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CHAPTER 1 

GENERAL INTRODUCTION 

Zeolites 

Zeolites consist of a three-dimensional network of Si04 and Al04 
tetrahedra. These are linked in such a way that they enclose 
micro-pores and/or cavities, which render zeolites an open structure. 
For instance ZSM5 has an internal volume of 0.17 ml/g and, because the 
lattice density is 1.7 g/ml, the void volume is about 30%. One unit 
of negative charge is associated with each intra-lattice Al. The 
compensating charge is in the form of cations located near the Al. 
When these cations are protons, zeolites can act as strong, solid 
acids. Catalytic centers can also be metals or their ions, which can 
be introduced by a variety of techniques, ion exchange being most 
commonly used. Hydrocarbons can reach these centers via the channels 
or cages. The aperture of these channels/cages, which is defined by 
rings of Si(Al)04 tetrahedra, determines the size of the molecules 
that can gain access to a zeolite crystallite. Zeolites can be grouped 
according to the number of tetrahedra which constitute this ring. For 
small-pore zeolites such as A zeolite and erionite this number is 8, 
and for large-pore zeolites like Y and mordenite it is 12. The pore 
diameter of ZSM5 is determined by 10-rings (see Fig. 1). 

Figure 1. View in a 
straight pore of ZSMS. 
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The general formula for zeolites can be expressed as: 

In the case of ZSM5 zeolite, one unit cell consists of 96 tetrahedra. 
At most 8 of these can be Al; ZSM5 is a highly siliceous material. The 
Si/Al ratio, which is the commonly but not so suitable quantity used 
to express the amount of zeolitic Al, is given in Fig. 2 for ZSM5 as 
function of the number of Al atoms per unit cell {u.c.). When this 
number is zero (or very small), ZSM5 is called silicalite. 

100 

St/AL 

50 

10 

12345678 
AL/I},C. 

Figure 2. Relation between Si/Al 
ratio and Al per unit cell for ZSM5. 

The uniform pores of ZSM5 are made up from 'cylinders' of oxygens. Two 
types of pores can be distinguished in the structure of ZSM5; straight 
channe 1 s para 11 e l to .the b-axi s with dimensions 0. 54 x 0. 56 nm and 
sinusiodal channels in the [100] direction, with dimensions 0.51 x 
0.55 nm. The outer surfaces perpendicular to the c-axis are 
impenetrable. The chann.els cross each other at regular intervals. When 
travelling in the interior of ZSM5, one channel intersection after 
another will be passed. The direction can be changed at each 
intersection; a zeolite crystallite can therefore be passed along 
numerous, three-dimensional routes. 

A channel intersection can be considered as a cavity, with a rather 
open structure, that can be entered from 4 sides {see Fig. 3). Each 
entrance consists of a 10-membered ring with a diameter of about 0.55 
nm. 
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Figure 3. Drawing of a pore inter
section in ZSM5, view along a-axis. 

The structure of ZSM5 can be build entirely from the cage as depicted 
in Fig. 3. The 10 rings of the cages are linked in such a way that 
pores along the a and b axis are present. 

Reactions in Cages 

Compared to the acid sites present in the large-pore zeolites H-Y and 
H-mordenite, acid sites in ZSM5 deactivate much slower [1,2] in 
hydrocarbon conversion reactions. This can be attributed to the 
sterical influence of the ZSM5 cages, that surround the acid sites. In 
addition, the much lower acid site density of H-ZSM5 will be of 
influence. The available free space in ZSM5 around the active sites is 
such that the formation of carbonaceous deposits, such as poly
aromatics, is seriously hampered. Only at extended reaction times 
internal coke is formed in ZSM5 as was shown by Post (hexane cracking) 
[3] and recently by Bibby et al. (dimethyl ether conversion) [4]. The 
influence of the ZSM5 zeolite framework is also manifested in the well 
known shape selectivity [5,6]; the size of both the reactants and the 
products can not exceed the dimensions of the pores. 

In the cages of ZSM5, products as large as 1 nm can be formed. The 
aperture of the cages is however only about 0.55 nm. Consequently, 
deactivation occurs when large products are formed. The acid sites in 
the pores occupied by these species are then no longer accessible to 
new reactants. It is not necessary that these large products have a 
coke-like (low H/C) nature. For example they can be poly-a"lkyl-
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benzenes, especially of the type with 4 or more alkyl groups. Since 
their size is of the order of the cage apertures, these species will 
have a low diffusion rate. Due to the fact that the cages in ZSMS are 
interconnected, the occupied cages can in most cases be circumvented, 
and thus the surrounding sites are still accessible to reactants. 
Another example of non-coke species that can block the cavities of 
ZS~i5 are ol i gomers. It has been observed that f n the react f on of 
propene over ZSM5, products appear at a much higher temperature 
compared to the large-pore zeolites H-Y and H-mordenite [7]. This is 
due to the fact that at low temperatures long oligomers are formed 
from propene, which can not desorb due to their length. At higher 
temperatures, the average length decreases by cracking, which 
facilitates the diffusion. In this way, the pores are partly liberated 
from the blocking oligomers and thus the corresponding acid sites 
become accessible again to reactant propene. 

Aside from potential advantages of cages, the mentioned possibility 
of pore blocking by product molecules with low diffusion rate is a 
disadvantage. For sites on a surface not surrounded by a framework, 
this kind of deactivation does not exist. However, in that case coke 
can easily be formed, which will cause deactivation since the coke 
species are strongly adsorbed. Reactivation can only take place by 
burning them off. Since the formation of products can take place 
freely,· reactions on free surface sites will show no shape 
selectivity. The products other than coke, regardless of their size, 
can always desorb from the acid sites. Moreover, sites not occupied by 
carbonaceous species are completely accessible to reactants of all 
sizes. If shape selective catalysis is not desired, active sites 
located on free surfaces have a more appropriate configuration than 
sites occluded in cages. However, formation of carbonaceous precursors 
on the free sites has then to be prevented by other means. 

Zeolites are applied extensively as cracking catalysts in the oil 
industry. Since the size of the reactants involved is rather large, 
only the large-pore zeolites are adequate. Due to their higher 
catalytic activity and improved yields to gasoline, zeolites have 
fully replaced the previously applied amorphous silica-alumina 
catalysts. Zeolite X was first introduced by Mobil Oil Corporation as 
an improved cracking catalyst some 25 years ago [8]. Surprisingly no 
alternatives have been introduced until now. One can think of the 
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development of zeolite-like catalysts with larger pores. The acid 
sites in these imaginary catalysts are then accessible to the largest 
hydrocarbons as present in oil. An example of zeolite-type materials 
are pillared interlayer clays; narrow channels are present between the 
clay layers [9]. The size of these channels can be varied by changing 
the pillaring species. In addition, these materials contain acid sites 
and thus they can be applied as catalysts, for example in the 
conversion of methanol to hydrocarbons [10]. 

Some Calculations on the Internal Volume of ZSM5 

The ZSM5 pore system can be the ·subject of some interesting 
calculations. One gram of dry ZSM5 with a Si/Al ratio of 23 contains, 
assuming a homogeneous distribution, 1 Al per cage. The internal 
volume of pure ZSM5 is 0.17 ml/g, as measured by n-butane capillary 
condensation. The pores of ZSM5 can be considered as cylinders with an 
average diameter of about 0.6 nm. The total pore length can then be 
calculated from the total pore volume and this diameter. This is equal 
to 0.17/vx(3.1o-8)2 em= 6.108 km per g ZSM5, which is in the order of 
the distance earth-sun. About the same pore length can be obtained 
from the amount of n-butane that adsorbs on 1 . g ZSM5 at room 
temperature, i.e. by multiplying the length of one n-butane molecule 
with the total number of molecules that adsorb (assuming an end-to-end 
adsorption mode). 

The adsorption of small alkanes like n-butane is a rapid process; 
equilibrium at room temperature in the pressure-independent region is 
established within one minute. This adsorption can be represented as 
the movement of numer9us trains of butane molecules to the interior of 
the ZSM5 crystallites. Their velocity is determined by the friction 
experienced due to the movement in the narrow channels and the driving 
force caused by physisorption. The n-butane molecules can enter the 
ZSM5 crystals through the pore openings on the surface. For a cubic 1 
wn particle the outer surface that contains entrances is 4·106 nm2. 
About each 0.5 nm2 outer surface contains one pore opening; the total 
number of openings is thus about 107. The saturation of a ZSM5 sample 
with n-butane at room temperature takes about 30 s. On average each of 
the zeolite crystallites is filled in this time. The average velocity 
of the butane molecules during adsorption, calculated by dividing the 
total pore length (1 m) by the product of the total number of pore 
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entrances of a 1 pm particle and the time required for saturation, is 
equal to about 3 nm/s. At 300 K and 1 atm, the average velocity of a 
n-butane molecule in the gas phase, assuming it is ideal, is about 3 
104 cm/s. Thus upon adsorption the average speed is enormously 
reduced. 

