and reduction for 

4 h. The EXAFS data were analyzed by curve fitting using the UWXAFS 3.0 software 

package and the FEFF6 program. Structural information was determined by multiple-

shell fitting in R-space. Both k2- and k3 weighted Fourier transformation, without phase 

correction, were performed. The k3-weighted Fourier transform in R-space on the EXAFS 

data are described. As input to FEFF6 program, a known atom cluster from the reference 

compound Ga2O3 and interatomic distances from the published crystal structure were 

used.15 

copper heat conductor Dewar for liquid nitrogen 
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4.3 Results 

 

4.3.1 CO adsorption on TMG/ZSM-5 

 

In situ IR spectroscopy of adsorbed CO is a suitable method to characterize the chemical 

state of Ga in gallium-containing zeolites. It is essential to carry out the experiments 

under exclusion of contact with air to avoid re-oxidation of reduced Ga species or 

hydrolysis of Ga species. Figure 4.3a presents the IR spectrum of the parent HZSM-5 

zeolite (Si/Al=19.4) with the typical bands of Brønsted acid sites (3610 cm-1), AlOH 

species (3664 cm-1) and silanol sites (3741 cm-1). After chemisorption of TMG on 

HZSM-5 and a reductive treatment at 550 oC, the intensity of silanol sites has decreased 

while the signal of Brønsted acid sites has totally disappeared (Figure 4.3b). This 

observation indicates that all the acid protons associated with the Si(OH)Al bridging 

hydroxyl groups have been exchanged by Ga species. The intensity of this Brønsted site 

signal increases again after an oxidative treatment (Figure 4.4c) suggesting that a small 

part of these protons are regenerated. Moreover, the intensity of the signal at 3664 cm-1 

has increased after oxidation, which indicates that the framework structure of ZSM-5 has 

suffered from partial dealumination. Although all procedures were carried out under dry 

conditions, one should consider the formation of water during the oxidative treatment. It 

is well known that the presence of water at high temperatures promotes the dealumination 

of the zeolites framework structure.17 Weak signals between 2800 and 3000 cm-1 are due 

to C-H stretching vibrations of methyl groups attached to the zeolite modified with TMG. 

These methyl signals remain after reduction and calcination of the TMG/ZSM-5 catalyst. 

Probably, the rather fast ramping rate causes polymerisation of the alkyl groups and we 

should consider the deposition of some coke-like products. These hydrocarbon-like 

products can be completely removed if the sample is periodically evacuated during 

thermal treatment with hydrogen or oxygen. IR results discussed in seccion 3.3.2 where 

carried out using such procedure. After thermal treatment at certain temperature, the IR 

spectra were recorded at room temperature and under vacuum. The hydrocarbons were 

completely removed after thermal treatment at 550oC. These products can be also 

removed by prolonged oxidation treatments. 
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Figure 4.3: FTIR spectra of HZSM-5 (a), TMG/ZSM-5 after reduction at 550 oC for 15 min (b) 
and after oxidation at 550 oC for 15 min (c). 
 

The FTIR spectra of CO adsorbed on TMG/ZSM-5 catalysts after reduction and 

oxidation are shown in Figure 4.4 in the region of the C-O vibrations. The first spectrum 

corresponds to CO adsorbed on TMG/ZSM-5 after reduction. The weak band at 2144 cm-

1 is assigned to Ga+···CO species. This result is in a good agreement with the band at 

2148 cm-1 observed by Otero Areán and co-workers11 on H-GaZSM-5 catalyst after 

evacuation at 700 oC. They claim that [(gallium(I) oxide] is formed at the surface of 

extra-framework Ga2O3 micro-crystals as a consequence of some oxygen loss on heating 

and under vacuum. The signal at 2189 cm-1 and the broad signal in the 2214-2223 cm-1 

range are not completely elucidated. Otero Areán and co-workers5,18 assigned a similar 

band at 2190 cm-1 to CO adsorbed on Ga3+ ions in extended faces. In the case of the 

reduced TMG/ZSM-5 catalyst, the interaction of the CO can be assigned to isolated Ga 

species that are homogeneously dispersed in the zeolite micropore space replacing the 

Brønsted acid protons. We should consider the probability that these Ga species can have 

even lower oxidation state than 3+. The wide signal at 2214-2223 cm-1 correspond to CO 

adsorbed on more exposed Ga3+ ions, most likely located at edges and corners of gallium 

oxide microcrystals or in the entrance of the micropores as Ga=O species. The formation 

of small Ga3+ clusters can be due to a short reductive treatment of the TMG/ZSM-5 
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catalyst or the re-oxidation of the reduced Ga species when the temperature decreases for 

IR analysis. Judging from the broadness of the signal at 2214-2223 cm-1, one can infer 

the presence of various Ga3+ ions with different environments. The vibration frequency of 

the CO is positively shifted, with respect to the fundamental CO vibration (2143 cm-1), 

when it is adsorbed via carbon at a cation site.19 Moreover, less polarizing power on the 

adsorption site results in a smaller shift of the fundamental C-O vibration frequency 

(∆υCO).18 Thus, a low positive value of ∆υCO indicates a weak adsorption of the CO on a 

cationic site. Considering this, the signal at 2214-2223 cm-1 is the result of CO interacting 

with various sites of different Lewis acidity. A recent report5 supports the presence of 

different Lewis sites with the adsorption of N2 on H-GaZSM-5 zeolite after degalliation 

of the framework structure. 

In order to increase the intensity of the CO vibration bands, the pressure of the CO 

adsorbed on TMG/ZSM-5 after reduction was increased to 6.6 KPa (Figure 4.4b). A new 

signal surfaces at 2130 cm-1 and is probably due to physisorbed CO inside the zeolite 

channels. A similar IR signal was reported at 2138 cm-1 for CO adsorbed on HMOR7 and 

alkali-metal exchanged ZSM-520 zeolite. The increase of the CO pressure also enlarges 

the band at 2144 cm-1 indicating that more Ga+ ions interact with CO molecules. A small 

shoulder appears at 2162 cm-1 that corresponds to the signal of C-O stretching vibration 

mode of OH···CO groups11,18 from the small amount of Brønsted sites not exchanged by 

Ga species. The bands at 2189 cm-1 and 2214-2223 cm-1 remain similar as in the 

spectrum obtained with 1.3 KPa of CO adsorbed. Finally, the spectrum in Figure 4.4c 

was recorded after oxidation of the TMG/ZSM-5 at 550 oC. The oxidation treatment 

increases the intensity of the signal at 2169 cm-1 indicating that CO molecules interact 

with higher amount of Si(OH)Al hydroxyl groups than after reduction. The interaction of 

CO and Brønsted sites is possible because part of the acid sites is regenerated after 

oxidation. This is in line with the observed increased signal of Brønsted sites at 3610 cm-1 

(Figure 4.3c). The band shifted to 2192 cm-1 is due to Ga3+···CO species formed on the 

extended surfaces where Ga has high coordination to oxygen. The better-defined signal at 

2215 cm-1 corresponds to more exposed Ga3+ ions (e.g. corners of Ga2O3 microcrystals). 

The band at 2215 cm-1 is narrower than the wide 2214-2223 cm-1 range obtained after 
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reduction indicating that the Ga3+ ions have more symmetric environment that the one 

obtained after reduction. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4: FTIR spectra of CO adsorbed at RT on TMG/ZSM-5 (Si/Al=19.4) after reduction at 
550 oC for 15 min with a CO pressure of 1.3 KPa (a), 6.6 KPa (b) and CO adsorbed after 
oxidation at 550 oC for 15 min and a CO pressure of 6.6 KPa (c). 
 

In order to have a better understanding about the adsorption of CO on TMG/ZSM-5 

catalysts, a HZSM-5 (Si/Al~20-24) zeolite with a very small amount of silanol sites was 

used as parent zeolite and named as HZSM-5(no-SiOH). Figure 4.5a shows only one 

signal due to the Brønsted sites (3610 cm-1), while the silanol site band is hardly 

observed. The diffusion of TMG into the micropore space was slower than in the other 

HZSM-5 zeolite with smaller crystal size. Therefore, the chemisorption of TMG was 

carried out in two consecutive steps. Figures 4.5b-c show the IR spectra, after the 

chemisorption of TMG on HZSM-5 (no-SiOH) zeolite and after reductive treatment. We 

notice a small decrease of the Brønsted site signal after these treatments. A second 

dosage of TMG is neither able to exchange all the acid sites by Ga species. However, 

after a second reductive treatment the signal of Brønsted acid sites is not visible anymore. 

The slow diffusion of TMG is probably a consequence of the larger crystal size of the 

HZSM-5(no-SiOH) zeolite and the reductive treatment promotes the homogeneous 

distribution of Ga species into the micropore space. 
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Figure 4.5: Dehydrated HZSM-5(no-SiOH) zeolite (a), dosed with 5 KPa of TMG for 1h and 
evacuation of the resulting gas compounds (b), reduced at 550 oC for 1.5 h (c), second dosage of 
TMG (d) and subsequent reduction at 550 oC for 3 h (e). 
 

The adsorption of CO on TMG/ZSM-5(no-SiOH) zeolite results in spectra with less 

signals than those obtained for the zeolite with larger crystal sizes due to less Ga3+···CO 

interactions. The spectrum shown in Figure 4.6a corresponds to the adsorption of CO on 

a ZSM-5 (no-SiOH) after the first chemisorption of TMG and after reduction. Due to the 

presence of free Brønsted sites two signals are present at 2122 and 2167 cm-1. The first 

weak band at 2122 cm-1 can be assigned to CO interacting with Brønsted acid sites via 

oxygen atom of the CO molecule (=O-H···OC), while the intensive signal at 2167 cm-1 is 

the same interaction but via carbon atom (=O-H···CO).11,19 An equally intensive signal at 

2195 cm-1 is assigned to isolated Ga species compensating the negative charged oxygen 

atom from the framework structure. The spectrum of CO adsorbed on reduced 

TMG/ZSM-5(no-SiOH) zeolite, where all the Brønsted sites are absent, is shown in 

Figure 4.6b. As expected, the earlier observed signal at 2167 cm-1 is not present anymore 

which is explained by the absence of =O-H···CO interaction. The most predominant 

signal at 2190 cm-1 is originating from a higher amount of isolated Ga species promoted 

by the reductive treatment. 
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Figure 4.6: FTIR spectra of CO adsorbed at RT on HZSM-5 (Si/Al~20-24) free of silanol sites 
after dosed with 7 KPa of TMG for 1 h and reduced at 550 oC for 1.5h (a) and after second 
dosage of TMG and subsequent reduction at 550 oC for 1 h (b). 
 

Finally, Table 4.1 gives an overview of the CO vibration frequencies when the CO 

molecule is adsorbed on TMG/ZSM-5 catalyst. The signal between 2189 and 2195 cm-1 

has probably different components due to the interaction of CO with Ga species. In one 

hand, the reduced treatment generates isolated Ga species with oxidation state +3 or less. 

On the other hand, the oxidized treatment produces Ga3+ species in extended surfaces and 

with high coordination to oxygen. 

IR spectra do not indicate the interaction of CO with Ga metal after reductive treatment. 

It has been reported that this interaction gives an IR signal at 2112 cm-1, which is not 

observed in any reduced TMG/ZSM-5 catalyst.11 

IR study of CO adsorbed on a Ga-containing zeolite with low concentration of silanol is a 

promising technique that can provide information about the selective interaction between 

CO and Brønsted sites due to the inert outer surface of the zeolite. 
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Table 4.1: FTIR band assignments in the region of the CO vibration frequency. 

 

Wavenumber, cm-1 Assignment 

2145 CO gas phase 

2122 =O-H···OC 

2130 physisorbed CO in micropores 

2144-2145 Ga+···CO 

2162-2169 =O-H···CO 

2189-2195 isolated Gaδ+···CO (reduction) 

or 

Ga3+···CO in extended face (oxidation) 

2214-2223 Ga3+···CO at the edges of microcrystals 

 

4.3.2 Ga K-edge X-ray Absorption Near-Edge Spectra (XANES) 

 

The Ga K-edge X-ray Absorption Near-Edge Spectra (XANES) spectrum of β-Ga2O3 

exhibits two absorption features at 10375 and 10379 eV, which can be attributed to Ga3+ 

ions in tetrahedral and octahedral coordination respectively.16,21 In β-Ga2O3, both 

coordinations are equally distributed.3 

Figure 4.7 shows the XANES results recorded during the in situ reduction of the as-

synthesized TMG/HZSM-5 catalyst. The distinct absorption feature in the as-synthesized 

sample corresponds to tetrahedral Ga3+ species in the reference compound (β-Ga2O3). 

This coheres well with the adsorption complex in Figure 2.9a, where the gallium ions 

adopt tetrahedral coordination bonding two framework oxygen atoms. No large changes 

in the spectra are observed up to a temperature of about 310 oC. At 370 oC, a shoulder at 

the low energy side appears, followed by a shift of the absorption maximum to higher 

absorption energies. 
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Figure 4.7: Ga K-edge XANES spectra of TMG/ZSM-5 catalyst during the reduction in situ with 
hydrogen. 
 

Figure 4.8a shows the Ga K-edge energy of the TMG/ZSM-5 catalyst during 

temperature-programmed reduction with H2. The position of the Ga K-edge energy is 

calculated by the first derivate of the XANES spectra. This edge decreases from 10373 

eV to 10371.5 eV at 370 oC and remains constant up till 500 oC. This steep shift is 

attributed to the reduction of the Ga3+ ions.  

Meitzner and co-workers3 propose the formation of Ga hydrides (GaHx) on Ga/HZSM-5 

catalyst in the presence of a reductive agent at 500 oC. They conclude that these hydride 

species appear from the reduction of bulk gallium oxide into isolated Gaδ+ atoms in 

oxidation state between 0 and 1. In the case of TMG/HZSM-5, the reduction of Ga 

species starts at 370 oC indicated by the strong decrease of the Ga K-edge energy (Figure 

4.8a). 
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Figure 4.8: Ga K-edge energy shifts during the reduction of TMG/ZSM-5 (a) and oxidation or 
reduction isothermally at 500 oC (b). 
 

Figure 4.9 shows XANES spectra of the reduced and consecutively oxidized sample at 

temperature of 500 oC. The peak at 10375 eV in the reduced samples shifts to 10377 eV 

after oxidation indicating the transformation of reduced Ga species into both octahedrally 

and tetrahedrally coordinated Ga3+ ions. The reduced Ga species are rapidly oxidized in 

contact to oxygen. The shoulder of Ga species with a lower oxidation state than Ga3+ 

reappears with a second reduction of the TMG/ZSM-5 catalyst (Figure 4.9 d,e). However, 

the intensity of this peak is much lower than the one observed during the first reductive 

treatment (Figure 4.9b). 

The changes in coordination and oxidation Ga state are also observed by the Ga K-edge 

energy variation (Figure 4.8b). When the flow is changed to oxygen, the Ga K-edge 

energy increased drastically to 10374.5 eV. A second reduction treatment does not alter 

the edge energy at least for 10 min. This observation suggests that a second reduction of 

the Ga species, in a mixture of octahedral and tetrahedral coordination, requires a longer 

reductive treatment than the Ga species with only tetrahedral coordination. 
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Figure 4.9: Ga K-edge XANES spectra of the as-synthesized TMG/ZSM-5 catalyst (a) and during 
reduction and oxidation in situ (b-e). 
 

Ga/zeolite catalysts synthesized by traditional methods (e.g., via impregnation22 or ion-

exchange23) usually involve a calcination step to remove the chlorine or nitrate anions 

and to convert the Ga species in the corresponding oxide. This treatment induces the 

formation of both tetrahedral and octahedral Ga3+ ions. In order to understand the 

differences between reduction of Ga3+ ion in tetrahedral coordination and the reduction of 

octahedral and tetrahedral mixture, a calcined TMG/ZSM-5 was reduced in the in situ 

cell with H2 and exposed to n-hexane. Figure 4.10 shows the spectrum of calcined 

TMG/ZSM-5 with a maximum centered at 10377 eV due to the presence of Ga3+ ions in 

both tetrahedral and octahedral coordinations. Increasing the reduction temperature leads 

to the emergence of a shoulder at lower energy caused by the formation of reduced Ga 

species. This shoulder is better defined at 500 oC. Subsequently, the sample was exposed 

to a He atmosphere at the same temperature of 500 oC (Figure 4.10g). As a consequence 

of the He atmosphere, the shoulder visible at low energy becomes wider and less defined. 

The new shape of this spectrum suggests the presence of Ga metal or monomeric species 

(GaHx) coordinated to only one oxygen atom from the framework structure. Ga metal 

gives a XANES signal at a lower energy that the one obtained for reduced GaHx species.3 

A very similar spectrum is obtained when the sample is exposed to a mixture of n-hexane 

in helium (Figure 4.10h). When the flow is changed to a mixture of n-hexane and 
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hydrogen or to pure H2 (Figure 4.10i-j), the intensity of the shoulder at low energy 

increases and adopts a similar shape as the one obtained after the first reduction in H2 

(Figure 4.10f). It suggests that the He atmosphere decreases the oxygen coordination of 

Ga atoms and promotes the partial transformation of GaHx species to Ga metal. The 

Hexane/He atmosphere does not transform again Ga metal to GaHx species. However, the 

Hexane/H2 or pure H2 flows probably increase the oxygen coordination of Ga hydrides. 

The hardly distinguishable feature due to Ga metal suggests that only small fraction of 

the reduced Ga species is transformed to Ga metal. Although we cannot draw definite 

conclusions, we surmise that the GaHx species partially decompose to Ga metal and 

probably in the regeneration of a small part of Brønsted sites. 

 

2 [GaH2]+      Ga-Ga + H2 + 2H+     (Scheme 4.3) 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

Figure 4.10: Ga K-edge XANES spectra of calcined TMG/ZSM-5 catalyst at RT (a), reduction in 
situ with H2 (b-f), isothermal at 500 oC in He (g), hexane/He (h), hexane/H2 (i) and H2 (j). 
 

The Ga-K edge energy gives clearer information about the new species formed during 

reductive treatment. Figure 4.11a shows the edge energy for the same spectra previously 

described during the reduction in situ with H2. The TMG/ZSM-5 catalyst after oxidation 

presents initial edge energy at 10374.5 eV that corresponds to Ga3+ ions in a modified or 

truncated tetrahedral coordination. We propose that such coordination can be Ga=O 

species bonded to two oxygen atoms from the framework zeolite structure. Judging by 
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the maximum peak of the XANES spectra for the same catalyst (Figure 4.10a), the Ga3+ 

ions adopt both modified tetrahedral and octahedral coordination. Large fraction of the 

gallium atoms form Ga=O species at cation position and another smaller fraction has left 

the exchange sites (leading to H+) to form Ga2O3 microcrystals with both octahedral and 

tetrahedral coordination. The Ga-K edge energy stays constants until 430 oC. At higher 

temperature the edge energy drops rapidly at 10371 eV caused by the reduction of Ga 

species as Ga hydrides. The comparison between the reduction of the as-prepared and 

pre-oxidized TMG/ZSM-5 catalyst (Figures 4.8a and 4.11a) confirms that Ga species in 

tetrahedral coordination with two methyl groups reduce at lower temperature than Ga 

species in octahedral and tetrahedral coordination mixture. The Ga-K edge energy 

decreases from 10371 to 10369 eV when the reduced sample is exposed to inert He 

atmosphere (Figure 4.11b). A similar value for the edge energy has been reported for Ga 

metal.3 Probably, the absence of H2 molecules promotes the transformation of some 

reduced Ga species in Ga metal aggregates. The edge energy does not change 

dramatically when the sample is exposed again to a reductive flow. This observation 

indicates that the Ga metal is present during the exposure to different reductive 

environments. Ga metal could sinter forming strong Ga-Ga interaction and probably 

leave the micropore space. Ga metal melts at 30 oC but boils only at around 2250 oC.24 

Thus, only a small loss of Ga during the reductive treatment should be expected. 
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Figure 4.11: Ga K-edge energy shifts during the reduction with H2 of pre-oxidized TMG/ZSM-5 
(a) and during exposure to different gas flows isothermally at 500 oC (b). 
 

Nishi and co-workers21 assume that the Ga K-edge energy is shifted to higher value with 

an increase of the oxygen coordination number of Ga. It is known for some transition 

metal systems that the edge energy is positively shifted as the valence (cation charge) of 

the metal increased (e.g. manganese oxides). From these considerations and the XANES 

spectra obtained by reduction and oxidation of TMG/ZSM-5 catalysts, the different edge 

energies for Ga species are summarized in Table 4.2. 

We note that the position of the edge energy is determined by the Ga species with the 

lowest edge energy and thus does not give an indication of the relative amount of that 

species. Deconvolution of the XANES spectra gives more qualitative and, in some cases, 

quantitative information on the various Ga species formed after thermal treatment. It has 

been proved that with XANES the amount of tetrahedral and octahedral species can be 

estimated from the peak areas.16,21 The deconvolution analysis was carried out by fitting 

the XANES spectra with a set of Gaussian (absorption features) and arctangent 

(background) functions (Figure 5.12). The peak area of tetrahedral and hydride gallium 

species allow us to estimate the tetrahedral/hydride ratio. The area of the octahedral peak 

is not discussed due that it is affected for many components (3 arctangent and 3 

absorption features) that make difficult the integration. Only the position of the 
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octahedral peak is reported. The contribution of the Ga metal component was not taken 

into account because it was very weak in most cases. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.12: Ga K-edge XANES of β-Ga2O3 (―) and the simulated spectrum (○), which is composed of two 
sets of Gaussian and arctangent functions for tetrahedral ( ) and octahedral ( ) Ga species. 
 

Table 4.3 summarizes the best fitting parameters for the same spectra shown in Figure 

4.10. The peak assigned to GaHx species appears when the catalyst is reduced at around 

400 oC in H2 flow. The Ga(h)/Ga(t) ratio increase as a consequence of the reduction 

temperature reaching the higher ratio of 1.2 at 500 oC. Probably, the ratio would increase 

with a longer reduction time. Upon exposure to He or a mixture of n-hexane in He the 

Ga(h)/Ga(t) ratio decreases. This decrease has two possible reasons: (i) part of the GaHx 

species transforms into Ga metal or Gaδ+ species with very low coordination to oxygen 

that give a weak contribution at a lower energy than that of the GaHx species and (ii) re-

oxidation of the GaHx species to Ga(t) and Ga(o) species. It thus appears that the reduced 

GaHx species are only stable in a flow of hydrogen at high temperature. In the absence of 

hydrogen these particles partly convert to Ga metal and partly to tetrahedral and 

octahedral Ga3+ species. Although not certain, we suspect that trace amounts of oxygen 

or water are responsible for this re-oxidation. 
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Table 4.2: Different Ga K-edge energies obtained in this work. 
 

Edge energy, eV Assignment Probable structure  

10369 Ga metal  

10371±0.5 GaHx 

    H     H 
       \   / 
       Ga 
        /  \ 
     O     O 
 

10373 Tetrahedral Ga3+,  
2 oxygen coordination 

  CH3      CH3 
         \   / 
         Ga 
         /  \ 
      O     O 
 

10374.5 Tetrahedral Ga3+,  
3 or 4 oxygen coordination 

        O              O    O 
         ||                 \   / 
       Ga                Ga 
        /  \                /  \ 
     O     O          O    O 

     Modified  
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Figure 4.13 shows the XANES spectra recorded at room temperature of the TMG/ZSM-5 

catalyst after thermal treatments whit H2 or/and O2 at 500 oC. All the spectra are similar 

and none of them presents a signal due to GaHx species or Ga metal. This observation 

confirms that a significant amount of Ga species is re-oxidized when the sample is cooled 

at room temperature in the same treatment flow. This implies that all such species have 

been re-oxidized or that their amount should be so small that XANES spectroscopy is not 

able to detect them. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.13: Ga K-edge XANES recorder at RT of as-synthesized TMG/ZSM-5 catalyst (a), after 
oxidation (b), reduction (c), oxidatio -reduction (d) and reduction-oxidation. Every treatment was 
at 500 oC for 4 h with a heating rate of 7 oC.min-1. 
 

TMG/MOR presents a similar behaviour as the ZSM-5 modified with trimethylgallium 

after thermal treatments. The XANES spectrum for the as-synthesized TMG/MOR 

catalyst is shown in Figure 4.14a and exhibits a feature adsorption at 10374.5 eV. This 

peak has the maximum at the same position as the one observed of the TMG/ZSM-5 

catalyst. The spectra obtained after thermal treatment of TMG/MOR do not differ much 

from those obtained for the ZSM-5-supported materials. Once again, the signals of 

reduced Ga species are not present after reductive treatment and cooling down to room 

temperature. 
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Figure 4.14: Ga K-edge XANES recorder at RT of as-synthesized TMG/MOR catalyst (a), after 
oxidation (b), reduction (c), oxidation -reduction (d) and reduction-oxidation. Every treatment 
was at 500 oC for 4 h with a heating rate of 7 oC.min-1. 
 

Table 4.4 summarizes the deconvolution analysis of TMG/ZSM-5 and TMG/MOR 

catalyst after treatment with H2 and/or O2 when the XANES spectra were recorded at 

room temperature. First at all, only two peaks assigned at Ga3+ in tetrahedral and 

octahedral coordination are considered. For both types of catalysts the area of Ga in 

tetrahedral coordination obtained after reductive treatment is higher than the one obtained 

after oxidative treatment. In other words, the reductive treatment enhances the tetrahedral 

coordination of Ga3+ ions and most probably corresponds to a better dispersion and 

higher occupation of Ga at cationic exchange positions. 

 
Table 4.4: Parameters of deconvoluted peaks in XANES spectra recorder at RT of TMG/ZSM-5 
and TMG/MOR catalysts after thermal treatment at 500 oC for 4 h. 
 

Ga(t), eV Ga(o), eV Treatment Position Area Position 
TMG/ZSM-5    

Reduction 10376.1 4.7 10379.9 

oxidation-reduction* 10376.8 5.0 10380.5 

Oxidation 10375.7 4.1 10379.3 

reduction-oxidation* 10376.0 4.0 10379.2 
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Table 4.4: Continuation    

TMG/MOR    

Reduction 10376.4 4.2 10379.9 

oxidation-reduction* 10376.0 4.3 10379.6 

Oxidation 10375.7 3.9 10379.0 

reduction-oxidation* 10375.6 4.0 10379.4 
*  cell flushed with He for 10 min before changing the treatment flow 

 

4.3.3 Ga K-edge Extended X-ray Absorption Fine Structure (EXAFS) 

 

Fourier transforms of k3-weighted EXAFS and curve-fitting results for TMG/ZSM-5 and 

TMG/MOR catalysts after different pre-treatments at 500 oC are compared with that of 

Ga2O3 as shown in Figures 4.15. Peaks appearing at 1-2 Å are due to the backscattering 

from the adjacent oxygen atoms and peaks at 2-3 Å show the presence of the second-

neighbouring metal atoms like Ga and Al.21 The structural parameters of Ga-O and Ga-

metal shell are listed in Table 4.5. Ga2O3 contains (tetrahedral) a Ga-O contribution with 

a bond distance of 1.83 Å and a (octahedral) Ga-O contribution a bond distance of 1.98 

Å, while the distances of the Ga-Ga contributions in Ga-O-Ga bonds species are 3.05 

and 3.37 Å. These values are in a good agreement with previously reported results.14,25-27 

Similar Ga-O distances were found for the TMG/zeolite materials. IR spectroscopy 

shows that TMG is adsorbed on zeolites replacing the protons from Brønsted acid sites 

(Figure 4.3). The Ga atoms, from the resulting dimethylgallium, interact with two 

framework oxygen atoms adopting tetrahedral coordination as is shown in Figure 2.9. It 

was found possible to fit the EXAFS data by a Ga-C contribution at a distance of 1.85 Å 

for the as-synthesized TMG/ZSM-5 and TMG/MOR catalysts. The longer distance of 

1.94 Å is assigned to a Ga-O coordination with the zeolite-framework oxygen atoms. 