The frequency of collision of n-butane with a wall at room 
temperature and 1 atm is about 1.8 • 1023 /cm2 s. The number of 
collisions per pore opening is then about 109/s. The number of 
n-butane molecules that adsorbs per second is much lower; based on the 
average velocity of 3 nm/s and the length of n-butane (about 0.6 nm) 
on average about 5 molecules/s enter one pore opening. 

The total internal surface area of ZSM5 is about 1000 m2/g. The 
external surface of 1 g of ZSM5, consisting of 1 pm cubic particles, 
is about 3-4 m2; less than 1 percent of the total surface is thus 
external. The calculated average distance between 2 sites for ZSM5 
with Si/Al = 23 is about 1.5 nm. In the case of a homogeneous 
distribution, one Al .is present in each cage. The average volume per 
Al calculated from the total pore volume and the amount of Al is 
therefore exactly the volume of one cage {about 0.4 nm3). The diameter 
of a cage, assuming it is a perfect sphere. is then 0.92 nm. 

Reactions in ZSM5 

The above calculations show that the ZSM5 zeolite has a large internal 
surface area on which the active sites are distributed; this means 
that ZSM5 is very suitable as a catalyst. The minimum distance 
between two sites is about 1 nm, in the case of 8 Al/u.c. (2 sites per 
cage). The occurrence of reactions in which two adjacent sites are 
involved is therefore. even at high Al/u.c •• not so likely. 

The internal sites can be reached via the pores, while products can 
leave the catalyst via the same pores. This is true providing the 
diameter of these molecules is small enough for passage through the 
cage apertures. Still ZSM5 can convert molecules with dimensions 
larger than the pore aperture. It has been reported [11] that 
conversion of cornoil triglyceride (c57H104o6) to hydrocarbons with 

less than 15 C atoms is possible over H-ZSM5. Conversion probably 
occurs when one of the alkyl chains is positioned in the pores. In 
this way cracking to smaller fragments can take place. that are able 
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to enter the pores. In addition, conversion will take place on the 
external acid sites. 

For the cracking of hexane over H-ZSM5 it has been established [12] 
that the rate constant is independent of crystal size. This holds for 
linear paraffins as large as dodecane [13]. However, for branched 
paraffins such as 2,2-dimethylbutane and 2,2-dimethylheptane, a strong 
influence of crystal size on activity was observed [13]; this was 
attributed to diffusion transport limitations. In addition, it was 
observed that the ZSM5 structure imposes on the intrinsic cracking 
activity a shape selectivity not caused by differences in diffusional 
mass transport capabilities. Cracking proceeds through a sequence of 
steps, including hydrogen transfer between a reactant molecule and a 
carbenium ion such as isopropyl cation. This large bimolecular 
reaction complex, which is most likely situated in the cages of ZSM5, 
represents the transition state. In the case of branched paraffins, 
this reaction complex is much larger than for the linear paraffins. 
Thus cracking of branched paraffins is expected to be sterically 
strained by the surrounding cage, which ex~lains the reduced intrinsic 
reaction rate. 

It can be questioned whether all the internal sites are active 
during reaction. Reactions will most likely start in the outer layers 
of the crystallites. Probably a 'reaction front' will move to the 
center of the crystallites; progressively more sites take part in the 
reaction. 

Ac1d Catalysed Formation of Hydrocarbons from Methanol 

The formation of hydrocarbons from methanol has been reported in the 
literature dating back as far as 1880 [14]. However it was not until 
the early 1970's that the industrial potential of this reaction 
emerged. The 1973 Arab oil embargo started a quest for alternatives to 
oil based chemistry. At that time, workers of Mobil Oil Corporation 
discovered the selective conversion of methanol to high octane 
gasoline over H-ZSM5 zeolite [15]. It was this discovery that 
triggered the research in many laboratories on the formation of C-C 
bond~ from methanol. Since methanol can be produced from synthesis gas 
(that can, in turn be obtained from fossil fuels such as coal by 
gasification), the Mobil Methanol-to- Gasoline process offers a route 
for the conversion of coal to valuable gasoline. This route is an 
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attractive alternative for the less selective conversion of syngas by 
the Fischer-Tropsch synthesis; in this process a broad spectrum of 
products, ranging from c1 to heavy oils and waxes, is formed. 

The transformation of methanol to hydrocarbons is not restricted to 
the use of zeolite H-ZSM5. In fact many materials that contain 
Br¢nsted sites are able to accomplish this conversion. For example it 
has been reported that silica-alumina, heteropolyacids like 
tungstenphosporic acid [16], phosphorus pentoxide [17], and even 
mineral acids like sulphuric acid [18] are capable of forming 
hydrocarbons from methanol • However a seri,ous drawback of these 
non-zeolitic materials is their lack of selectivity in the conversion. 
Much more appropriate for the heterogeneous conversion of methanol, 
also due to their non-corrosive character, are the micro-porous 
zeolites. Not all zeolites, however show ideal behaviour during the 
conversion of methanol. An important factor is the structure of the 
pore system in which the acid sites are located. The large-pore 
zeolites faujasite and mordenite lack shape selectivity, and therefore 
the conversion of methanol is always accompanied by the formation of 
coke, which causes a rapid deactivation of the catalyst [2]. The 
small-pore zeolites like erionite, zeolite T, chabazite and ZK-5 on 
the other hand are too restrictive; conversion of methanol results 
mainly in the formation of c2-c4 olefins [2,19]. If the aim is to 
produce gasoline from methanol the most suitable catalyst is zeolite 
H-ZSM5. 

The prefered number of methyl groups of the aromatics is dictated 
by the size and aperture of the cages. Due to the shape selective 
properties of ZSM5~ p-xylene is the predominantly formed xylene. The 
largest aromatic formed on ZSM5 is 1,2,4,5 tetramethylbenzene (durene) 
[20], whereas, for example, on mordenite zeolite, aromatics as large 
as penta- or hexamethylbenzene can be formed [21]. It appears that 
smaller ZSM5 particles, which have a larger external surface, produce 
more durene [20]. Therefore durene is probably formed on the external 
surface of ZSM5. 

Mechanism of Methanol Conversion 

The conversion of methanol to hydrocarbons is a remarkable reaction. 
The mechanism involves the formation of C-C bonds from separated 
methyl groups. The formation of this bond from methanol over the 
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various acid materials, most likely proceeds via a common reaction 
mechanism, in which the acid sites play an important role. This 
reaction has extensively been studied since the discovery of the 
Methanol-to-Gasoline process by Mobil Oil, which resulted in a large 
number of mechanisms. There is no doubt about the overall reaction 
scheme for the formation of aromatics and alkanes. Initially olefins 
are formed which polymerize over the acid sites. In addition, it is 
assumed that higher hydrocarbons are formed by the methylation of 
olefins. Due to the subsequent cracking and polymerization reactions a 
pool of olefins will be formed. When the carbon number exceeds six, 
cyclization and aromatization can occur. In the hydrogen-transfer 
reactions alkanes are formed simultaneously with aromatics. The 
formation of oligomers, aromatics and alkanes from alkenes, can 
readily be understood with classical carbenium ion chemistry [22,23]. 
The mechanism of formation of the first C-C bonds is not so straight 
forward. Two main subjects are still discussed nowadays; the nature of 
the intermediate involved in the C-C bond formation and the first 
products to which this intermediate reacts. 

Commercial Application of the Methanol-to-Gasoline Process 

Hydrocarbon formation from methanol is a highly exothermic process 
[24]. The heat of formation varies with product distribution. At 673 
K, it is 1510-1740 kJ/kg methanol converted. Control and dissipation 
of this large reaction heat is a major constraint in reactor design. 

In New Zealand, where the first commercialization of the MTG 
process took place, a fixed bed process has been selected [25]. In 
this plant, which came into operation in 1985, the methanol first 
passes a dehydration reactor, where a near equilibrium methanol/ 
MOM/H20 mixture is formed. In this reactor, about 20% of the total 
reaction heat is released. This mixture is fed to a reactor containing 
H-ZSM5 where the hydrocarbons are formed. The second stage products 
are cooled and flashed in a high pressure separator. The permanent 
light gasses are recycled to the second stage reactor to control the 
reactor temperature rise. 

In West-Germany a fluid bed reactor has been constructed as 
demonstration plant [25]. In this unit the ether formation is not 
separated from the hydrocarbon formation. Again the high hydrocarbons 
are condensed and the light gases are recirculated. A fraction of the 
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catalyst is continuously removed and after regeneration returned to 
the reactor; activity and selectivity are thus maintained. 

Except under favourable conditions such as those prevail in New 
Zealand {large supply of natural gas, lack of oil resources, and 
remote geographical location), the Mobil MTG process does not yet 
appear to be competitive with the oil based gasoline production. 