These distances are in rather good agreement with the distances obtained by theoretical 

calculations (Chapter 2). When the samples were oxidized and/or reduced two Ga-O 

contributions at 1.83 ± 0.03 and 1.96 ± 0.02 Å were observed. Since the EXAFS spectra 

were recorded at room temperature, even the reduced materials most probably contain 

oxidized Ga species. We attribute the Ga-O distance 1.96 ± 0.02 Å to be due to the 
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coordination of Ga to zeolite framework oxygen atoms. The coordination number equals 

two or three and this appears to agree with the earlier theoretical predictions. The shorter 

distance (1.83 ± 0.03 Å) is due to extra-framework oxygen atoms. In all cases, the 

coordination number is close to unity and this indicates the presence of an extra-

framework Ga=O+ species that compensates the negatively charged oxygen atom from 

the zeolite framework. This is further underpinned by the consequent observation that a 

Ga-Al contribution exists at a coordination distance of 2.87-2.94 Å. 

As mentioned before, Ga species replace the proton from Brønsted acid sites after 

chemisorption of TMG on zeolite. However, the oxidation treatment regenerates small 

part of the Brønsted sites and microcrystals of Ga2O3 are consequently formed. Probably, 

the reduced sample cooled at room temperature also contains a small amount of Ga2O3. It 

is important to mention that the TMG/ZSM-5 and TMG/MOR samples analysed by 

EXAFS and XANES contain a Ga/Al ratio higher than the unity. Thus, the excess of Ga 

species that are not replacing the acid proton can easily form small Ga2O3 clusters. These 

clusters are formed by Ga species in octahedral and tetrahedral coordination. 

The oxygen coordination number (C.N.) for treated catalysts is around 0.9 at the shorter 

Ga-O distances of 1.83 ± 0.03 Å. At the Ga-O distances of 1.96 ± 0.02 Å the C.N. is in 

average 2.6 for ZSM-5 based catalyst and 2.9 C.N for MOR based catalysts. It is also 

possible that the Ga species interact in some cases with three framework oxygen atoms. 

In general terms, EXAFS signal that gives Ga-O distances of 1.83 ± 0.03 and 1.96 ± 0.02 

Å. This two distances can by the contribution of Ga-O species homogenously dispersed 

on the zeolite structure adopting a truncated tetrahedral coordination and the Ga species 

forming small Ga2O3 clusters. 

By use of the coordination number for each shell, Nt and No, the ratio of Ga(t)/Ga(o) = 

(Nt/4)/(No/6)16,21, can be estimated and is included in Table 4.5. Particularly for the 

calculation of the Ga(t)/Ga(o) ration the Ga-O distances of 1.83 ± 0.03 and 1.96 ± 0.02 Å 

are assigned to Ga in tetrahedral and octahedral coordination, respectively. This ratio 

depends on the Ga2O3 clusters formed and do not reflect the ratio of the total Ga content. 

We suggest that these ratios do not give a correct quantitative analysis; only the tendency 

of these ratios should be considered In general, the spectra recorded after reductive 

treatment of TMG/ZSM-5 and TMG/MOR present higher Ga(t)/Ga(o) ratio than the one 
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recorded after oxidative treatments. As was also observed with XANES results, the 

reductive treatment promotes the tetrahedral coordination of Ga3+ ions. The changes on 

the Ga(t)/Ga(o) ratio are probably related to the amount of Ga2O3 clusters produced 

during the thermal treatment and the decrease of the temperature that provokes the re-

oxidation in the case of reduced Ga species. 

Figure 4.15: Fourier transforms of Ga K-edge k3-weighted EXAFS data for Ga2O3, as-
synthesized TMG/ZSM-5 and TMG/MOR and samples after different pre-treatments. Every 
treatment was at 500 oC for 4 h with a heating rate of 7 oC.min-1. Solid lines and open circles are 
the experimental and fitted results, respectively. Note that the phase shifts were not corrected. 
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Table 4.5: Ga K-edge EXAFS results of TMG/ZSM-5 and TMG/MOR samples. 
 

Ga K-edge 
Sample Pre-treatment  Shell C.N. Bond 

length (Å) σ2  

 
Ga2O3   

Ga-O 
Ga-O 
Ga-Ga 
Ga-Ga 

1.5 
3.2 
2.0 
0.9 

1.83 
1.98 
3.05 
3.37 

0.002 
0.008 
0.003 
0.001 

 
TMG/ZSM-5 

 
as-synthesized 

 

 
Ga-C 
Ga-O 
Ga-Al 

 
0.4 
2.3 
0.2 

 
1.85 
1.94 
2.92 

 
0.004 
0.004 
0.002 

 
 

reduction 
 

Ga-O 
Ga-O 
Ga-Al 

1.0 
2.6 
0.5 

1.83 
1.98 
2.94 

0.002 
0.009 
0.001 

 
 

oxidation + 
reduction  

 

Ga-O 
Ga-O 
Ga-Al 

1.2 
3.0 
0.3 

1.83 
1.97 
2.91 

0.001 
0.013 
0.005 

 
 

oxidation 
 

Ga-O 
Ga-O 
Ga-Al 

0.8 
2.8 
2.1 

1.80 
1.98 
2.86 

0.001 
0.012 
0.003 

 
 

reduction + 
oxidation  

 

Ga-O 
Ga-O 
Ga-Al 

0.7 
2.3 
0.8 

1.80 
1.98 
2.89 

0.001 
0.008 
0.009 

 
TMG/MOR 

 
as-synthesized 

 

 
Ga-C 
Ga-O 
Ga-Al 

 
1.2 
1.3 
0.4 

 
1.85 
1.94 
2.88 

 
0.003 
0.002 
0.003 

 
 

reduction 
 

Ga-O 
Ga-O 
Ga-Al 

1.1 
3.3 
1.1 

1.80 
1.98 
2.93 

0.001 
0.015 
0.007 

 
 

oxidation + 
reduction  

 

Ga-O 
Ga-O 
Ga-Al 

0.9 
3.1 
1.1 

1.83 
1.96 
2.87 

0.001 
0.015 
0.007 

 
 

oxidation 
 

Ga-O 
Ga-O 
Ga-Al 

0.9 
3.5 
0.7 

1.83 
1.94 
2.88 

0.001 
0.014 
0.009 

 
 

reduction + 
oxidation  

Ga-O 
Ga-O 
Ga-Al 

0.8 
2.6 
0.7 

1.80 
1.96 
2.87 

0.001 
0.014 
0.008 
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4.4 Discussion 

 

This section discusses first the important information obtained by IR study of CO 

absorption and X-ray adsorption spectroscopy for the as-synthesized TMG/ZSM-5 and 

TMG/MOR catalysts. Subsequently, the effects of oxidation and reduction are discussed 

based on the application of the same techniques. 

The IR spectra in the region of OH vibrations give information about the substitution of 

acid protons from Brønsted sites by Ga species. The IR spectra in Figure 4.5 show that 

for a HZSM-5 zeolite with large crystal size the complete substitution of acid protons by 

Ga species is reached by alternating chemisorption and reduction of TMG. On a HZSM-5 

with smaller crystal size the substitution of acid protons take place in only one 

chemisorption step (Figure 4.3). Thus, the efficiency of the chemisorption process of 

TMG depends on the crystal size of the zeolite. 

The XANES spectrum of the as-synthesized TMG/ZSM-5 catalyst at room temperature 

indicates that the alkyl Ga species adopt tetrahedral coordination (Figure 4.7) with edge 

energy at 10373 cm-1. The analysis of the EXAFS result gives a Ga-C distance of 1.85 Å 

and a longer Ga-O distance of 1.98 Å with 3.2 coordinated oxygen atoms (Table 4.5). 

The EXAFS results for the as-synthesized catalyst are in a good agreement with the 

atomic distances obtained by theoretical calculation discussed in Chapter 2 (Figure 2.9a). 

The IR spectrum of CO adsorbed on a reduced TMG/ZSM-5 catalyst presents a weak 

signal at around 2144 cm-1 that indicates the presence of a small amount of Ga+ species, 

while the stronger signals observed at 2214-2223 cm-1 indicate the presence of Ga3+ ions. 

The broad of the last signal suggests the interaction between CO molecules and Ga3+ ions 

with different Lewis acidity strength. Otero Areán and co-workers5 have distinguished 

these Lewis acid sites by IR study of N2 adsorbed on H-GaZSM-5 catalyst. The signal at 

2189 cm-1 in Figure 4.4a-b is not completely elucidated. Probably, this signal is due to 

isolated Gaδ+ species with oxidation state lower than 3+ homogenously dispersed and 

compensating the negative charge from the zeolite lattice. The adsorption of CO on 

TMG/ZSM-5 catalyst with larger crystal size presents a IR signal slightly shifted at 2190 

cm-1 (Fig. 4.6b). 
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When CO is adsorbed on oxidized TMG/ZSM-5 catalyst the IR spectrum shows a band at 

2169 cm-1 that corresponds to -O-H···CO species (Figure 4.4c). This interaction is 

possible since the oxidation treatment regenerates some Brønsted sites and this agrees 

with an increase of the signal due to the bridging hydroxyl groups at 3610 cm-1. The 

signal at 2192 cm-1 is most probably different from the signal at 2189 cm-1 obtained after 

reduction. The oxidative treatment unquestionably oxidizes all the reduced Ga species to 

Ga3+ ions. The Ga3+ species that give an IR signal at 2192 cm-1 have less polarizing 

power than species giving signal at higher frequency (2215 cm-1). Large shift of the 

fundamental C-O vibration frequency (2143cm-1) is related to a lower number of oxygen 

atoms coordinated to Ga3+ ions. Thus, the signal at 2215 cm-1 is due to CO interacting 

with Ga species with low oxygen coordination probably located at the edges of Ga2O3 

microcrystals or Ga located close to the entrance of the micropores. The signal at 2192 

cm-1 is probably due to CO adsorbed on Ga3+ ions coordinated to two oxygen atoms from 

zeolite framework structure. Moreover, EXAFS analysis of a TMG/ZSM-5 after 

oxidative treatment gives a Ga-O distance of 1.96 ± 0.02 Å and a shorter one of 1.83 ± 

0.03 Å (Table 4.5). 

 

 

 
 
          (Scheme 4.4) 
 
 

 

With this suggested structure, the Ga3+ ions compensate the negatively charged oxygen 

atoms from the zeolite lattice. The same arrangement of Ga species should by expected 

on reduced TMG/ZSM-5 catalyst at room temperature. The IR and EXAFS analysis of 

the thermally treated catalyst were carried out at room temperature. Therefore, the 

reduced Ga species formed at high temperature (500 oC) are most probably re-oxidized 

upon cooling to room temperature preceding exposure to CO and the acquisition of the IR 

spectra. For this reason, the characterization of Ga-containing zeolite at reaction 

conditions would be of great value. 

   O 

 
  Ga 
 

 O   O 
 
  Si  Al  Si 

1.98 Å 1.80 Å
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The in situ thermal treatment of Ga-containing zeolites was followed by XANES 

analysis. This technique is a powerful tool that provides information about the oxidation 

state of Ga species under reaction conditions (high temperature and reductive 

atmosphere). Figure 4.8 follows the Ga K-edge energy during the reduction of the 

TMG/ZSM-5 catalyst. The shift of the edge energy at 10371.5 eV indicates that the 

reduction of the Ga species starts at 370 oC. The reduced Ga species probably form Ga 

hydrides that are only present at high temperature. Frash and co-workers4 propose the 

structure of Ga hydrides coordinated to the lattice zeolite with a Ga charge equal to 1.25.  

 

 

 
          (Scheme 4.5) 
 

 

 

 

It have been reported that Ga-H bonds give rises to IR absorption signal between 1720 

and 2050 cm-1.28 However, the IR spectra of the reduced TMG/ZSM-5 catalysts recorded 

at room temperature do not present any vibration signal in this range. When the reduced 

sample is exposed to oxygen flow, the edge energy is drastically shifted to a higher 

energy at 10374.5 eV. This edge energy is unquestionably due to Ga3+ ions in tetrahedral 

coordination. Ga hydrides are extremely susceptible to attack by air or moisture28 causing 

the fast formation of Ga3+ ions. Most of the Ga3+ species remain compensating the 

negative charged oxygen atoms from the zeolite framework structure. A small part of the 

Brønsted sites are regenerated when the reduced catalyst is exposed to oxygen flow 

according to: 

 

Z- ·····GaHx + O2 → GaO(OH)  +  Z- ·····H+     (Scheme 4.6) 

 

Further decomposition of GaO(OH) result in the formation of gallium oxide clusters 

(scheme 3.3). 
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The reduction of a pre-oxidized TMG/ZSM-5 catalyst was also followed by XANES. 

Figure 4.11 shows the Ga K-edge energy obtained during the reduced treatment. The first 

difference with the reduction of as-synthesized TMG/ZSM-5 is that the pre-oxidized Ga 

species requires a higher reduction temperature than the alkyl Ga species. When the flow 

is changed to He the edge energy shifts at 10369 eV, which is due to the formation of Ga 

metal. The Ga metal gives a very weak XANES signal and is difficult to distinguish 

(Figure 4.10g). This indicates the formation of only small amount of Ga metal. IR study 

of CO adsorbed on reduced TMG/ZSM-5 does not give any evidence of CO-Ga metal 

interaction and is explained by the fact that its contribution is so small that it cannot be 

detected by IR. The edge energy of the Ga metal does not shift to a higher energy when 

the sample is exposed to different reductive flows (H2 and/or hexane). Meitzner and co-

workers3 suggest that Ga metal requires of at least 100-ppm oxygen level in the hydrogen 

stream and about 20 h to be re-oxidized. 