Plan of This Thesis 

The investigations described in this thesis concern acid and 
acid/metal catalysed reactions in ZSM5 cage system. Previously Van den 
Berg has proposed a mechanism for the conversion of methanol over 
H-ZSM5, especially for the first steps in the conversion [26]. This 
mechanism has been re-examined (Chapters 5 and 6) and in addition, the 
reactions that take place after the initial C-C bond formation have 
been investigated (Chapters 7 and 8}. 

At the moment, the high price of methanol makes its conversion to 
gasoline unactractive. Therefore we used also a much cheaper source 
for the production of aromatics, i.e. small alkanes. However their 
conversion needs the presence of a dehydrogenation function. For this 
purpose we introduced Pt in the interior of zeolite ZSM5 (Chapter 11). 
In the Chapters 11, 13 and 14 it is shown that this bifunctional 
catalyst is suitable for the conversion of propane to BTX aromatics. 
In addition, we investigated the position of the internal Pt particles 
(Chapter 12). An introduction to the formation of hydrocarbons from 
species other than methanol over H-ZSM5 zeolite is given in Chapter 
10. 

Prior to the description of the use of ZSM5 zeolite as catalyst, 
some attention is given to the synthesis of this zeolite (Chapter 2 
and 3). Although the first synthesis· of a zeolite (levynite) was 
performed more than one century ago [27], the ideas about zeolite 
crystallization are still vague. This is due to the fact that 
investigation of the silicates involved in the crystallization is 
difficult. Sound proof of a model,i.e. the in-situ observation of both 
the precursor silicates and their coupling to a ZSM5 matrix, is 
difficult to supply. The solid species formed during the 
crystallization of ZSM5 have extensively been studied. A survey of 
these investigations is given in Chapter 2. In addition. a model for 
ZSM5 synthesis is presented. 
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The investigation of the initial solid phase(s) formed during ZSM5 
crystallization by High Resolution Electron Microscopy is described in 
Chapter 3. This direct technique allows the detection of the initially 
formed ZSM5 particles and phases other than ZSM5 that may be involved 
in synthesis. A model for the crystallization of ZSM5 is deduced from 
the observations. 
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Part A. Synthesis and Characterization of ZSM5 Zeolite 

CHAPTER 2 

SYNTHESIS OF ZSM5 ZEOLITE 

Introduction 

The synthesis of ZSM5 zeolite from aluminosilicate gels is a complex 
process. This porous aluminosilicate can most effectively be prepared 
by autoclavation of mixtures of silica, alumina and water in the 
presence of an organic molecule, preferably tetrapropylarm1onium (TPA) 
ion [1]. It is known. that ZSM5 is eventually formed, providing the 
ratios of the compounds in the synthesis mixture are within certain 
ranges and the mixture is kept for several days at about 423-473 K. 

The synthesis process depends on the activity of the silicic 
material used [2]. The crystallization can either proceed by a liquid 
phase transportation; silicon dioxide dissolves continuously (type A), 
or a hydrogel transformation takes place, i.e. recrystallization of a 
solid aluminosilicate phase (type B). It is believed that TPA has an 
important role during crystallization; it directs the formation of 
ZSM5. It has been measured by 13c NMR, that TPA is situated, 
chemically intact, in the pore system of as-synthesized ZSM5 [3,4]; 
nearly each channel intersection contains 1 TPA entity. 

A survey of the i nvesti gati ons on intermediate products formed 
during ZSM5 crystallization is given in this chapter. It is shown that 
the knowlegde about the species .involved in the synthesis of ZSM5 is 
limited. Hypotheses about the nucleation and growth mechanism i.e. the 
silicon polyhedra involved in the synthesis of ZSM5, therefore are 
still vague or are not properly supported by experimental evidence. 
A model is presented for ZSM5 synthesis that is illustrative so far as 
that it might widen the ideas about the possible mechanisms. 

Characterization of Solid Intermediate Products 

The growth and even the nucleation of ZSM5 can be followed by several 
techniques. One of the most complete studies has been performed by 
Scholle et al. [5]. They analysed the solid products formed during the 
crystallization of ZSM5 at 423 K by a wide variety of techniques 
sensitive to the Si and Al ordering and the position of TPA. The 
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progressive incorporation of TPA in a silica phase was observed by 
applying IR spectroscopy in the framework region (400-1500 cm-1), 
DTA/TGA during TPA dissociation and 13c MAS NMR of TPA. Encapsulation 
of TPA by silicates is indicated by a high dissociation temperature 
(573-873 K) [5,6], as well as a shift and splitting of the methyl 
13c MAS NMR signal of TPA [5,7]. Romannikov et al. [6] and Derouane et 
al. [2] assume that TPA is incorporated in silicates with a clathrate 
structure. Scholle et al. [5] proposed that TPA is stabilized due to 
an enclosement by silicates, probably 'double five-membered ring 
building units', already in an early stage. In favour of this proposal 
is the fact that the, albeit relatively small, 550 cm-1 vibration band 
is observed in the IR spectrum after short crystallization time. This 
band is characteristic of five-ring zeolites"[S], however it is only 
supposed that this band correspond to double five-ring vibrations 
[9,10]. Scholle et al. observed further that, during the first days of 
crystallization, theIR spectra of TPA contained vibration bands that 
are different from those of TPABr or TPA in well-crystallized ZSM5. 
These deviant vibration bands disappeared upon prolonged synthesis. It 
was assumed that TPA initially strongly interacts with a framework; 
possible the observed bands belong to TPA in ZSM5 nuclei. Scholle et 
al. [5] measured by TGA that the amount of TPA present in the X-ray 
amorphous phase formed after 3 days was equal to the amount present in 
the crystalline ZSM5 phase obtained after 8 days. Therefore, nearly 
all TPA that would be incorporated in the ZSM5 crystals, was 
surrounded by silicate species already after 3 days. During the 
crystal growth, as Scholle et al. [5] proposed, the TPA-double 
five-ring entities combine to larger units i.e. the ZSM5 crystals. 
This assumption implies that after 3 days a large part of the silica 
used for crystallization is incorporated in double, five rings. Since 
Si will then have mainly a connectivity of 3, the 29si NMR spectrum 
should be well-resolved. Indeed the 29si NMR spectrum of double 
five-ring silicate species as measured by Hoebbel et al. [11] and 
Boxhoorn et al. [12], contains only one resonance signal. However the 
29s; MAS NMR after 3 days crystallization as mearured by Scholle et 
al. shows a broad, unresolved spectrum, that spans the whole chemical 
shift range of 3-dimensional and less-ordered networks. Therefore the 
silicates in which TPA is incorporated initially do not appear to have 
a specific structure. 
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Scholle et al. [5] assume that during progressive crystallization 
(IR crystallinity > 50%) the TPA-ZSM5 entities combine to larger 
units, yielding ZSM5 crystals. According to their DTA measurements 
during this combining Al is build in the framework of ZSM5. DTA of TPA 
(in the ZSM5-like species) shows only one peak at about 673 K, whereas 
DTA of TPA in well-crystallized ZSM5 that contains Al, also shows a 
peak at a higher temperature (723 K). This observation is in 
accordance with the DTA measurements of Padovan et al. [13]. They 
observed an increase in the decomposition temperature of TPA with 
crystallization time. In addition it was measured by n-butylammonium 
desorption that the acidity of the samples increased. They concluded 
that the initial crystallization proceeds towards the formation of a 
silicalite-like phase, where the Al is inside the solid, but not 
inside the crystalline lattice. During the last stage of 
crystallization it is assumed that either the Al is incorporated in 
the structure or the silicalite phase dissolves by which the Al is 
released, which allows the synthesis of A1-ZSM5. The latter 
explanation is less likely since, as we observed, TPA-silicalite is 
stable in alkaline solutions. 

According to the measurements of Jacobs et al. [14] the X-ray 
amorphous aluminosilicate entities initially formed, already show 
catalytic properties characteristic of ZSM5. These entities must 
contain therefore channels or cages, with diameters similar to that of 
the ZSM5 channels. The lowest IR crystallinity of the sample that 
still showed ZSM5 activity in the hydro-isomerization of n-decane 
after the introduction of Pt, was· about 60%. The ZSM5 entities in this 
sample must therefore have contained Al. 

Influence of TPA on Synthesis 

According to Chao et al. [15] during synthesis a quasi-equilibrium 
exists between a hydrogel, species dissolved from· this gel by the 
action of OH- and zeolite nuclei in the liquid phase formed from the 
dissolved aluminosilicates (see Scheme 1). In the formation of the 
nuclei from the dissolved (alumino)silicates TPA is probably involved. 
The dissolution of the gel phase is accelerated by the addition of 
hydroxide ions, which break the Si-0-Si bonds in the gel to form small 
hydroxylated species. On the other hand, the poly-condensation of 
hydroxyaluminate and silicate ions is hindered by excess OH-. An 
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amorphous hydrogel --al umi nates/silicates 

""'OH- / 
aluminosilicates 

or polysilicates + monoaluminates 

TPA I 
Scheme 1 nuclei -----·•-- TPA-ZSM5 crystals 

increase in OH- concentration can, as was observed, shorten the 
induction period, but higher alkalinity beyond a certain value will 
inhibit nucleation and thus increase the induction period. Since the 
aluminate in solution can form Al(OH) 4-, by which OH- in the solution 
is consumed, the available OH- ions for depolymerization of the gel 
wil depend on the the aluminum content of the reaction mixture. TPA 
has a structure- forming/breaking effect on water [16]. It can be 
imagined that during nucleation the water is partially replaced by the 
silicate species in solution. The presence of TPA might thus cause the 
formation of cage-like silicates precursors. In this way TPA prevents 
the formation of a dense silica framework. 

The existence of precursor units has been proved indirectly by the 
measurements of Scholle et al. [5]. Their and others observations lead 
to the conclusion that most of the silicon is present in silicates 
ordered around the TPA entities before the occurrence of the actual 
crystallization. The structure of these silicate species can however 
not be deduced from the mentioned measurements. 

Debras et al. [17] studied the relation between the contents of Al and 
TPA incorporated in well-crystallized ZSM5. They observed that the 
number of TPA entities varies from 4/unit cell (u.c.), for silicalite, 
to about 2 for ZSM5 with 8 A 1 /u .c. The numbers of 'TPA and A 1 
incorporated per unit cell obeyed the formula TPA= 4 - 1/4 Al. In 
addition, the zeolite samples contain water after synthesis, that is 
very slowly removed by drying at 383 K [5,17]. This water, which is 
most likely occluded, can be removed completely by heating up to 
523 K. Presumably the diffusion of this water is restricted by the 
presence of TPA. Scholle et al. [5] observed that complete rehydration 
of a TPA-ZSM5 sample free of water took about one week in air at room 
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temperature. The amount of water in TPA-ZSM5 increases with the 
Al/u.c.; the average H20/Al ratio is about 3 [17]. Silicalite contains 
about 2-3 H20/u.c. after synthesis. The number of TPA/u.c. decreases 
with increasing Al/u.c., whereas the number of H2o;u.c. increases. 
From the measurements of Debras et al. it follows that a decrease of 
1 TPA/u.c. leads to 8 H2o more per unit cell. Assuming that all pore 
volume is occupied, either by TPA or H20, it appears that a channel 
intersection of as-synthesized ZSM5 without TPA contains 8 water 
molecules. 

Synthesis of ZSMS ~thout TPA 

It has been reported that ZSM5 can be synthesized in absence of 
organic molecules [18-20]. This fact is a serious reason, either to 
doubt the structure directing role that has been attributed to TPA, or 
to believe that this role is not restricted to TPA. By applying 
infrared spectroscopy, Grose and Flanigen [18] verified that no 
species with C-H bonds were present in the ZSM5 samples crystallized 
without TPA. Recently Araya et al. [20] reported however, that ZSM5 
synthesized without organic template contains species different from 
water, as was observed by DTA and TGA. It was assumed that this was 
organic material that was scavenged by the freshly crystallized ZSM5 
from its environment. It was believed that this material did not take 
part in the crystallization process. Araya et al. [20] were able to 
produce ZSM5 without organic template, even in completely new teflon 
vessels. 

In all examples of the patent of Grose and Flanigen [18] the 
formation of products is described that possess essentially. all XRD 
lines of ZSM5. The crystallinities of the samples are not given, but 
these can be estimated from the given n-butane adsorption capacities. 
It appears that the ZSM5 samples have crystallinities varying from 40 
to 73% after 70 hours synthesis at 473 K. For the samples dried at 
383 K, the calculated number of H20 per intersection ranges from 6.6 
to 11. This is in the order of 8 per intersection without TPA, 
according the measurements of Debras et al. [17]. In the case the 
synthesis is performed without template, but in the presence of seed 
crystals, calcined silicalite (wt ratio silicalite/Si02 about 0.1), 
besides ZSM5, minor amounts of quartz are formed [18]. 
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Narita et al. [19] observed that the formation of ZSM5 in reaction 
mixtures free of organic template and seed crystals is possible by 
selecting appropriate ratios of Na20/Si02 (a) and Si02/Al203 {b). The 

highest crystallinity obtained after 24 hours 463 K, however, was as 
low as 20-30% for a= 4-7 and b= 100. For b= 25 and a= 4 mordenite was 
formed. In the case seed crystals (calcined ZSM5, Si/Al= 50) were 
added (0.36 wt%) the crystallinity of the obtained ZSM5 phase 
improved; it reached a maximum of 80% for a= 4 and b= 50. It appears 
to be difficult to obtain fully crystalline ZSM5 without TPA. This 
suggests that ZSM5 without internal TPA is not stable in an alkaline 
solution. TPA probably has a stabilizing influence on the open 
structure of ZSM5. In addition, when TPA is located in the pores of 
ZSM5, OH- species can only damage {by hydroxylation) the external 
surfaces of the ZSM5 crystallites, which constitute only a few 
percents of the total surface. 

According to Grose and Flanigen [18], the highest obtainable Si/Al 
of ZSM5 prepared in absence of organic additives is 50 (2 Al/u.c.). 
Araya et al. [20] observed that without organic template a Si/Al ratio 
of about 30 is necessary for succes. At higher ratios (> 60), the 
layer silicates, kenyaite and magadiite were formed, whereas at lower 
ratios {< 30), mordenite was formed. It appears that in the presence 
of TPA at least two TPA/u.c. are incorporated, whereas ZSM5 
synthesized without template contains at least 2-3 Al/u.c. ZSM5 is not 
formed when the amount Al present in the synthesis mixture corresponds 
to less than 2 Al/u.c. Consequently, in absence of TPA it is not 
possible to obtain highly siliceous silicalite. This is in accordance 
with the report of Vander Gaag et al. [21]. In their study of the 
influence of various templates on the synthesis of ZSM5, it was 
observed that only when TPA is used, it is possible to obtain ZSM5 
with less than 1 Al/u.c. In the case of all other organic species 
added to the synthesis mixture, that are believed to act as template 
(1,6-hexanediol, 1,6-hexanediammine, 1-propanol, 1-propaneammine, 
pentaerythritol) the synthesis of ZSM5 in absence of Al is not 
complete or not possible. The highest obtainable Si/Al ratio for fully 
crystalline ZSM5, synthesized with the mentioned templates other than 
TPA, was always lower than 50 (more than 2 Al/u.c.). An exception is 
1,6-hexanediammine; for this species the highest Si/Al ratio obtained 
was about 140. Narita et al. [19] observed in their study of the 
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formation of ZSM5, that Al is build in preferentially. The highest 
Si/Al ratio obtained was 36 (2.5 Al/u.c.), while the ratio of the 
starting gel was 50. In the absence of Al, again no crystalline ZSM5 
phase was formed. It appears that TPA is a special organic cation, 
that allows the formation of ZSM5 in absence of Al. All other 
templates used so far are incapable to do this. Since in absence of 
any template the highest Si/Al ratio is also about 50 [18], it can 
even be doubted whether the organic species different from TPA, have 
an important (structure directing) role during synthesis. Still these 
species allow, like TPA, the formation of pure ZSM5, which is 
difficult to obtain in absence of a template. Recently it has been 
reported, that at least some of the alternative templates are present 
in the pore system of ZSM5. This was observed by Araya et al. [20] by 
applying DTA on Z~M5 synthesized with 1,6-hexanediol, 1,6-hexanedi
ammine and piperazine. It was assumed that these species, especially 
1,6-hexanediol and piperazine and perhaps also other organic species 
different from TPA, can be considered as hydrophobic void fillers 
rather than true structure directing templates. They will thus 
inhibit, like TPA, the destruction of the internal lattice of ZSM5 due 
to their presence in the pores. In this way they allow the formation 
of pure ZSM5. 

Well-crystallized ZSM5 with more than 8 Al/uc could not be 
synthesized by Vander Gaag et al. [21], whatever template was used. 
This number seems really to be the maximum. This cannot be explained 
when the Al is merely incorporated during crystallization; it suggests 
that Al is active in the formation of the zeolite. Higher 
concentrations of Al(OH) 4- probably disturb the crystallization. Van 
der Gaag et al. [21] accounted for the maximum in Al content, by 
assuming an unique Al location, i.e. the four rings of ZSM5. 

It can be concluded that for the formation of ZSM5 either TPA or 
Al(OH) 4- must be present. ZSM5 can be made in absence of TPA, provided 
sufficient Al is present. The formation of silicalite without TPA 
appears to be impossible. Due to the presence of TPA or Al(OH) 4- the 
formation of a dense silica phase is prevented. The other organic 
species to which a structure directing role has been attributed, with 
the exception perhaps of 1,6-hexanediammine, act more probably as 
protectors of the ZSM5 structure; due to their presence they stabilize 
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the pore system. They are most likely not involved in the actual 
crystallization mechanism. 