Ga hydrides species were detected by XANES during in situ reduction of pre-oxidized 

TMG/ZSM-5 catalyst. The ratio hydride/tetrahedral Ga species, Ga(h)/Ga(t), was 

calculated following similar procedure described in the literature for Ga(t)/Ga(o) 

ratio.16,21 Table 4.3 shows that the Ga(h)/Ga(t) ratio increases with reduction temperature. 

However, this ratio decreases when the sample is exposed to He of Hexane/He flow. We 

conclude that only the reductive H2 atmosphere guarantees the formation of Ga hydrides 

species. 

The XANES spectra recorded at room temperature after reductive treatments of 

TMG/ZSM-5 and TMG/MOR catalysts do not present any signal of reduced Ga species 

(Figure 4.13 and 4.14). This observation confirms that the reduced Ga species are re-

oxidized to Ga3+ at room temperature. Deconvolution analysis of the XANES spectra 

obtained at room temperature gives the area of Ga3+ species in tetrahedral coordination 

(Table 4.4). These area are higher for catalysts after reduction than after oxidation. In 

general terms, the reductive treatment enhances the tetrahedral coordination of Ga3+ ions. 

EXAFS curve-fitting analysis provides information about the Ga local geometry. 

Previous studies report Ga-O distances around 1.8 and 2 Å assigned to tetrahedral and 

octahedral Ga coordination in Ga2O3.14,25-27 These distances are similar to those obtained 

by EXAFS analysis of TMG/ZSM-5 and TMG/MOR catalyst after thermal treatment 
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(Table 4.5). However, IR results indicate that after oxidation most of the acid protons are 

substituted by Ga species and only a small amount of Ga2O3 clusters is formed. Thus, the 

Ga species have to satisfy two conditions: substitution of acid protons and two different 

Ga-O distances as scheme 4.5 shows. The formation of Ga2O3 cluster is expected to be 

lower after reduction than after oxidation. 

Summarizing, the Ga species obtained under reactive conditions are unstable at room 

temperature. Thus, in situ characterization will always provide more realistic information 

about the Ga species active for dehydrogenation and aromatisation of alkane 

hydrocarbons. 

 

4.5 Conclusions 

 

The study of trimethylgallium-loaded ZSM-5 with in situ IR spectroscopy of adsorbed 

CO and in situ x-ray absorption spectroscopy (EXAFS and XANES) gives information 

on the local coordination and oxidation state of the Ga atoms during various thermal 

treatments. XANES and EXAFS analysis confirm that trimethylgallium substitutes the 

Brønsted acid protons of the zeolite framework where the Ga bonds two framework 

oxygen atoms and two methyl groups. 

IR study of CO adsorption on thermally treated Ga-containing zeolites is able to detect 

different Ga oxidation states. Ga species with different coordination to oxygen atoms are 

also distinguished by the interaction of CO. 

Following the in situ reduction of the catalysts by XANES, we conclude that Ga species 

in tetrahedral coordination reduce at lower temperature than Ga species in a mixture of 

tetrahedral and octahedral coordination. The in situ XANES study provides information 

of the Ga species formed at reaction conditions. Ga hydride species and a small amount 

of Ga metal are identified at 500 oC. Ga hydrides are unstable and re-oxidize in the 

absence of hydrogen at high temperature or upon cooling to room temperature. However, 

IR study of CO adsorbed on reduced TMG/ZSM-5 catalyst points out that a small part of 

the reduced Ga species remain as Ga+ at room temperature. Deconvolution of ratio 
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obtained from XANES spectra recorded at room temperature indicates that the reductive 

treatment promotes the tetrahedral coordination of Ga3+. 

The characterization of Ga-containing zeolite at room temperature provides important 

information about the Ga species. However, we should consider that the real Ga species 

that activate alkane hydrocarbons are only present at reaction conditions. 
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5 
Reactivity of activated trimethylgallium-

loaded on zeolites 

 
Hydrogen-Deuterium exchange and conversion 
of n-heptane 
 

 

The activation of Ga-containing zeolite, prepared by the chemisorption of TMG, was 

followed by on-line mass spectroscopy. The adsorbed alkylgallium species show 

different behaviour when decomposed under oxidative or reductive treatments. The 

oxidative treatment results in the production of hydrocarbons and hydrogen at low 

temperature and carbon dioxide at higher temperature. The reductive treatment mainly 

results in the production of methane. Hydrogen/Deuterium isotopic exchange indicates 

that Ga species increase the initial rate of HD formation due to a fast recombination and 

disposal of HD. Different Ga-containing zeolites where catalytically tested for the 

dehydrogenation of n-heptane. The oxidized treatment increases the initial conversion of 

n-heptane. However, the H2 produced by dehydrogenation of alkanes modified the nature 

of oxidized Ga species reflected by deactivation. The production of olefins and aromatics 

is increased by the presence of Ga atoms. 
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5.1 Introduction 

 

The shape-selective acidic proprieties of ZSM-5 catalysts allow the conversion of light 

paraffins into aromatic components (mainly benzene, toluene, and xylene, BTX). This 

transformation is called dehydrocyclodimerization (DHCD) and involves 

dehydrogenation, dimerization, cyclization and hydrogen transfer.1 The introduction of 

Ga species into the micropore space of the HZSM-5 increases the selectivity of 

aromatisation reactions and inhibits cracking side reactions that lead to loss of carbon 

atoms to undesirable products.2 However, there is still discussion on the first 

dehydrogenation step of the reaction. Such gallium-containing zeolite is applied in the 

CYCLAR process3 jointly developed by British Petroleum (BP) and Universal Oil 

Products Inc. (UOP).1  

There are different suggestions and possible explanation about the activation of alkanes 

over Ga-containing zeolites. Both monofunctional and bifunctional activation have been 

proposed. The monofunctional activation of alkanes by C-C or C-H bonds (protolytic) 

cracking) requires strong acid sites and gives rise to carbonium-like transition states, 

which result in the formation of carbenium ions.4 Kwak and co-workers5 have found that 

the addition of Ga to HZSM-5 has not an essential effect on the rate of propane cracking 

but increases the dehydrogenation rate. Thus, it is proposed that the function of Ga is to 

dehydrogenate alkanes and the function of the protons to crack the resulting alkenes and 

that these function act merely additively rather than synergistically. Biscardi and co-

workers2 affirm that reactions of propane require the activation of C-H bonds and the 

disposal of the hydrogen atoms produced in these reaction. Ga cations increase the rate of 

propene formation by removing H-atoms from acid sites that activate C-H bonds without 

the formation of cracking products. Kitagawa and co-workers6 have proposed that the Ga 

is not required for the initial activation of propane, but merely catalysed the conversion of 

unsaturated intermediates to aromatics. 

The bifunctional activation on a Brønsted site may be assisted by a gallium site to 

dehydrogenate alkanes. Buckles and co-workers7 suggest that a C-H bond of one of the 

methyl groups is activated by Ga2O3 and the C-H bond cleavage itself occurs at the 
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Brønsted site. In the same line, Derouane and co-workers8 assume that the activation of 

propane occurs via a bifunctional action between Ga3+O2
- pairs and Brønsted acid sites.  

Independent of the way of initial alkane activation, many research groups affirm that the 

hydrogen desorption rate is supposed to limit the progress of reaction to aromatics.9 The 

possibility of a dissociative adsorption of H2 over Ga2O3 is confirmed by IR results.10  

Dehydrogenation of alkanes produces H2 and alkenes. It has been reported that the 

disposal of H2 adsorbed on the zeolite is the limiting step in the dehydrogenation of 

alkanes.2 The disposal of H2 to the gas phase is promoted by Ga species. H2/D2 exchange 

reaction directly prove the rates of H2 (D2) disociative adsorption, which must occur as 

the initial step in equilibration reaction, and the further disposal into the gas phase.11 

A large amount of natural gas liquid (NGL) is obtained from an associated natural gas. N-

heptane is one of the main components of the NGL.12 Extensive studies have been 

reported the isomerization13,14 of n-heptane and only few studies report the aromatisation 

of n-heptane.12,15 The aromatisation of C6 and higher alkanes result in the production of 

aromatic compounds usually with the same number of carbons as the starting alkane. 

Thus, heptane or methylhexanes give tolueno. The degradation of the carbon chain into 

lower molecular weight can be suppressed by removing as much as possible the acidity of 

the support.15 

In this chapter we discuss the isotopic equilibration of H2/D2 mixture in order to obtain 

direct evidence that Ga species increase the rate of dissociative adsorption of H2 and the 

further disposal into the gas phase. This information helps to understand the initial 

activation of alkanes. In this direction, we also study the conversion of n-heptane over 

zeolites modified with trimethylgallium. 

 

5.2 Experimental 

 

The H2/D2 isotopic exchange and conversion of n-heptane reaction were studied over 

zeolites modified with Ga(CH3)3 or GaCl3 after thermal treatment with hydrogen or 

oxygen. The preparation of silylated and non-silylated TMG/ZSM-5 and TMG/MOR 

catalysts is described on section 2.2 and the synthesis of GaCl3/ZSM-5 and GaCl3/MOR 
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catalysts is described in section 3.2. All the catalysts were in situ pre-treated with 

hydrogen or oxygen as is described in next sections. 

 

5.2.1 H2/D2 equilibration apparatus 

 

The isotopic Hydrogen/Deuterium exchange analysis was measured using a batch reactor 

equipped with a quadropole mass spectrometer (Balzers QMG 200M system) for 

continuous on-line analysis of all gas-phase components (Figure 5.1). The close reactor 

loaded with 70 mg of catalyst was connected to a volume of 826 ml where N2, H2 

(Hoekloos, purity 99.95%) and D2 (Hoekloos, purity 99.98%) gases were mixed before 

the H2/D2 exchange reaction. Except for the GaCl3/ZSM-5 catalyst, all materials were 

loaded into the reactor in an argon-flushed glove-box. When the closed reactor was 

connected to the reaction set-up, all the system (reactor and mixing volume) was 

evacuated before the pre-thermal treatment of the sample. 2.5 KPa of H2 or O2 were 

injected to the mixing volume for reductive or oxidative pre-treatment. After stabilization 

of signals detected by the mass spectrometer (QMS), the reactor was opened to the 

mixing volume and heated to 550 oC with a rate of 2 oC.m-1 and isothermal for 4h. 

Afterwards, the temperature was decreased at the H2/D2 exchange reaction temperature of 

300 oC. Subsequently, the reaction system was evacuated to remove the calcination or 

reduction gas products. Previous to the isotopic reaction, equal amounts (1 KPa) of H2, 

D2 and N2 where injected to the mixing volume. After stabilization of the QMS signals, 

the reactor was opened to the mixing volume in order to start the isotopic H2/D2 exchange 

reaction. The reaction was followed for approximately 20 h. Mass spectra were collected 

every 0.1 min. The mass spectrometer signal was transformed to % fraction mol after 

calibration with individual pure gases of H2, D2 and HD. 
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Figure 5.1: H2/D2 equilibration apparatus 

 

5.2.2 N-heptane reaction set up 

 

The catalytic experiments were carried out in a plug-flow reactor with approximately 74 

mg of catalyst (Figure 5.2). Except for the GaCl3/ZSM-5 catalyst, the samples were 

loaded into the reactor under argon atmosphere to prevent hydration.  

The gas flows were controlled with mass-flow controllers (Brooks, type 5850S), 

operating from 0 to 200 ml.min-1. 

A liquid flow of 0.049 ml.min-1 of n-heptane (Merck, purity >99 %) was pumped with a 

Hewlett-Packard 1050 HPLC pump. The hydrocarbon was vaporised and kept at a 

constant temperature of 100 oC with a Shinho Heater. The reactor was a quartz glass tube 

with an internal diameter 0.4 cm and a total length of 20 cm. The reactor was heated at a 

length of approximately 10 cm with an oven controlled by a Eurotherm 2404. After 

passing a 60 micron filter, the samples were taken using a 16-loop sample valve with 

controls from Valvo Instruments Co. Inc. The products were analysed by a gas-

chromatograph (Shimadzu, GC-17A) with a fused silica column (PLOT fused silica, 50 

m by 0.53 mm inside, Al2O3/KCl 10 µm film) and a flame ionisation detector (FID). The 

GC was controlled by a computer with Shimadzu CLASS-VP Chromatography Data 

System software. 
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The catalyst were either pre-oxidized in 100 ml.min-1 of a mixture of 20 vol.% O2 in 

helium, or pre-reduced in 100 ml.min-1 of a mixture of 20 vol.% H2 in helium. These 

treatments were performed by heating the reactor to 550 oC at the rate of 2 oC.min1- and 

kept isothermally for 4 h. After pre-treatment, the reactor was flushed with 80 ml.min-1 of 

helium for 10 min. The reaction was started by flushing 100 ml.min-1 of 4 vol.% n-

heptane in helium at atmospheric pressure and 550 oC. Fifteen samples were collected, at 

different time intervals during 3 h time on stream (TOS), when the feed had reached the 

sample loops. Data of the GC were recalculated to mol%. 

The catalytic parameters were evaluated in terms of number of carbons of every 

compound (Ci) that are related to the chromatographic areas: 
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Figure 5.2: Reaction system for conversion of n-heptane. 
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5.3 Results 

 

5.3.1 Thermal decomposition of methylgallium species 

 

The reductive and oxidative treatments of TMG/ZSM-5 catalyst were followed by mass 

spectrometry. Figure 5.3 shows the MS signal for different pre-treatment products 

assigned as follows: m/e = 2 for H2, m/e = 16 for CH4 and O2, m/e=27 for C2H6, m/e =39 

for C3H8 and m/e =44 for CO2. Propane has a mass weight of 44, but the most intensive 

signal is detected at mass 39. The contribution at m/e = 16 is due to oxygen and methane. 