Model for ZSM5 Zeolite Crystallization 

It is reasonable to assume that complex polymers like zeolites are not 
formed by the linkage of Si04 monomers throughout the crystallization. 
It is unthinkable that in this way solids with an uniform pore network 
can be formed. As was first proposed by Barrer [22] most likely 
precursors are formed initially, that consist of a number of 
tetrahedra linked in a specific mode. Connection of these species then 
yields the porous zeolites as we know them. 

Boxhoorn et al. [12] have proposed double five rings as precursors 
in the ZSM5 synthesis. They observed double five-ring silicates in a 
ZSM5 synthesis mixture at room temperature by using 29si NMR, ATR 
Ft-IR spectroscopy and mass spectrometry. Its formation at room 
temperature was induced by the addition of solvents such as methanol, 
ethanol or dimethylsulphoxide to the ZSM5 synthesis mixture containing 
TPA. Without the addition of these species, however no clear resonance 
signal due to the presence of double five rings could be observed. 
After the addition of the mentioned solvents, they observed with in 
situ 29si NMR measurements one signal at -98 ppm, which they 
attributed to double ring species. In addition, they observed after 
silylation of the ZSM5 + organic additives synthesis mixture, with 
mass spectroscopy a mass signal that corresponds to a double five 
ring. Hoebbel et al. [11] observed the formation of the same species 
connected to tetra-n-bytylammonium- or tetra-i-pentylammonium ion by 
crystallization of a silicate solution with the mentioned tetraalkyl
ammonium ions at about 278 K. The in-situ observation of double 
five-ring silicates has also been claimed by Bodart [23]. Boxhoorn et 
al. postulated that the observed double five-ring species play a key 
role in the crystallization of ZSM5. During the formation of ZSM5 from 
the double five rings, new rings are formed under the influence of 
tetrapropylammonium ions. However it has not been shown that the 
double five rings are indeed ordered initially around the TPA 
entities. 
The formation of the double five-ring species is not unlikely 
according to the rules that govern the formation of polymeric s;o2 
species, as formulated by Dent Glasser and Lachowski [24]: 
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- The connectivities within a given species are as equal as 
possible. 

- The average connectivity is as high as possible. 

These rules are consistent with the idea that the stability of 
silicate groups increases with their connectivity. Dent Glasser and 
Lachowski conclude that larger species are definitely not chain-like; 
they tend to form cage-like structures, probably rather globular, and 
as highly condensed as possible. The double five ring meets all these 
requirements. However, the species as such is not present in the 
framework of ZSM5. For the formation of ZSM5 from this species 3 
Si-0-Si bonds between the two five rings must be broken. This is 
unfavourable, since it will lower the average connectivity and thus 
the stability of the species. In addition, the double five rings do 
not contain sufficient Si for the formation of a complete ZSM5 
framework, i.e. additional Si monomers must be incorporated during 
crystallization. The'results obtained by Cavell et al. [25], indicate 
that these monomers tend to polymerize in TPA-silica solutions. The 
concentration of these monomers therefore will be low under the ZSM5 
synthesis conditions. It can be imagined that instead of the silica 
monomers, Al(OH) 4- is incorporated, however, in that case as much as 
16 Al can be incorporated per unit cell, which is 8 more than the 
observed maximum. 

In the crystallization Si strives for the highest connectivity (4); 
thus it is likely that in the formation of zeolites from precursors 
bonds are formed only. This leads to the obvious but important 
conclusion that the precursors can be traced back in the structure of 
the zeolites. The smaller these units are, the larger is the number of 
structures that can be obtained. The smallest possible building unit 
i.e. Si04, can yield upon combining an infinite number of structures. 
The precursor units of ZSM5 will most likely have a specific form that 
excludes the formation of other zeolites/silicates. It is not unlikely 
therefore that these precursors will contain five rings. 

The structure of ZSMll is very similar to ZSM5; it has even been 
reported [26] that under certain synthesis conditions ZSM5 
crystallites can be formed, that contain ZSMll intergrowths according 
to TEM. This points to the existence of specific precursors from which 
both zeolites can be constructed. By using tetrabutylammonium (TBA) 
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ion instead of TPA, ZSMll is obtained. Assuming that the template 
directs the connection process by inducing a spatial ordering of the 
precursors, it can be imagined that variation of the size of the 
template yields a different zeolite. In ZSMll only 2.6- 3 of the 4 
channel intersections/u.c. are occupied by tetrabutylammonium entities 
[6]. It is assumed that TBA is preferentially located in the largest 
cavities of the ZSMll framework (2 per unit cell). 

Erdem and Sand observed [27] that during the synthesis of ZSM5, a 
decreased concentration of TPA resulted in the coexistence of two 
metastable phases; analcime-like and mordenite. The period of time 
during which these phases coexisted with ZSM5, increased with 
decreasing TPA content (Na/Na+TPA > 0.34) of the batch mixture. By 
analysing the products formed during crystallization at low TPA 
content, it was observed that the mordenite phase was formed initially 
and later on an analcime phase both parallel with the formation of 
ZSM5. On prolonged synthesis time the non-ZSM5 phases disappeared and 
only ZSM5 remained. The fact that the formation of ZSM5 and mordenite 
is observed to take place simultaneously, after the same induction 
period, suggests that, either these zeolites are constructed from the 
same precursors, or that their precursors can coexcist under special 
conditions. 

Theoretically the structure of ZSM5 can be build from double five-ring 
strings as present in its structure along the c-axis [28], see Fig. 1. 
The ZSM5 structure is obtained when these strings are joined along the 
a and b axis (mirror operation along b-axis and inversion along 
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Figure 1. Formation of double five-ring string as present 
in the structure of ZSM5 from single five-ring strings. 



a-axis). In this way the pores/cages and 4, 6 rings as present in the 
structure of ZSM5 are formed. When the same strings are ordered 
differently along the a-axis (mirror operation instead of inversion) 
ZSMll is obtained. The structure of Theta-1 [29,30] can also be 
obtained from the mentioned strings (ordered along the a-axis); mirror 
operation along the b-axis and a shift operation along the c-axis. In 
this way only straight lO-ring channels along the c-axis are obtained. 

Millward et al. [26] have shown in a HREM report that small strips 
of ZSMll can be present in ZSM5. The sample was prepared by using both 
TBA and TPA as template. The defects were visible in projections along 
the b-axis. At regular spacings of about 6.6 nm along the a-axis, 
mirror defects could be observed in the ZSM5 structure. In that part 
the plane along the b-axis was not inversed (i) but mirrored (o}, the 
operation sequence along the a-axis being oiiiiiioiiiiiioiiiiiio etc. 
It is not clear how this specific order is induced. The presence of 
these intergrowths in ZSM5 structure suggests that growth takes place 
at least along the a-axis and in addition, that it is not unlikely 
that five-ring strings (see Fig. 1) are involved in this growth. It 
can be speculated that the zeolites ZSMll and Theta-1 are also formed 
form these strings. 

The size of perfect ZSM5 crystals is largest along the c-axis. This· 
suggests that the five-ring strings involved in the synthesis are 
rather long. During growth they attach continuously to the planes 
already formed, which are ordered along the c-axis. 

The string as depicted in Fig. 1 is a double string; it can be 
formed from two single strings of five rings. It is not necessary 
therefore that crystal growth occurs via the double string; the mono 
string can also directly condense on a ZSM5 surface. 

A B c 

Figure 2. Formation of five-ring silicates. 
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The silicates from which the five-ring strings can be formed are 
depicted in Fig. 2. The branched chain can be formed from di- and 
trimer silicates, of course these species can also directly combine to 
the five-ring string. Straight chains are not so likely due to the low 
connectivity of Si. 

Theoretically synthesis of ZSM5 can proceed via chain silicates. The 
presence of these species in the· synthesis mixture is not unlikely. 
Cavell et al. [25] observed by 29si NMR technique that compared to 
sodium silicate solutions, 'silicate condensation to polysilicate 
anions at the expense of the monomers is favoured' in TPA silicate 
solutions at room temperature. The identification of the polysilicates 
could not definitively be established. Regarding the resonance range 
observed with 29si NMR it could be concluded that the polysilicates 
contained Q2 units (connectivity 2) in a chain. Boxhoorn et al. [12] 
observed in the synthesis mixture before the addition of organic 
solvents (which caused the formation of the double five ring) a strong 
29si NMR signal in the chemical shift range -85 - -90 ppm that can be 
assigned to middle Si groups in chains (Q2). In addition, a relatively 
small signal was recorded at about -80 ppm, which indicates the 
presence of di-silicates and chain end groups (Q1). Upon addition of 
the organic solvent DMSO, Boxhoorn et al. observed that the Q2 signal 
decreased with increasing amounts of solvent added, whereas one sharp 
signal in the Q3 range arose, which was assigned to the double 
five-ring species. 