During the oxidative treatment, an increase of the m/e = 16 signal implies the production 

of methane. At temperatures around 200 oC the production of C2-, C3- and probably a 

small amount of higher hydrocarbons starts. Hydrogen is also produced in significant 

quantities. This implies that carbon-carbon coupling reactions are producing alkanes. 

Moreover, some dehydrogenation takes place that results in hydrogen and probably 

olefins products. This might even lead to a small production of coke. At higher 

temperatures, we observe a large production of carbon dioxide which is due to the 

combustion of the remainder of the hydrocarbon products and possibly includes the 

combustion of coke. 

On the contrary, the mass spectra for the reductive treatment show two desorption peaks 

around 100-150 oC and around 350-400 oC. The weak signals at low temperature are 

probably due to the elimination of small amounts of methane, ethane and propane species 

physisorbed on HZSM-5. A second elimination of small hydrocarbons is detected at 

higher temperature (350-400 oC). Ethane and small amount of propane are probably 

formed by reaction of methyl groups. However, methane is the main product of the 

reductive treatment as was also observed in a previous study.16 As expected, the 

production of carbon dioxide is very low. Summarizing, methane is the main product of 

the reductive treatment and CO2 of the oxidative treatment. 
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Figure 5.3: In situ oxidation (solid lines) and reduction (dashed line) of TMG/ZSM-5 catalyst 
followed by mass spectrometry. 
 

5.3.2 H2/D2 isotopic exchange 

 

Figure 5.4 shows the result of a typical H2/D2 equilibration experiment over TMG/ZSM5 

upon reduction with H2. The mol fractions of H2, D2 and HD present in the gas-phase are 

plotted against the reaction time. The reaction starts with equal amounts of H2 and D2 and 

the fraction of HD increases at the expenses of H2 and D2. In perfect equilibrium, the 

molar fraction HD would reach 0.5 for HD and 0.025 for H2 and D2. We can observe that 

this situation is obtained for the reduced catalyst implying that the amount of 

exchangeable hydrogen atoms from the catalyst itself should be very low. 
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Figure 5.4: H2/D2 isotopic exchange at 300 oC over TMG/ZSM-5 after reductive treatment. 

 

Figure 5.6 shows the H2/D2 isotopic exchange over TMG/ZSM-5 catalyst after oxidation 

treatment. In this case, the D2 fraction in the gas-phase decreases faster than the H2 

fraction. The fact that after equilibration the H2 fraction exceeds the D2 fraction indicates 

that a substantial amount of exchangeable hydrogen atoms were present in the initial 

catalyst. Hensen and co-workers17 quantified the amount of exchangeable hydrogen 

atoms species (Ho) initially present on Mo and Co supported on carbon catalyst. One can 

quantify these hydrogen species from the equilibrium fractions. In the case of H2/D2 

exchange over oxidized TMG/ZSM-5 the equilibrium was not reached in the reaction 

time of 18 h. Nevertheless, we can observe that the oxidative pre-treatment results in the 

presence of substantial amounts of exchangeable hydrogen atoms from the catalyst itself. 

These hydrogen atoms may primarily be Brønsted acid protons since the oxidative 

treatment leads to the regeneration of part of the initial acidity of HZSM-5. Furthermore, 

they might be related to the higher degree of structural defects of the zeolite induced by 

oxidative treatment, resulting in silanol groups. 27Al MAS NMR spectra indeed show that 

the oxidative treatment of the TMG/ZSM-5 catalyst leads to more extensive 

dealumination of the zeolite structure than the reductive treatment (Figure 3.6). 
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Figure 5.5: H2/D2 isotopic exchange at 300 oC over TMG/ZSM-5 after oxidative treatment. 

 

The initial rate of HD formation over different catalyst was calculated and are listed in 

Table 5.1. Clearly, HZSM-5 also catalyses the hydrogen-deuterium exchange. After 

oxidative treatment, the highest rate formation for HD is obtained over TMG/MOR 

catalyst with the lowest Ga/Al ratio equal to 0.4. IR results described in section 2.4, 

indicate that the TMG species substitute only part on the Brønsted acid sites after the 

chemisorption of TMG on mordenite. The mordenite zeolite which was modified with 

GaCl3 presents a lower HD formation rate than the catalyst modified with TMG. The 

catalysts with Ga/Al ratio higher or close to unity give similar low HD formation rates 

per mol of gallium. We clearly observe that addition of Ga to ZSM-5 strongly improves 

the equilibration activity (1st column). The recombination of hydrogen atoms adsorbed on 

the zeolite surface and the disposal to the gas phase is thus promoted by Ga species. We 

can observe that the activity does not depend strongly on the synthesis method comparing 

the sublimed GaCl3- and the trimethylgallium-derived sample. Reduction of the materials 

generally results in lower HD formation rates than catalysts prepared via oxidative routes. 

The oxidized and silylated catalyst (TMG/ZSM-5(Sy)) presents lower exchange rate than 

the non-silylated material (TMG/ZSM-5). This difference is due to the inertization of the 

external surface by the silylation reagent. TMG/ZSM-5(114) catalyst, with a high silica-

rich zeolite (Si/Al=114) and Ga/Al=4.7, is the least active catalyst for the isotopic 

exchange per mol of Ga. Figure 5.6 shows that the equilibrium of HD formation was not 

reached at less than 22 h. 
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Table 5.1: Initial rate of HD formation after oxidative or reductive pre-treatment.2 oC.min-1 to 
300 oC and 3 KPa of equal amounts of N2, H2 and D2. 

 
Sample Ga/Al ratio gHD/gcat h (x 10-4) molHD/molGa h 

Oxidative treatment    

TMG/ZSM-5(114) 4.7 14.9 1.24 

TMG/ZSM-5 1.5 30 1.63 

TMG/ZSM-5(Sy) 1.2 12.7 0.86 

GaCl3/ZSM5 0.9 12.6 1.15 

GaCl3/MOR 1.4 13.4 1.78 

TMG/MOR 0.4 65.0 6.60 

HZSM-5 0 5.0 - 

    

Reductive treatment    

TMG/ZSM-5(114) 4.7 3.7 0.31 

TMG/ZSM-5 1.5 9.9 0.55 

TMG/ZSM-5(Sy) 1.2 10.8 0.69 

GaCl3/ZSM5 0.9 12.7 1.16 

TMG/MOR 0.4 71.4 8.00 

 
 
 
 
 
 
 
 
 
 
 

 

 

 

Figure 5.6: H2/D2 isotopic exchange at 300 oC over TMG/ZSM-5 (Si/Al=114) after reductive 
treatment. 
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It has been proved that the reductive treatment improves the homogenous dispersion of 

the Ga and increases the interaction of Ga species and zeolites.18-20 To study how a 

homogenous dispersion of Ga species affects the initial HD formation rate, the 

TMG/ZSM-5 catalyst was consecutively reduced and oxidized (Figure 5.1). This last 

oxidative treatment was carried out for 2 or 4 h. We can observe that the oxidation 

treatment preceded by reduction increases considerably the H2/D2 initial exchange in 

comparison with the rate obtained after a single treatment. The oxidation time of 

previously reduced catalysts do not change dramatically the initial reaction rate. The fact 

that a directly oxidized catalyst gives lower HD formation rate is probably due to a 

formation of larger Ga2O3 clusters than those obtained after a reductive-oxidative 

treatment. The reductive treatment keeps the Ga species on the cation positions of the 

zeolite. Thus, we surmise that the low activity of these samples is due to the almost 

complete absence of Brønsted sites which appear important in the equilibration 

mechanism. The oxidative treatment preceded by reduction regenerates part of these 

Brønsted sites and probably the thus formed gallium oxide clusters are considerably 

smaller and located closer to the Brønsted acid sites. A reductive-oxidative treatment of 

TMG/ZSM-5 results in a better ratio of Ga-oxo species and Brønsted acid sites. Our 

results can thus be interpreted by the model forwarded by Biscardi and co-workers2,11, 

that Brønsted acid sites are required for the activation of H-H bonds while Ga species are 

needed to increase the rate of recombination of protons and the disposal as H2 to the gas 

phase. 

 

 

 

 

 

 

 

 

 

 
 



Chapter 5 
 

 99 

0

1

2

3

4

Oxidation Reduction-
Oxidation (2 h)

Reduction-
Oxidation

Reduction

Pre-treatment

m
ol

/m
ol

G
a.h

 
 
 
 
 
 
 
 
 
 

 

 

 

 

Figure 5.7: H2/D2 isotopic exchange at 300 oC over TMG/ZSM-5 after consecutive treatment with 
hydrogen and oxygen. Every thermal treatment isothermal at 550 oC was for 4 h except where is 
indicated. 
 

5.4 Conversion of n-heptane 

 

Figure 5.8 shows the total conversion of n-heptane for different catalysts after oxidative 

or reductive pre-treatment. In general, the initial conversion is higher over oxidized 

catalysts than over reduced catalysts. The oxidized catalysts deactivate strongly during 

the reaction, while the conversion on reduced samples is practically constant. The parent 

HZSM-5 has a relatively high constant conversion. TMG/MOR catalyst was also 

catalytically evaluated, however, the conversion of n-heptane was extremely low (not 

shown). Probably, the n-heptane cannot enter the one-dimensional micropores due to the 

presence of gallium oxide clusters at the pore entrances. This is likely since we have 

observed that the only small amounts of trimethylgallium can be deposited on mordenite 

due to diffusional limitations (section 2.4.2). The oxidative treatment probably forms 

small Ga2O3 clusters that block the pore entrance. Different groups have studied the 

diffusion of alkanes such n-hexane or n-heptane and have developed or applied the single 

file diffusion model.21,22 However, the chemisorption of TMG on MOR and the 

calcination treatment of the resulted material do not allow n-heptane to enter and react in 

the micropore space of mordenite. The silylated-ZSM-5-derived catalyst, TMG/ZSM-
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5(Sy), present a lower conversion both after oxidation and reduction than the TMG/ZSM-

5 samples. Apparently, the passivation of the external surface results in a lower activity. 

This is an important observation because conversion on the external surface proceeds 

without effects of the restricted pore dimensions. However, the effect of silylation may 

also be due to a decreased accessibility of the micropore entrances.23 All the catalyst 

tested on the activation of n-heptane have a higher Ga/Al ratio than unity, except for the 

GaCl3/ZSM-5 catalyst with a ratio equal to 0.92 (Table 5.1). The excess amount of Ga 

species and the IR results in chapter 2 for the reduced catalysts imply that the negatively 

charged oxygen atoms of the framework zeolite structure are compensated by Ga species 

after reductive pre-treatment. Thus, the concentration of Brønsted sites is rather low for 

reduced catalysts. This results in a lower conversion since the acid sites are active in the 

cracking of hydrocarbons. 

The oxidation pre-treatment regenerates part of the Brønsted sites and thus leads to a 

higher initial conversion. Strikingly, the reduced and oxidized catalysts have similar 

conversion of n-heptane after 3 h reaction. It could be that the oxidized material suffers 

from more extensive coke formation, but it may also be interpreted in the following way. 

The Ga=O species and gallium oxide aggregates initially present in a calcined Ga/zeolite 

catalyst reduce during the reaction which presents a reductive atmosphere.24 We assume 

similar situation, as reduction with H2, where the Ga species are reduced, re-dispersed 

and located on cationic position into the micropores after 3 h reaction. Hence a catalyst 

after reduction or oxidation behaves similarly at prolonged reaction times. 

The parent HZSM-5 catalyst presents a lower initial conversion of n-heptane than the Ga-

containing zeolites but does not deactivate extensively. In this case, the contribution of 

protolytic cracking will be higher although extra-framework Al species which are 

inevitably present in HZSM-5 can also contribute to dehydrogenation of the starting 

alkane. Nevertheless, the conversion is rather stable and t coke formation does not appear 

to be extensive. This strengthens the surmise that the stronger deactivation of the Ga-

containing materials is due to conversion of the nature of the Ga-species. Importantly, 

there are large differences in the selectivity to various products (paraffins, olefins and 

aromatics) between HZSM-5 and the Ga-loaded materials. 
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Figure 5.8: Conversion of n-heptane at 550 oC over TMG/ZSM-5 (•), TMG/ZSM-5(Sy) ( ), 
GaCl3/ZSM-5 ( ) and HZSM-5 ( ) after oxidative (a) and reductive (b) pre-treatment. 
 

Table 5.2 lists the conversion of n-heptane and the products distribution over HZSM-5 

and different Ga-containing catalyst after oxidative and reductive treatment. The 

selectivity to paraffins is higher on oxidized catalysts than on reduced catalysts.  

However, the selectivity to paraffins obtained by oxidized catalyst decrease during the 3 

h reaction while it is constant on reduced catalysts. Moreover, the final selectivity is 

similar for reduced and oxidized samples. The parent HZSM-5 presents constant 

selectivity to paraffins, olefins and aromatics. In general, Ga-containing zeolites are more 

selective to olefins than to paraffins. The selectivity to aromatics is promoted by the 

presence of Ga while the HZSM-5 shows rather low production of aromatics. The rest of 

the n-heptane converted was considered coke. For a better graphical understanding about 

the products distribution the yields versus reaction time is explained in the figures below.
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Figure 5.9 shows the yields to paraffins on different catalyst. The reduced catalysts 

present significantly lower yield to paraffin products than oxidized catalysts. Similar 

results were obtained for yields to olefins and aromatics. The yields to paraffins on 

oxidized TMG/ZSM-5 and GaCl3/ZSM-5 catalyst decrease with the time on stream. After 

3 h reaction, both reduced and oxidized catalysts present similar yields to paraffins. This 

observation confirms that Ga+3 ions obtained after oxidation are reduced during the n-

heptane reaction and located on Brønsted sites that are needed for the initial C-C bond 

activation. This might be due to the reduction of Ga species by hydrogen produced during 

the dehydrogenation of alkanes present in the reaction mixture. Ultimately, this will result 

in a complete substitution of acid protons by Ga species. The parent HZSM-5 presents 

the highest yield to paraffins and remains practically constant during all the reaction. 