The silicate chains convert by condensation reactions to strings of 
rings. The formation of five rings is favoured since these are least 
strained. In addition, the amount of Al present is very low in the 
case of ZSM5 synthesis. This Al is believed to be mainly present as 
monomer [31]. Even when Al is incorporated in the chains, the chance 
that Al has to couple withAl, which is according to the Loewenstein 
avoidance rule impossible, can therefore be neglected. Thus formation 
of five rings is not unlikely in highly siliceous, synthesis mixtures. 
There are a number of modes in which five rings can be ordered in a 
string, part of them are depicted in Fig. 3. It can be seen that these 
strings consist of alternating groups of five rings. In the strings 
with the larger repeating units, already a part of a 10-membered ring 
can be observed. Besides the five-ring string b, which is present in 
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Figure 3. Some five-ring strings 

E 

Table 1. 

number of 5 rings in zeolite Strings along 
repeating unit: 

1 Bikitaite [001] 
Mordenite [001] 
Mazzite [001] 
Dachiardite [010] 
Ferrierite 

2 ZSM5 .11 [001] 
Theta-1 [100] 
Ferrierite [010] 

4 ZSM23 [30] [010] 
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ZSM5/ll [28] and Theta-1 [30]. the strings a and d can also be 
observed in some zeolites structures [30,32]. The zeolites that can be 

constructed from five-rings strings with repeating units of 1, 2 and 4 
rings (Fig. 3 a, band d) are given in Table 1. As can be seen in 
Fig. 2, in order to obtain the five-ring strings as present in ZSM5 
structure. the silicate chains must have a specific structure. 
Probably this structure is induced by TPA or Al{OH) 4-; the chains are 
'wrapped' around thes~ entities. Even if variants of five-ring strings 
are formed in solution, only those species condense on the surface of 
ZSM5 that fulfil the requirement of fit. It can easily be seen that 
none of the variants can fully condense on string b that belongs to 
ZSM5. TPA and Al{OH) 4- probably control the coupling reactions between 
the strings and the ZSM5 surface. It can be imagined that they are 
attached to the five-ring strings at specific positions. As a 
consequence a number of condensation reactions becomes impossible. 

If indeed five-ring zeolites are made from strings as depicted in 
Fig. 3 it can be expected that only a fraction of these zeolites has 
been discovered until now. 

Conclusions 

In the nucleation stage of ZSM5 synthesis, TPA is encapsulated by 
highly siliceous species. Al is build in the framework during the 
coupling of these TPA-silicates; ZSM5 structure is thus obtained. The 
numbers of Al and TPA incorporated per unit cell obey the formula TPA= 
4- 1/4 Al; the number of Al can vary from 0 to 8. In addition water 
is occluded during crystallization. Channel intersections without TPA 
contain about 8 water molecules. Synthesis of ZSM5 in absence of TPA 
is possible provided sufficient Al is present (yielding at least 2 
Al/u.c.). This suggests that the Al(OH) 4- entities have an important 
role during crystallization. Templates other than TPA do not direct 
the formation of ZSM5. More probably they protect, like TPA, the 
internal surface of ZSM5 against hydroxylation, by occupying the 
internal volume of ZSM5. 

It is reasonable to assume that during crystallization the 
structure of the precursors involved does not alter. Therefore strings 
of five rings can be proposed as precursors, since these are present 
in the structure of ZSM5. These species are probably formed from chain 
silicates. Assuming that TPA entities are attached to these five-ring 
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strings at specific positions, the coupling of the strings will be 
influenced; they arrange in accordance with ZSM5 structure. Once ZSM5 
nuclei have been formed only the five-ring strings that fulfil the 
requirement of fit take part in crystal growth. 
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CHAPTER 3 

ZSMS SYNTHESIS; A HIGH RESOLUTION ELECTRON MICROSCOPY STUDY 

Introduction 

The elucidation of the mechanism of zeolite ZSM5 formation is 
experimentally difficult. In general, crystallization begins with the 
formation of a hydrogel, which transforms to small building units 
(precursors) that combine to a crystalline product [1,2]. With the 
present-day techniques!such as 29si NMR and ATR Ft-IR spectroscopy, 
information about the precursors in the liquid phase and especially 
the mechanism of their coupling is difficult to obtain. Boxhoorn, 
Sudmeyer and Van Kasteren [3] have proposed double five ring silicates 
as precursors in ZSM5 synthesis. Direct proof however is still 
lacking. 

An investigation of the structure ~of the crystallization nuclei 
might also be useful. The most direct technique suitable for this 
purpose is High Resolution Electron Microscopy (HREM). Application of 
this technique allows not only the detection of the small ZSM5 nuclei 
but perhaps also of the precursors that are involved. Unfortunately 
zeolites crystallites have a low resistance to electron beams. It has 
thus to be taken into account that especially the smallest ZSM5 
entities are probably not observed by HREM due to destruction. In 
addition, these small entities will be located on or in a matrix of 
silica; which hampers their observation. 

HREM has rarely been used to obtain information about the 
crystallization of zeolites. Thomas et al. [4] observed by HREM 
crystalline ZSM5 'embryos' within an essentially amorphous matrix. The 
size of these pseudospherical ZSM5 aggregates was of the order of 10 
nm. No information was given about the conditions (time, temperature, 
etc.) of the corresponding synthesis. The state of the art in HREM in 
1981 however was such that large sections of a crystal became 
amorphous due to the electron beam. In fact we obtained by HREM many 
images of 100% crystalline ZSM5 showing similar crystalline sections 
in an amorphous surrounding. Coudurier et al. [5] applied TEM on an 
X-ray amorphous ZSMll sample with an IR crystallinity of about 66% 
which was capable to absorb about 70% of the maximal amount of 
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n-hexane. The spherulitic particles of about 600 nm in size, consisted 
of agglomerates of small zeolite particles (diameter about 5-10 nm). 

We report in this chapter some of our HREM observations of ZSM5 
growth. The initial growth of zeolite crystals can only be observed by 
studying slightly crystalline material. Synthesis was therefore 
performed at low temperatures to reduce the rate of crystallization. 
Information is obtained about the species that may be involved in 
nucleation and crystallization. A model for ZSM5 formation is 
presented. 

Experimental 

Samples were taken during ZSM5 synthesis in absence of Al (type B [6]) 
at temperatures at or below 353 K. The composition of the mixture was: 

10 Si02 - 1 (C3H7)4NBr- 3.15 NaOH - 5 NaCl - 187.5 H20 

(Si02; Davison Silica, grade 950; (C3H7)4NBr; Fluka AG} 

The solid phase was obtained by centrifugation of the synthesis 
mixture (3000 rpm, 10 min). Prior to analysis the samples were ground, 
washed in water and dried at room temperature. In order to obtain 
information about the crystallinity, 2 mg sample, dried at 373 K and 
embedded in a 200 mg KBr wafer, was analysed by IR spectroscopy. HREM 
was done ~n a JEOL 200 CX microscope fitted with a double tilt of 10°, 
operating at 200 kV. An objective diaphragma of 7 nm-1 was mostly 
used. HREM was carried out using an image intensifying system with an 
electron beam intensity as low as possible at a magnification of 
150,000. 

Results and Discussion 

In the sample taken after 7 days aging of the synthesis mixture at 
room temperature, layer silicates (magadiite, kenyaite) could be 
observed (Fig. 1). It appeared that these silicates were ordered 
around an unknown, denser crystalline phase. No ZSM5 species were 
formed over a period of . 2 months at room temperature and 323 K, 
according to IR spectroscopy and HREM. In addition, no hydrogel was 
formed at these low temperatures. In the first 2.5 days 
crystallization at 353 K. a solid phase was formed that was amorphous 
according to IR spectroscopy (see Fig. 2). In addition, no ZSM5 
species could be observed with HREM. After 5 days crystallization only 
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Figure 1. HREM image of sample taken after 7 days 
aging at room temperature. Bar indicates 25 nm. 
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33 

120 
Figure 2. Influence of crystallization 
time (given in days, T= 353 K) on infrared 
spectra of the framework region of 
uncalcined samples. 
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Figure 3. Image of ZSM5 particles in the sa~ple taken after 8 days 

crystallization at 353 K. b; ~nlargement (2 x) of the indicated area 

in a, showing the image of a small 2SM5 particle (~ nm) located oo a 

silica phase containing a-quartz. Bars indicate 20 n~. 



a dense crystalline phase was observed by electron diffraction. ZSM5 

species were first observed in the sample taken after after 8 days 

crystallization. This sample contained two types of Si agglomerates, 

as was observed by electron diffraction; either fully amorphous or 

agglomerates that were partly crystalline. The latter contained ZSM5 

and in addition, a denser crystalline phase, presumably a-quartz. The 

size of the ZSM5 particles was in the order of 5-100 nm (see Fig. 3). 