Activation of alkanes occurs predominantly via protolytic cracking. This involves a 

carbonium-like transition state formed by the protonation of C-C or C-H bonds, which 

can produce either hydrogen or a paraffin and a carbenium ion. These carbenium ions can 

further crack via β-scission reactions and hydride transfer reactions between carbenium 

atoms and alkanes lead to a chain-like reaction mechanism.25 While protolytic cracking 

requires to overcome a high activation barrier, cracking via the bimolecular mechanism 

presents lower barriers. Moreover, cracking transition states associated with the 

bimolecular mechanism are stabilized by a high acid site density.26 HZSM-5 produces the 

highest amount of paraffins amongst the various catalysts.  
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Figure 5.9: Paraffin yield over oxidized and reduced TMG/ZSM-5 (•), GaCl3/ZSM-5 ( ) and 
HZSM-5 ( ). 
 

The yields to olefines are shown in Figure 5.10. Once again, the oxidized catalyst 

produce more olefines than the reduced samples. The deactivation of oxidized samples is 

also observed. The protonic zeolite on the other hand presents a stable production of 

olefins. In general, the yields to olefins are higher than the yields to paraffins. The main 

products in the activation of n-heptane are propane and propene. These two products are 

formed by cracking reactions of n-heptane. Many authors propose that the C3 olefin is an 

intermediate compound in the path to aromatization.5,8,11,27,28 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.10: Olefin yield over oxidized and reduced TMG/ZSM-5 (•), GaCl3/ZSM-5 ( ) and 
HZSM-5 ( ). 
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Figure 5.11 shows the yields to aromatic compounds including benzene, toluene and 

xylenes. In this case, Ga-containing zeolites produce more aromatic compounds than the 

parent HZSM-5. Moreover, even the reduced catalysts promote more the aromatisation of 

n-heptane than the proton zeolite. GaCl3/ZSM-5 catalyst presents the highest yield to 

aromatic compounds. Probably, the higher amount of Brønsted sites enhances the 

formation of olefins that by a second dehydrogenation form diolefins, by cyclization 

cycloalkenes and by interaction with Ga species and hydrogen transfer the final aromatic 

products are formed. 

Figure 5.11: Aromatic yield over oxidized and reduced TMG/ZSM-5 (•), GaCl3/ZSM-5 ( ) and 
HZSM-5 ( ). 
 

It was mentioned before, that propene and propane were the main products obtained by 

activation of n-heptane over HZSM-5 and Ga-containing zeolites. It has been reported 

that craking of n-hexane and n-heptane yields mainly propane and propene products.29 

This suggests that C3 hydrocarbons are normally the most stable products of n-heptane 

reactions. The propene/propane molar ratio (Figure 5.12) indicates that the production of 

propene is higher than the formation of propane. HZSM-5 presents a low and constant 

propene/propane ratio while the reduced catalysts show the highest ratio. Furthermore, 

the oxidized catalyst have initially a low ratio that increases with the reaction time. This 

again suggests the transformation of the Ga species from oxidized to reduced species.  
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The higher propene/propane ratio for the Ga-containing samples is observed even at short 

reaction time where the conversion of the oxidized Ga/ZSM-5 samples is higher than that 

of HZSM-5. This is thus a result of the presence of the dehydrogenation Ga function. 

These observations suggest that propene is an initial product of heptane cracking. At 

higher conversion the content of propane is increased via hydrogen transfer reactions. 

 

 

 

 

 

 

 

 

 

 

Figure 5.12: Propene/Propane mol ratio obtained over oxidized and reduced TMG/ZSM-
5 (•), GaCl3/ZSM-5 ( ) and HZSM-5 ( ). 
 

5.5 Discussion 

 

5.5.1 Decomposition of alkylgallium compounds 

 

In order to remove the alkyl groups formed by chemisorption of trimethylgallium on 

zeolites, the resulting materials were either oxidized or reduced. The decomposition of 

these alkyl groups was monitored by mass spectroscopy (Figure 5.3). Methane, ethane 

and propane were detected during both treatments. CO2 was the main product during the 

oxidative treatment. However, the production of CO2 is preceded by production of lower 

hydrocarbons and hydrogen. Oxidation transforms the dimethylgallium species into 

methoxy and also ethoxy species according to: 
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>Ga –O-CH3 
     
>Ga(CH3)2   +   O2           (Scheme 5.4) 

  
>Ga-O-CH2-CH3 

 

Two-dimensional 1H-13C NMR result (see section 2.4.5) shows that the as-synthesized 

TMG/ZSM-5 catalyst after exposure to moistened air yields to formation of ethoxy and 

methoxy groups. In case of oxidation, the formation of alkoxy groups occurs as effect of 

the temperature increase. Alkyl groups are then eliminated as small hydrocarbons, which 

also may include olefins and Ga-oxo species as Ga=O. The production of molecular 

hydrogen points to dehydrogenation of the produced hydrocarbons on Ga sites. This may 

even lead to a small amount of coke products. The remaining alkyl groups and the 

possibly present coke will finally oxidize to CO2 at relatively high temperature. This will 

also produce water and explains the earlier observations of the hydrolysis of part of the 

Ga=O species (scheme 3.2) and partial dealumination of the zeolite (see section 3.3.4) 

On the other hand, reduction of trimethylgallium allows a more defined removal of the 

alkyl groups. This reduction produces mainly methane as earlier reported.16 The final 

product of reduction of TMG/ZSM-5 materials is most probably a Ga-hydride species 

that compensates the negative framework charge. 

 

>Ga(CH3)2   +   2 H2      >GaH2   +   2 CH4    (Scheme 5.5) 

 

Summarizing, the main product during calcination of TMG adsorbed on ZSM-5 is CO2 

although at lower temperatures also hydrocarbons and hydrogen are observed. The final 

Ga product will be gallium oxide species attached to the framework structure (Ga=O). 

The reduction of TMG/ZSM-5 catalyst primarily yields methane with small amounts of 

other hydrocarbons and almost negligible amounts of carbon dioxide. This explains the 

lower dealumination and regeneration of Brønsted acid protons in the case of reduction 

than in the case of oxidation. In this sense, reductive activation of the trimethylgallium-

loaded ZSM-5 zeolite produces a better-defined material than oxidative treatment. 
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5.5.2 Catalytic evaluation of trimethylgallium loaded on zeolites 

 

The information obtained by the combination of the results of the H2/D2 isotopic 

exchange reaction and the n-heptane cracking reaction gives valuable information on the 

functionalities of the acid protons and the Ga species. Activation of trimethylgallium 

chemisorbed species in the micropores of ZSM-5 yields well-defined Ga species 

depending on the mode of pre-treatment. It is expected that such well-defined species 

allow a better comparison of the various Ga species in the activation of alkanes than for 

the case where conventional preparation methods for Ga-containing zeolites are 

employed.18,30,31 

H2/D2 isotopic exchange reactions indicate that the presence of Ga species increases the 

initial formation rate of HD (Table 5.1). Biscardi and co-workers2,11 observed similar 

effects for Zn/HZSM-5 and Ga/ZSM-5 catalysts prepared by conventional ion-exchange. 

In our case, oxidative pre-treatment of TMG/ZSM-5, TMG/MOR and GaCl3/ZSM-5 

catalysts result in a higher HD formation rate compared to a reductive pre-treatment. The 

proton zeolite, with the highest concentration of Brønsted acid sites, exhibits the slowest 

exchange rate. On one hand, the higher activity of the oxidized pre-treated catalysts can 

be due to a higher concentration of Brønsted acid sites generated upon oxidation. The 

chemisorption of TMG on ZSM-5 substitutes all the acid protons by Ga cations, 

subsequent oxidation regenerates part of these Brønsted sites, while the reductive 

treatment keeps the Ga homogeneously dispersed replacing all the acid protons. On the 

other hand, it could also be that the species resulting from oxidation are more active than 

reduced species. However, we have noted already before that although reduction results 

in Ga hydride species (GaHx), subsequent cooling or removal of the hydrogen 

atmosphere results in the re-oxidation of the larger part of the Ga species. It is thus 

expected that under the reaction conditions for the exchange reaction (temperature of 300 
oC, cooling in inert atmosphere) the major difference between the oxidized and the 

reduced catalyst is the presence of acid proton sites. 

Similar to the model by Biscardi and co-workers2, we believe that the H-H bonds are 

activated on Brønsted sites and nearby Ga species increase the recombination of H atoms 

and the desorption to the gas-phase as hydrogen. This explains why the reduced catalyst, 
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with a rather low concentration of Brønsted acid sites, results in lower HD formation rate 

than the oxidized catalyst. TMG/MOR catalyst with a Ga/Al ratio lower than unity and a 

high density of Brønsted sites gives the highest rate of HD formation. HZSM-5 also 

shows a noticeable but pronouncedly lower H/D exchange activity than the oxidized Ga-

containing ZSM-5 catalysts. It has been postulated that in HZSM-5 the H-H bond can be 

activated but that the zeolite surface becomes saturated by hydrogen atoms. Desorption of 

molecular hydrogen is rate-limiting. An extreme case is the reduced TMG/ZSM-5 (114) 

catalyst with low concentration of Brønsted sites and high Ga/Al ratio. This catalyst 

presents a very low HD formation rate (Figure 5.6). Thus, the activation of H-H bonds 

requires both Brønsted sites and Ga species to increase the disposal of H2. 

HZSM-5 and oxidized TMG/ZSM-5 and GaCl3/ZSM-5 catalysts present higher 

conversion of n-heptane than the reduced catalyst (Figure 5.8). This is again explained by 

the regeneration of Brønsted site after the oxidized pre-treatment. The Brønsted sites are 

needed for the activation of C-C bonds of the n-heptane. The reduced catalysts have a 

much lower concentration of such sites. The oxidized catalysts are deactivated fast, while 

HZSM-5 has a constant conversion of n-heptane. The conversion of alkanes generates a 

reductive atmosphere. This atmosphere relocates the Ga species on cation position and 

deactivates the oxidized catalysts. The conversion of n-heptane on the oxidized and 

silylated catalyst (TMG/ZSM-5(Sy)) is lower than on the non-silylated catalyst. This is 

explained by the inertization of the external surface that contributes to a non-shape-

selective alkane transformation. 

HZSM-5 has similar initial yield to olefins and higher yield to paraffins than Ga-

containing zeolites (Figure 5.9 and Figure 5.10). Different authors affirm that 

hydrocarbons are adsorbed on acid sites and form pentacoordinate cabonium ions.4,5,26 

These ions can transform in cracking or dehydrogenation products according to:4 
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Dehydrogenation reaction generates H2 that is necessary to remove from the zeolite 

surface. Here is when Ga species increase the rate of dehydrogenation reaction by the 

disposal of the H2 to the gas-phase. As was observed by H2/D2 isotopic exchange 

reaction, Ga species promote the recombinative desorption of H2. Although, HZSM-5 has 

high conversion of n-heptane it generates more undesirable cracking products due to 

inefficient H2 disposal. Figure 5.12 shows how the propene/propane ratio increased by 

the presence of Ga ions. Consequently, the higher production of alkenes would lead to 

higher formation of aromatics. The production of aromatic compounds is considerably 

higher over oxidized Ga-containing zeolites than over the parent HZSM-5 (Figure 5.11). 

Even the reduced samples produce slightly more aromatics than the proton zeolites. Thus, 

the aromatisation requires Ga active sites. Alkenes are intermediary compounds in the 

aromatisation of alkanes. This transformation consists of different steps that required both 

Brønsted and Ga sites. Olefins with a longer chain length (C6-C8) are transformed by a 

second dehydrogenation to diolefins. Because of the low concentration of diolefins 

detected by GC, we assume that these hydrocarbons are fast transformed to five or six-

member ring hydrocarbons by cyclization and finally to aromatics by hydrogen transfer 

reactions.25 We thus conclude that the presence of Ga species in combination with the 

presence of acid sites improves dehydrogenation steps from alkanes to alkenes and from 

alkenes to aromatics. Additionally, olefins can crack on Brønsted sites to yield lower-

chain length olefins and adsorbed carbenium ions.  

         R 
          | 
            R    R        H2   +   R C Rads   dehydrogenation  
             |     |                
H+

ads   +   R C R      R C+ Rads             carbenium       (Scheme 5.6) 
                      R 
             H    H                    | 
             RH   +   R C+

ads       cracking 
             carbonium        | 
           H 

+ 
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Summarizing, the activation of C-C bonds requires Brønsted sites. Dehydrogenation of 

alkanes to alkenes or alkenes to ring products produces H2 that needs to be removed from 

the catalyst. Ga species increase the recombinative desorption of H2 rate.  

 

5.6 Conclusions 

 

The present results show that the chemisorption of TMG on ZSM-5 yields a variety of 

alkylgallium species that are decomposed by H2 and O2 at high temperature. CO2 is the 

main product of the oxidative treatment with formation of H2. Methane, ethane and 

propane are also formed by reactions of methyl groups. The reductive treatment generates 

mainly methane and probably Ga hydrides. 

H2/D2 isotopic exchange reaction indicates that the activation of H-H bonds requires 

Brønsted acid sites and Ga species to remove the H2 and isotopic products to the gas 

phase. The reductive treatment keeps Ga homogenously dispersed and located on cation 

position. These well-dispersed Ga species deactivate the catalyst.  

HZSM-5 and Ga-containing zeolites have similar conversion of n-heptane. However, the 

H-ZSM-5 produces more cracking products than Ga-containing catalyst. Olefins are 

intermediary products in the aromatisation of alkanes. Ga species definitely promote the 

aromatisation of olefins by hydrogen exchange. The presences of Brønsted and Ga 

species are required for a better aromatisation of alkanes. 
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Summary and recommendations 
 
 

The shape-selective and acidic properties of ZSM-5 zeolites allow the conversion of light 

paraffins into valuable aromatic compounds. Gallium loaded on ZSM-5 promotes the 

formation of aromatics via sequential dehydrogenation, oligomerization and cyclization 

steps. The commercially used Cyclar process converts LPG (liquefied petroleum gas) to 

aromatics over a gallium-containing zeolite catalyst developed by British Petroleum Co. 

The structure and location of gallium cations in aromatisation of alkanes remain the 

subject of intense controversy even after relevant progress in numerous publications. The 

general aim of the present research is to understand better the nature and catalytic 

function of well-defined Ga species obtained by the chemisorption of trimethylgallium on 

zeolites. This contribution focuses on the synthesis procedure, detailed spectroscopic 

characterization and catalytic evaluation of the resulting Ga zeolites. 

Chapter 1 gives a short literature review about initial activation of alkanes over Ga-

containing zeolites as well as different methods for their synthesis. The general structure 

of zeolites and chemical proprieties of trimethylgallium (TMG) are discussed. 

Additionally, the process of passivating or inertizing the external hydroxyl groups of the 

zeolite is explained. 

Chapter 2 describes the anhydrous method of introducing Ga species in the zeolite pores 

by chemisorption of trimethylgallium and the characterization of the resulting materials. 

FTIR results prove that the chemisorption of trimethylgallium on HZSM-5 is an efficient 

method to disperse Ga into the micropore space. In contrast to HZSM-5, mordenite 

zeolite presents higher diffusion barrier for a homogeneous distribution of Ga species due 

to the lower dimensionality of the pore system. Silylation of zeolites with 

tetramethyldisilazane is an effective procedure in deactivating the silanol groups mainly 

located on the outer-zeolite surface. This increases the selective chemisorption of 

trimethylgallium on the Brønsted acid sites. Trimethylgallium chemisorbed on zeolites is 

sensitive to moistened air. Two-dimensional 1H-13C correlation NMR experiments 

indicate that the organometallic compound forms methoxy and ethoxy groups in the 

presence of O2 and H2O. Theoretical modelling points out that after chemisorption of 
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trimethylgallium the Ga atoms adopt tetrahedral coordination bonded to two framework 

oxygen atoms and two methyl groups. 

The activation of trimethylgallium on zeolites by oxidation and reduction is discussed in 

Chapter 3. The resulting catalysts were characterized during and after thermal treatment. 

Trimethylgallium selectively substitutes the acid protons from the Brønsted acid sites. 

However, a small excess of trimethylgallium is chemisorbed on the external zeolite 

surface when this surface has not been passivated. The reductive treatment 

homogeneously disperses this excess into the micropore space. On the contrary, the 

oxidative treatment regenerates part of the Brønsted acid sites and leads to water 

formation that induces the hydrolysis of Ga and the formation of neutral Ga-oxo species 

in the micropore space or at the external zeolite surface. 27Al MAS NMR indicates that 

the formation of water also causes some dealumination of the zeolite structure. 

Additionally, 71Ga MAS NMR shows that Ga species on zeolites adopt both tetrahedral 

and octahedral coordination after thermal treatment with oxygen or hydrogen and 

exposure to moistened air. 

In situ X-ray absorption spectroscopy (EXAFS and XANES) and an IR study of CO 

adsorbed on Ga-containing zeolites give information about the local coordination and 

oxidation state of the Ga atoms. The results of these two spectroscopy techniques are 

discussed in Chapter 4. EXAFS and XANES results suggest that trimethylgallium species 

substitute the acid protons in the micropores. The resulting dimethylgallium adsorbed is 

tetrahedrally coordinated to two framework oxygen atoms as proposed by theoretical 

calculations in Chapter 2. XANES and EXAFS results point to the formation of Ga 

hydrides species upon reductive treatment. The Ga hydrides species are unstable and re-

oxidize in the absence of hydrogen or upon cooling at room temperature. A presumably 

small amount of Ga metal is also detected by XANES under inert helium atmosphere at 

550 oC. The methylgallium species tetrahedrally coordinated to the zeolite structure 

reduce at lower temperature that the pre-oxidized Ga species in a mixture of tetrahedral 

and octahedral coordination. Although, XANES and EXAFS experiments at room 

temperature do not give evidence of reduced Ga species, an IR study of CO adsorbed on 

reduced Ga-containing zeolites suggests the presence of Ga+ cations. We believe that Ga 
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hydrides species are only detected at high temperature and under reductive atmosphere. 

However, the presence of reduced Ga species should be considered at room temperature. 

 

Taking a closer look at the decomposition of the trimethylgallium chemisorbed on 

zeolites, the reductive and oxidative treatments were monitored by mass spectroscopy. 

Chapter 5 presents evidences for a different decomposition procedure upon thermal 

treatment. During the oxidative treatment methane, ethane and propane were detected. 

Hydrogen is also produced in significant quantities suggesting carbon-carbon coupling 

that results in the formation of small alkanes, probably some olefins and coke. A large 

amount of CO2 is produced at higher temperature due to the combustion of coke and 

remained hydrocarbons. The combustion process yields a small amount of water that at 

high temperature provokes dealumination of the zeolite framework structure. The 

reductive treatment mainly produces methane and Ga hydride species that compensate 

the negatively charged oxygen atoms from the micropores. Thus, the reductive treatment 

of zeolite modified with trimethylgallium produces well-defined Ga species 

homogeneously dispersed into the micropore space. The zeolite framework structure is 

less affected by dealumination during the reductive treatment than during the oxidize 

treatments. 

The hydrogen-deuterium isotopic exchange reaction indicates that the presence of Ga 

atoms on zeolites increases the associative desorption of hydrogen. However, Brønsted 

acid sites are also necessary for the activation of H-H bonds. Initial conversion of n-

heptane cracking over oxidized Ga-containing zeolites is higher than over reduced 

catalysts, which exhibit a constant activity. However, the oxidized catalysts deactivate 

during n-heptane cracking reaction. Although coking effects may also play a role, the 

reductive conditions during alkane cracking most probably modifies the pre-oxidized Ga 

species leading to a loss of activity. Two factors explain the deactivation of oxidized 

catalysts: (i) reduction of the active Ga3+ ions to a less active Ga species with a lower 

oxidation state and (ii) re-dispersion of Ga atoms to cation position replacing the 

Brønsted sites needed for activation of C-C bonds (loss of cracking activity). The parent 

HZSM-5 presents a high conversion of n-heptane and a high selectivity to paraffins, 

which remain constant during the catalytic reaction. The high production of paraffins on 
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HZSM-5 is due to a cracking of n-heptane via bimolecular mechanism promoted by a 

high acid site density. Aromatisation of olefins is particularly promoted by Ga species. 

The non-shape selective conversion of n-heptane on the external zeolite surface can also 

be slightly decreased by the silylation procedure.  

Although chemisorption of trimethylgallium on ZSM-5 is selective to Brønsted sites, a 

quantitative control of Ga loaded on zeolites should result in a material with more 

catalytic advantages. Thus, it is recommended to carry out the chemisorption of 

trimethylgallium in a special device that allows a controlled loading of Ga species on 

zeolites. 

This study shows that the reduced Ga species obtained at high temperature under 

reducing conditions are unstable at low temperature. Thus, it is advisable to study the 

effects of the reductive treatment in situ IR at high temperature. IR spectroscopy will 

provide value information about the Ga-containing zeolites at reaction conditions. The Ga 

hydride species, difficult to characterize, should in principle be observed by their Ga-H 

vibration frequencies around 1720 and 2050 cm-1. 

The reductive treatment of Ga-containing zeolites yields a well-defined Ga species that 

compensates the negatively charged oxygen atoms of the framework structure. The 

oxidative treatment regenerates part of the Brønsted sites with formation of water that 

promotes dealumination of the zeolites. In order to have the active oxidized Ga species 

and well-dispersed into the micropore space, the pre-reduced catalyst can be oxidized 

with a more soft oxidant such as nitrous oxide. This may be a route to form Ga=O cations 

without regeneration of Brønsted sites and dealumination of the zeolite. 

High resolution of transmission electron microscopy (HR-TEM) is a powerful technique 

that provides information about the particles size and distribution of supported oxides and 

can give additional information of the Ga species on the external surface after various 

types of pre-treatment. 
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Samenvatting en aanbevelingen 
 
 

Door de vormselektieve en zure eigenschappen van zeolieten met de MFI toplogie 

kunnen deze aluminosilicaten gebruikt worden om lichte alkanen om te zetten in meer 

waardevolle aromatische verbindingen. De aanwezigheid van gallium in de micro-poriën 

van ZSM-5 zeoliet beïnvloedt de opbrengst van aromaten positief via een aantal stappen 

(dehydrogenering, oligomerizatie en cyclizatie). Deze materialen worden commercieel 

toegepast in het Cyclar proces waarbij LPG (liquefied petroleum gas) wordt omgezet in 

aromaten. De struktuur en de lokatie van de gallium deeltjes die van belang zijn voor de 

aromatizering van alkanen is een onderwerp van discussie. Het doel van het huidige 

onderzoek is om te komen tot een beter begrip van de aard en de katalytische 

eigenschappen van goed-gedefinieerde gallium deeltjes. Deze deeltjes kunnen bereid 

worden via de chemisorptie van trimethylgallium in zeolieten. Deze bijdrage gaat in op 

de bereidingsmethodieken, geeft een gedetailleerde spectroscopische karakterisering van 

de materialen. Daarnaast worden de materialen getest in enkele katalytische reakties. 

Hoofdstuk 1 geeft een overzicht van de relevante literatuur over de aktivering van 

alkanes in gallium-houdende zeolieten alsmede de verschillende bereidingsmethodieken 

voor dit soort materialen. De struktuur van zeolieten en de chemische eigenschappen van 

trimethylgallium (TMG) worden besproken. Daarnaast wordt ingegaan op de passivering 

van het externe oppervlakte van zeolieten door silylering.  

Hoofdstuk 2 beschrijft een methode om Ga deeltjes via een droge route in de 

zeolietporiën  te introduceren. De chemisorptie van trimethylgallium wordt besproken en 

er zal ingegaan worden op de struktuur van deze materialen. Infrarood spectroscopy geeft 

hierbij aan dat de chemisorptie van TMG een effektieve methode is om Ga dispers in de 

microporiën van ZSM-5 zeoliet te brengen. Deze methode is minder geschikt voor 

mordeniet, aangezien de lagere dimensionaliteit van het porienetwerk van deze zeoliet tot 

diffusielimiteringen leidt en een inhomogene verdeling van Ga. De silylering van het 

buitenoppervlakte van het zeoliet met tetramethyldisilazaan is een goede methode om de 

silanol groepen aanwezig op het externe oppervlakte te passiveren. Dit materiaal is beter 

geschikt als uitgangsmateriaal voor de chemisorptie van TMG. 
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Het gedrag van trimethylgallium geadsorbeerd op zeoliet in de aanwezigheid van lucht, 

zuurstof en waterdamp wordt middels NMR bestudeerd. Twee-dimensionale 1H-13C 

correlatie NMR experimenten geven aan dat de organometallische precursor methoxy en 

ethoxy groepen vormt in de simultane aanwezigheid van zuurstof en water. Theoretische 

modelberekeningen laten zien dat de meest gunstige struktuur van geadsorbeerd 

trimethylgallium in feite een dimethylgallium kaiton is dat tetraedrisch gebonden is aan 

twee basische zuurstofatomen van het zeolietrooster. 

De aktivering van geadsorbeerd TMG door middel van oxidatie en reductie wordt 

beschreven in hoofdstuk 3. De katalysatoren worden gekarakteriseerd gedurende en na de 

thermische behandelingen in zuurstof of waterstof. Trimethylgallium substitueert de zure 

protonen. Daarnaast bevindt er zich een kleine fraktie gallium deeltjes op het 

buitenoppervlakte indien het zeoliet niet gesilyleerd is. Een reduktieve behandeling zorgt 

voor een homogene verdeling van dit overschot aan Ga. Daarentegen leidt een oxidatieve 

behandeling tot vorming van water. Deze watermolekulen hydrolyseren een gedeelte van 

de kationische Ga klusters en zorgen daarmee voor regeneratie van een klein gedeelte van 

de zure protonen. Daarnaast blijkt uit 27Al MAS NMR metingen dat er een gedeeltelijke 

dealuminering van het zeolietrooster plaatsvindt. 71Ga MAS NMR metingen laten zien 

dat er zowel Ga deeltjes zijn die tetraedrisch en octaedrisch omringd zijn na oxidatieve en 

reduktieve voorbehandelingen. 

In situ X-ray absorptie spectroscopy (EXAFS en XANES) en een infrarood studie of 

geadsorbeerd koolstofmonoxide geeft relevante information over de lokale coordinatie en 

oxidatietoestand van Ga atomen. De resultaten van deze twee technieken worden 

bediscussieerd in hoofdstuk 4. EXAFS en XANES resultaten bevestigen dat de 

trimethygallium deeltjes de zure protonen van het rooster vervangen. De resulterende 

dimethylgallium deeltjes zijn tetraedrisch gecoordineerd aan twee roosterzuurstofatomen 

in overeenstemming met de eerdere kwantumchemische berekingen (hoofdstuk 2). De 

XANES resultaten duiden verder op de vorming galliumhydride deeltjes tijdens de 

reduktieve voorbehandeling. Deze deeltjes zijn instabiel en reoxideren in de afwezigheid 

van waterstof of tijdens koelen naar kamertemperatuur. Een zeer kleine fraktie van het 

gallium is aanwezig als Ga metaal. Uit een vergelijking van de reduktie van 

dimethylgallium deeltjes en gallium-oxide deeltjes verkregen door oxidatie van 
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dimethylgallium deeltjes volgt dat de eerste alkylgallium deeltjes makkelijker reduceren 

dan de oxidische deeltjes. Alhoewel de XAS experimenten geen aanwijzingen geven voor 

gereduceerde Ga deeltjes bij kamertemperatuur laten IR experimenten van geadsorbeerd 

CO zien dat er een kleine fraktie monovalente Ga kationen aanwezig zijn. Deze 

galliumhydride deeltjes kunnen alleen gedetecteerd worden bij hoge temperatuur en 

onder reducerende omstandigheden. We moeten echter rekening houden met de 

aanwezigheid van gereduceerde Ga deeltjes, wellicht Ga+ in plaats van galliumhydride, 

bij kamertemperatuur. 