After 16 days crystallization many ZSM5 particles (> 50 nm) with 

characteristic shape could be observed by HREM (Fig. 4). The particles 

were mostly attached to one other, as in Fig. 4. Crystalline ZSM5 was 

obtained in about 1 month at 353 K. Upon prolonged synthesis, 

according to IR spectroscopy (see Fig. 2) no decline in crystallinity 

or formation of other species occurs. It appears that processes come 

to an end once all silica has been incorporated in ZSM5. 

Figure 4. HREM micrograph showing ZSMS crystallite after 
16 days crystallization at 353 K. Bar indicates 40 nm. 

The synthesis mixtures did not transform into a solid hydrogel at low 

temperatures (< 323 K), whereas this occurred within a few days at 353 
K. ZSM5 synthesis was also possible at 338 K and again an amorphous 

solid phase was initially formed. About the same lower temperature 
limit (333 K) for ZSM5 synthesis has been reported by Gubitosa and 

Gheradi [7]. The formation of a hydrogel seems to be essential in the 
formation of ZSM5. This phase may be regarded as an amorphous source 

of Si, that has no relation, at least initially, to the ZSM5 
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structure. During prolonged synthesis the solid hydrogel will sl~wly 

dissolve as polysilicates in the surrounding alkaline solution. The 
silicates in this diluted silica sol can transform to precursor units 
that are probably associated with tetrapropylammonium (TPA). The 
nucleation (condensation of the precursors by which small ZSM5 
entities are formed) may.be initiated by crystalline non-ZSM5 material 
(probably a-quartz) in the amorphous phase. Subsequently silicates can 
condense on the zeolite nuclei. According to Barrer [8], this reaction 
of precursor molecules and the surface of zeolite crystallites 
requires a steric fit between, for example, the surface hydroxyls of 
the lattice at the crystal-solution interface and corresponding 
hydroxyls of the impinging precursor molecules which successfully 
condense onto the growing surfaces. This requirement of fit provides a 
possible mechanism by which a zeolite structure, once nucleated, 
continues to grow in the correct topology. The surface reaction 
selects those molecules from solution which satisfy the requirement of 
fit. In this model, crystallization takes place via the liquid phase 
and a consumption of the gel material occurs that allows zeolite 
growth. In this respect, the observations of Aiello, Barrer and Kerr 
[9] have to be mentioned. They observed by TEM that after the gel 
formation from aluminosilicate solutions (Si/Al= 2) at 353 K, zeolite 
crystals grew (type P and chabazite) on the surface of the gel 
particles. During crystallization lacunae developed around the zeolite 
crystals in the gel flakes. Their experiments can be interpreted as 
heterogeneous nucleation of zeolites in or on the gel material, with 
crystal growth fed by dissolved silicate species. 

Model for ZSM5 Fonnation 

The ZSM5 phase initially formed is always attached to Si agglomerates 
that contain a crystalline dense phase .according to HREM observations. 
The nucleation of ZSM5 probably takes place by the condensation of 
precursor silicates on the surface of this phase, which is presumably 
a-quartz. This phase is formed after precipitation of the hydrogel. 
The question that remains then concerns the nature of the silicate 
species involved in the nucleation. No crystallization of ZSM5 takes 
place at room temperature, only layer silicates are formed ordered 
around a dense crystalline phase. According to the results of Lagaly 
et al. [10,11], the formation of these layer silicates under the 
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applied synthesis conditions is not unlikely. They observed that 
synthesis of layer silicates was possible from aqueous suspensions 
containing Si02 and NaOH at 373-423 K with Si02toH- ratios ranging 

from 4.5 to 20. The first formed product was magadiite which 
transformed into kenyaite upon prolonged synthesis time. The stable 
end product was a-quartz. The structures of the mentioned layer 
silicates is unknown; they probably consist of sheets of six rings 
that are linked by H20 and NaOH (magadiite: NaSi 7013 (0H) 3• 3H2o 
[12,13], kenyaite: NaSi 11o20 ,5(0H) 4.3H2o [12]). Lagaly et al. [10,14] 

have observed that the Na+-interlayer can be exchanged quantitatively 
by dimethyldialkyl- and trimethylalkylammonium ions. It is not unlikely 
that the same holds for TPA. The intercalation of these cations larger 
than Na+ will increase the distance between the sheets. 

In the structure of ZSM5, hexagonal sheets perpendicular to the 
c-axis are present [15] (see Fig. 5a). Between the sheets in the 

A B 
Figure 5. Structure of ZSM5 (a) and 
mordenite (b), [010) and (001] orientation 
respectively, six-ring layers indicated [15] 

as-synthesized material TPA entities are located, occluded in the 
channel intersection. It can therefore be speculated that layer 
silicates are involved in the synthesis of ZSM5. The ZSM5 structure is 
formed by condensation reactions of dimer silicates with the layers. 
These silicates cannot react at places where TPA is located between 
the sheets; intersections are thus formed. This model is in accordance 
with the fact that ZSM5 growth takes preferentially place along the 
c-axis. During crystal growth sheets of six rings attach continuously 
to the crystal planes perpendicular to the c-axis. According to this 
model, synthesis starts with the incorporation of TPA in highly 
siliceous layer silicates (see Scheme 1). 
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* = HzO + SJ1icates ~ 
TPA-ZSM5 

Sche•e 1. Model for ZSM5 crystal growth 

This is in accordance with the knowlegde about the species formed in 
the first stages of crystallization of ZSM5 [16-19]; TPA is initially 
incorporated in a highly siliceous material, whose structure is 
different from ZSM5. It is interesting to note that ZSM5 has been 
prepared by Hogan [20] from magadiite and kenyaite. ZSM5 can also be 
synthesized in the absence of TPA; however, in that case, sufficient 
Al must be present [21-23]. Araya and Lowe [23] observed that a Si/Al 
ratio of 30 (about 3 Al/u.c.) was vital for success. In the case of 
less Al, kenyaite and magadiite were formed. Higher concentrations of 
Al resulted in the crystallization of mordenite. Itabashi, Fukushihisa 
and lgawa [24] also observed the formation of a layer silicate 
(kenyaite) as impurity during synthesis of mordenite. This fact 
suggests that sheet silicates are also involved in the synthesis of 
mordenite. In the structure of mordenite hexagonal sheets are indeed 
present, perpendicular to the a-axis [15,25,26] (see Fig. 5b and Fig. 
6a). It is assumed that the lattice Al in mordenite is preferentially 
located in the four rings [27-29], which are ordered perpendicular to 
and between the six-ring sheets [25]. This suggests that in the 
synthesis of mordeni te highly siliceous six-ring sheets are involved 
that become interconnected by condensation reactions with the Al(OH) 4-
monomers. 

Sheets of six rings are also present in other five-ring zeolites 
[30]. The structures of dachiardite (b), epistilbite (c), ferrierite 
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Figure 6. Puckered conformations of 
hexagonal sheets found in some zeolites 
(shown edge on, full lines), The inter
connections between the sheets are shown 
as dashed lines [26]. 
a) mordenite, b) dachiardite, c) epistilbite, 
d) ferrierite, e) bikftaite. 
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(d) and bikitaite (e) consist of six-ring sheets that are 
interconnected by silicates/aluminates, as can be seen in Fig. 6 
(taken from [26]). In the structures of the other known five-ring 

. zeolites, mazzite and ZSMll [15], s1x-ring sheets are not present. 
This fact undermines our model, however it is equally justified to 
draw the conclusion that the mentioned deviant zeolites are not formed 
from six-ring layer silicates. 

Conclusions 

Valuable information about the crystallization of ZSM5 zeolite can be 
obtained by HREM. The species formed in the initial stage of 
crystallization can be observed by this technique. The nucleation of 
ZSM5 takes probably place on a-quartz initially formed. Layer 
silicates may be invo.lved in the growth of ZSM5. TPA entities become 
intercalated between these silicate sheets. Free silicates will react 
subsequently with the surface hydroxyls of adjacent sheets.· In this 
way the sheets become interconnected. Cavities are formed at places 
where TPA is located. In the case Al monomers are present in the 
synthesis mixture, they will also be incorporated by condensation 
reactions with the layer silicates. 
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CHAPTER 4 

REMOVAL OF TETRAPROPYl.AtiOUUM FROM As-SYNlHESIZED ZSM5 AND 
CHARACTERIZATION OF ZSM5 ZEOLITE 

1. Dissociation of Tetrapropylannonium 

Previous solid state 13c nmr studies have shown that tetrapropyl
al111lonium (TPA) cations are incorporated chemically intact into zeolite 
ZSM5 during its synthesis [1,2]. In a recent [3] study it was 
confirmed that the TPA ions are located at the channel intersections. 
In addition it was found that the structure of TPA was rather 
distorted with respect to the structure of TPABr. On average, 
depending on the amount of intra-lattice Al, the number of TPAJunit 
cell is 2-4 [4]. 