Om meer inzicht te krijgen in de ontleding van de alkylgalliumdeeltjes werden de 

reduktieve en oxidatieve behandelingen gevolgd middels massaspectrometrie. Hoofdstuk 

5 laat zien dat de twee routes verschillende produkten geeft. Tijdens de oxidatieve 

voorbehandeling worden voornamelijk methaan, ethaan en propaan gevormd. Waterstof 

wordt ook in aanzienlijke hoeveelheden gevormd en dit lijkt verbonden te zijn aan de 

vorming van koolstof-koolstof bindingen. Daarnaast worden er ook kleine hoeveelheden 

olefines en cokes gevormd. Bij hogere temperature wordt er voornamelijk 

koolstofdioxide geproduceerd uit oxidatie van cokes en de overblijvende 

koolwaterstoffen. Dit verbrandingsproces leidt tot de vorming van water en tot 

dealuminering van de zeoliet. Daarentegen leidt de reduktieve behandeling tot de 

vorming van voornamelijk methaan en galliumhydride deeltjes die de negatieve lading 

van het zeolietrooster compenseren. Het lijkt erop dat een reduktieve voorbehandeling 

resulteert in een beter gedefinieerd systeem met een meer homogene verdeling van Ga in 

de microporieruimte van het zeoliet. Aangezien er bijna geen water gevormd worden zal 

de zeolietstruktuur minder aangetast worden tijdens deze voorbehandeling. 

Waterstof-deuterium uitwisseling laat zien dat de aanwezigheid van gallium in zeolieten 

leidt tot een toename van de associatieve desorptie van waterstof. Het blijkt dat Brønsted 

zure protonen ook nodig zijn voor de aktivering van H-H bindingen. De initiële conversie 

gedurende het katalytisch kraken van heptaan is hoger over gallium-bevattende zeolieten 

die oxidisch voorbehandeld zijn dan over dezelfde materialen die eerst gereduceerd zijn. 

Alhoewel deaktivering door cokes-vorming een rol zal spelen leiden de reducerende 

reaktiecondities tot een sterke daling van de aktiviteit van de oxidisch voorbehandelde 

katalysatoren. Twee verklaringen kunnen hiervoor aangedragen worden: (1) reduktie van 
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aktieve Ga3+ kationen naar een minder aktief deeltje in een lagere oxidatietoestand en (2) 

een redispersie van Ga atomen naar kationische posities waardoor alle Brønsted zure 

protonen weer vervangen worden door kationische gallium klusters. Deze protonen zijn 

belangrijk voor de aktivering van koolstof-koolstof bindingen. HZSM-5 zelf vertoont een 

hoge conversie in de conversie van heptaan en een hoge selektiviteit naar paraffines. De 

hogere produktie van paraffines over HZSM-5 is gerelateerd aan de hogere zuurdichtheid 

hetgeen gunstig is voor het bimoleculaire kraakmechanisme. Wanneer Ga aanwezig is 

leidt dit tot een toename van de aromatisering van de olefines. Het passiveren van het 

buitenoppervlakte leidt tot een kleine verbetering in de selektiviteit. 

Hoewel de methode om TMG op zeoliet aan te brengen goede mogelijkheden biedt om 

goed-gedefinieerde kationische klusters te maken, is het moeilijk om de hoeveelheid Ga 

kwantitatief te beïnvloeden. Het is dus aan te raden om aandacht te besteden aan 

methodes om de hoeveelheid Ga die geïntroduceerd wordt in de zeolietporiën te sturen. 

Deze studie laat zien dat de gereduceerde Ga deeltjes verkregen bij hoge temperatuur 

onder reducerende omstandigheden instabiel zijn bij lagere temperaturen en/of in de 

afwezigheid van waterstof. In situ IR spectroscopie is dus belangrijk om de aard van de 

deeltjes bij hoge temperatuur op te helderen. Een belangrijk punt hierbij is om uit te 

zoeken of galliumhydride deeltjes gevormd worden.  

Terwijl de reduktieve voorbehandeling leidt tot goed-gedefinieerde kationische klusters, 

zorgt een oxidatieve voorbehandeling voor de regeneratie van de Brønsted zure protonen 

en een gedeeltelijke dealuminering. Om beter-gedefinieerde gallium oxo kationische 

complexen te verkrijgen kan de gereduceerde precursor geoxideerd worden bij voorkeur 

met een zachtere oxidant zoals lachgas. Op deze manier kunnen wellicht kationische 

Ga=O deeltjes verkregen worden zonder regeneratie van protonen en een gedeeltelijke 

dealuminering van het zeolietrooster. Verder kunnen de katalysatoren verder 

gekarakteriseerd worden met hoge resolutie electronen microscopie. Dit geeft inzicht in 

de dispersie van gallium oxide klusters aan de buitenkant van de zeoliet en hun eventuele 

migratie in de poriën als gevolg van diverse voorbehandelingen. 
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Resumen y recomendaciones 
 
 
Las propiedades ácidas y porosas de zeolites, especialmente ZSM-5, convierten parafinas 

ligeras en compuestos aromáticos. Galio soportado en ZSM-5 promueve la formación de 

aromáticos vía reacciones de deshidrogenación, oligomerización y ciclización. El proceso 

Cyclar convierte gas licuado de petróleo (GLP) en compuestos aromáticos usando 

catalizadores modificados con galio desarrollados por la compañía British Petroleum Co. 

Aunque existen un gran número de publicaciones, la estructura y localización de cationes 

de galio durante reacciones de aromatización son temas de interés y controversia. El 

objetivo general de esta investigación es tener un mejor entendimiento sobre la naturaleza 

y función catalítica del galio que se obtiene por la adsorción de trimetilgalio en zeolitas. 

El presente estudio se enfoca en la síntesis, caracterización espectroscópica detallada y 

evaluación catalítica de zeolitas que contienen galio. 

El Capitulo 1 contiene una breve revisión bibliográfica sobre la activación inicial de 

alcanos sobre catalizadores Ga/ZSM-5, así como diferentes métodos de síntesis. 

Adicionalmente, se describe la estructura general de las zeolitas y las propiedades 

químicas del trimetilgalio. El proceso de pasivar los grupos silanol localizados en la 

superficie externa de la zeolita también se explica en este capitulo. 

El Capitulo 2 describe el método anhidro para la preparación de catalizadores Ga/ZSM-5 

vía deposición química de vapor usando trimetilgalio. Espectroscopía de FTIR muestra 

que la adsorción química del trimetilgalio dispersa eficientemente la especies de Ga en 

los microporoso de la zeolita. A diferencia de HZSM-5, la mordenita presenta mayor 

barrera difusional en la dispersión de compuestos de Ga en los microporos debido a la 

baja dimensionalidad del sistema poroso. Sililación de zeolitas con tetrametildisilazano 

desactiva eficientemente los grupos silanol localizados principalmente en la superficie 

externa de las zeolitas. Trimetilgalio adsorbido en zeolitas es sensible al aire húmedo. 

Espectroscopía bidimensional 1H-13C RMN indica que el compuesto órganometálico 

forma grupos metóxidos y etóxidos en presencia de O2 y H2O. Modelamiento teórico 

indica que después de la adsorción de trimetilgalio, los átomos de galio adoptan 

coordinación tetraédrica enlazada a dos átomos de oxígeno y dos grupos metilos.  
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La reducción y oxidación del trimetilgalio adsorbido en zeolitas se describe en el 

Capitulo 3. Los catalizadores fueron caracterizados durante y después del tratamiento 

térmico. El trimetilgalio substituye selectivamente los protones ácidos de los sitios 

Brønsted. Sin embargo, el exceso de trimetilgalio es adsorbido en la superficie externa de 

la zeolita. El tratamiento de reducción dispersa homogéneamente este exceso en el 

espacio microporoso. Contrariamente, el tratamiento de oxidación regenera parte de los 

sitios Brønsted produciendo agua que provoca la hidrólisis del galio y la formación de 

Ga-oxo especies neutras en los microporos o en la superficie externa de la zeolita. 

Resultados de 27Al MAS RMN indican que el agua producida durante la oxidación causa 

mayor dealuminación de la zeolita que el tratamiento de reducción. 71Ga MAS RMN 

muestra que los átomos de galio adoptan coordinación tetraédrica y octaédrica después 

del tratamiento térmico con oxígeno o hidrógeno y exposición a aire húmedo. 

Espectroscopía de absorción de rayos-X (EXAFS y XANES) y el estudio de IR de CO 

adsorbido en Ga soportado en zeolitas proporcionan información sobre la coordinación y 

estado oxidativo de los átomos de Ga. Lo resultados de estas dos técnicas 

espectroscópicas son mostrados en el Capitulo 4. Los estudio de EXAFS y XANES 

indican que las especies de trimetilgalio substituyen los protones ácidos localizados en 

los microporso. El resultante dimetilgalio se coordina tetraédricamente a dos átomos de 

oxígeno de la estructura zeolítica como los resultados del modelamiento teórico también 

indican. Resultados de XANES señalan la formación de hidratos de galio (GaHx) después 

de reducción. Las especies GaHx son inestables en ausencia de hidrógeno o con la 

disminución de temperatura. Una pequeña cantidad de Ga metálico fue detectada por 

XANES en atmósfera de helio a 550oC. Las especies metilgalio que se coordinan 

tetraédricamente a la estructura de la zeolita se reducen a temperatura más baja que las 

especies de Ga pre-oxidadas conteniendo ambas coordinaciones, tetraédrica y octaédrica. 

Aunque, EXAFS y XANES no dan evidencia de especies reducidas de Ga a temperatura 

ambiente, el estudio de IR de CO adsorbido en catalizadores reducidos indica la presencia 

de cationes Ga+ a temperatura ambiente. Nosotros suponemos que los hidratos de galio 

solo son detectados a altas temperaturas y en atmósfera reductiva. Sin embargo, uno debe 

considerar la presencia de Ga reducido a temperatura ambiente. 
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El Capitulo 5 reporta la descomposición del trimetilgalio adsorbido en zeolitas durante la 

oxidación y reducción monitoreada por Espectroscopía de masas. Durante el tratamiento 

oxidativo se detectó la producción de metano, etano y propano. Una considerable 

cantidad de hidrógeno fue también producida indicando el acoplamiento corbono-

carbono resultando en la formación de alcanos ligeros, olefinas y coque. CO2 se produjo a 

temperaturas mayores debido a la combustión de coque y algunos hidrocarburos. El 

proceso de combustión genera una pequeña cantidad de agua que provoca la 

dealuminación de la estructura zeolítica. El tratamiento de reducción produce 

principalmente metano y GaHx que compensa los átomos de oxígeno cargados 

negativamente y localizados en los microporos. De esta manera, el tratamiento reductivo 

produce especies de Ga bien definidas y homogéneamente dispersas en el espacio 

microporoso. El tratamiento reductivo de las zeolitas modificadas con Ga provoca menor 

dealuminación que el tratamiento oxidativo. 

El intercambio isotópico hidrógeno-deuterio indica que la presencia de Ga en zeolitas 

incrementa la desorción asociativa de hidrógeno. Sin embargo, los sitios ácidos Brønsted 

también son necesarios para la activación de enlaces H-H. La conversión inicial de n-

heptano es mayor sobre catalizadores oxidados que sobre los reducidos. Sin embargo, los 

catalizadores oxidados se desactivan durante la reacción de n-heptano. La 

deshidrogenación de alcanos genera una atmósfera reductiva que modifica las especies de 

Ga pre-oxidadas causando la desactivación. Dos factores explican la desactivación de 

catalizadores oxidados: (i) reducción de las especies activas Ga3+ y (ii) re-dispersión de 

los átomos de Ga substituyendo los ácidos Brønsted necesarios para la activación de 

enlaces C-C. La zeolita HZSM-5 presenta alta conversión de n-heptano y alta 

selectividad a parafinas que permanecen constantes durante la reacción catalítica. La alta 

producción de parafinas sobre HZSM-5 es causada por el craqueo de n-heptano vía 

mecanismo biomolecular promovido por la alta densidad de sitios ácidos. La 

aromatización de olefinas es particularmente promovida por especies de Ga. La 

conversión de n-heptano fuera de los microporos se reduce con la sililación de la 

superficie externa de la zeolita. 

A pesar de la selectiva adsorción de trimetilgalio sobre sitios Brønsted, un control 

cuantitativo del Ga depositado sobre zeolitas resultaría en un catalizador con mejores 



 

 124 

resultados en reacciones catalíticas.  Por lo tanto, es recomendable realizar la adsorción 

de trimetilgalio en zeolitas controlando la cantidad del mismo.   

En este estudio se ha comprobado que las especies reducidas de Ga son inestables a 

temperatura ambiente. Por lo tanto, se recomienda estudias los efectos de reducción 

utilizando Espectroscopía de IR a alta temperatura. Las especies GaHx podrían ser 

detectadas por la frecuencia de vibración Ga-H en el rango 1720 y 2050 cm-1. 

El tratamiento reductivo de Ga soportado en zeolitas genera Ga especies bien definidas y 

compensando la carga negativa de la estructura zeolítica. El tratamiento de oxidación 

regenera parte de los sitios Brønsted formando agua que provoca la dealuminación de la 

estructura zeolítica. Con el objetivo de activar los átomos de Ga y dispersarlos en los 

microporos, el catalizador pre-reducido puede ser oxidado con N2O. Este proceso oxidará 

suavemente las especies de Ga y probablemente sin regeneración de sitios Brønsted y con 

menor de aluminación de la estructura zeolítica. 

Microscopia electrónica de transmisión (MET) proporciona información sobre tamaño de 

partícula y dispersión de óxidos soportados. Esta técnica ayudaría al estudio de dispersión 

de galio soportado en zeolitas después de tratamientos térmicos con hidrógeno u oxígeno. 
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