An important step in the preparation of ZSM5 catalysts is the 
removal of occluded TPA. Usually this is performed in a shallow bed in 
air, while slowly heating to 823 K. Thus the pores of ZSM5 are 
liberated from TPA and become accessible to reactants. When the 
TPA-ZSM5 sample is directly placed in an oven at 823 K. the burning of 
TPA can even be observed; the sample catches fire. The lattice of 
silicalite contains many defects after slow oxidation of TPA [5]. It 
is not clear whether these defects are already present (formed during 
synthesis) or that they are formed during the oxidation of TPA. 

A Hoffmann elimination reaction is effected by thermal treatment. 
Earlier studies on TPA decomposition have shown that the decomposition 
of TPA is influenced by Al [6-8]. The presence of Al causes a higher 
decomposition temperature of TPA. In addition, the propene formed 
initially can react over the generated acid sites [8]. This may even 
lead, at the high temperatures applied, to the f~rmation of coke. It 
has also been observed that dealumination can occur [9] during the 
oxidation. This was attributed to a combination of hot spots and the 
water created during the oxidation. 

We have compared the dissociation of TPA in ZSM5 under He and He/02 
by applying thermogravimetry and pore-volume measurements. 
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Results and Discussion 

TPA-ZSM5 is a dense phase for most hydrocarbons; even small alkanes 
like ethane do not adsorb. Also 02 does not adsorb on TPA-ZSM5 at 
liquid nitrogen temperature. The decomposition of TPA under He or 
He/02 was measured in a Cahn Electrobalance by heating with 10 K/min 
(gas flow 100 ml/min). The mass curves for the decomposition of TPA in 
silicalite and ZSM5 (Si/Al= 23) are depicted in Fig. 1. 
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Figure l.TGA of TPA-ZSM5, 10 K/min. 
a) silicalite, b) ZSM5 Si/Al=23 

----: He, - - -: He/02 (4:1) 

It can be seen that the He and He/02 curves fully coincide; oxygen has 
under the given conditions no influence on the start temper.ature of 
decomposition. The start temperature for the decomposition of TPA·in 
silicalite is some 40 K lower than that for TPA in ZSM5; this can be 

'attributed to the absence of Al. The number of TPA entities per unit 
cell (u.c.), as calculated from the mass losses are presented in 
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Table 1. The pore volumes (PV) as measured by n-butane adsorption at 
room temperature after calcination, at constant mass level, are also 
given. 

Table 1. Thermogravimetric results 

Sil icalite 
He 
He/Oz 

ZSM5 Si/Al=30 
He 
He;o2 

TPA/u.c PV (mlig) 
4.12 0.156 

4.52 0.128 

3.98 
3.98 

0.144 

0.140 

It can be seen that the pore volume is lower in the case of He/Oz as 
compared to He, for both samples, especially for silicalite. In all 
cases the pore volume is lower than the maximum pore volume of ideal 
ZSM5 (about 0.17 ml/g). This is probably due to the presence of 
uninflammable species in the pores of ZSM5. According to the mass loss 
during the decomposition both under He and He/Oz, the amount of 
TPA/u.c is approximately 4, which is the theoretical optimum. It 
therefore appears that TPA can be fully removed under He; at least the 
same amount as with He/Oz. 

In the presence of oxygen according to analysis of the exhaust gas, 
TPA is oxidized. It appears that this oxidation starts at about the 
same temperature at which the nonoxidative decomposition commences. 
Therefore TPA probably decomposes prior to the oxidation. During 
removal of TPA at elevated temperatures under oxygen an oxidation 
front will move to the center of the TPA-ZSM5 crystallites. 

It can be concluded that if the aim is to remove th·e TPA from the pore 
system of ZSM5 a nonoxidative treatment is equally suitable, and is 
perhaps to be preferred since the occurrence of hot spots and thus 
dealumination is avoided. In addition, decomposition under oxygen is 
less favourable due to the formation of water, which may induce 
lattice destruction at the high temperatures applied. This can explain 
the lower pore volume obtained after calcination in He/02• However, in 
absence of oxygen possibly coke deposits are formed. It is therefore 
advisable to treat the ZSM5 catalyst subsequently with oxygen at 
elevated temperatures. 

42 



2. Characterization of ZSM5 

Che.ical Analysis 

For chemical analysis the calcined ZSM5 products are dissolved in 
fuming sulphuric acid. Upon ignition with HF the residues were 
analyzed for Si content by weight loss. Analysis for Al was performed 
by atomic adsorption after dissolution of the residues. ·~e Si/Al 
ratios of the most used ZSM5 samples are given in Table 2. 

Table2. Chemical composition and pore volume of ZSM5 samples 

code Si/Al Al/u.c pore volume (ml/g) 

NX 30 3 0.166 

GG 31 3 0.155 

VX(3) 25 3.5 0.160 

VX(2) 45 2 
KY 75 1.2 0.170 

Determination of Pt Content 

In case of the Pt loaded ZSM5 catalyst, the Pt content was determined 
by several techniques. 

- After introduction of [Pt(NH3)4J2+ by TGA measurements. 
Upon heating in a Cahn Electro balance, the mass decrease due to 
dissociation of the complex was measured. From this mass loss (total 
weight of NH3} the amount of introduced Pt could be calculated, 
assuming NH3/Pt= 4. 
- After ion exchange the amount of not-exchanged Pt-ammine complex in 
solution was determined by UV-VIS spectroscopy. Thus the exchanged 
amount of complex could be calculated. In most cases it appeared that 
at room temperature 100% exchange takes place. 
- By X-ray fluorescence. 

Determination of Crystallinity of ZSM5 Samples 

XRD 

.The XRD patterns of the used samples contained all lines 
characteristic of ZSM5. A representative XRD spectrum as measured with 
CuK radiation on a Philips X-ray diffractometer, equipped with a PW 
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1120 X-ray generator and a PW 1352 detection system, is depicted in 
Fig. 2. Mostly a scan speed of 1°/min was applied. 

50 45 40 35 30 25 20 15 10 5 . 

Figure 2. X-ray diffraction pattern of ZSMS 

Pore-volume Measurements 

Pure ZSM5 has a characteristic internal volume of about 0.17 ml/g as 
measured by n-butane adsorption at room temperature. Therefore the 
pore vo 1 ume of a ZSM5 samp 1 e is a good i ndi cation of the crysta 11 i ni ty. 
In the case part of the sample is amorphous a lower pore volume is 
obtained. It is essentially that prior to the pore-volume measurement 
TPA is removed and that the sample is washed carefully, for the 
removal .of internal species. For the measurements of pore volume a 
Cahn-RG-Electrobalance was used, equipped with a Eurotherm temperature 
programmer. To avoid the adsorption of impurities, the carrier gas He 
was purified by passing over (in this order) a 4A molsieve, a BTS 
column and additionally a molsieve in liquid nitrogen. All gases were 
led through copper tubes. As adsorbent n-butane was used (Matheson, 
99+ ~). Prior to the adsorption the samples were dried at 623 K for 1 
hour under 200 ml He/min. The adsorption was performed at 293 K, by 
adding 40 ml n-C4/min to 160 ml He/min. Saturation level was always 
reached within a few minutes. From the mass increase and the density 
of n-c4 at RT (0.5788 g/ml), assuming capillar~ condensation, the pore 
volume (ml/g ZSM5} could be calculated. In Table 2 the values for some 
ZSM5 samples are given. In general pore-volume measurement proved to 
be a suitable method for determination of the crystallinity. 
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Part B. Conversion of Methanol 

CHAPTER 5 

lltE t£CHANISM OF INITIAL fl:lltANOL CONVERSION TO HYDROCARBONS 

Introduction 

It is generally accepted that the conversion of methanol or dimethyl 
ether over zeolite H-ZSM5 starts with the formation of small olefins. 
The formation of these species from separated methyl groups has 
attracted much attention in the past years. Several mechanisms have 
been proposed, however without reaching full agreement. In this 
chapter a survey of the proposed intermediates is given. In a number 
of mechanisms, carbene· or carbenoid species play an important role. As 
will be shown, these mechanism are essentially the same. The formation 
of C-C bonds from these carbene species is studied theoretically. 

Mechanisms for the Initial C-C Bond Formation 

The intermediate species as proposed in the literature are depicted in 
Scheme 1. The numbers subsequently used refer to this scheme. 

1. Methyl Cation 

In the conversion over acid catalysts like H-ZSM5, methanol (1) will 
firstly adsorb to form protonated methanol (2). Subsequently reaction 
to dimethyl ether (3) will occur by dehydration. Oerouane et al. [1]. 
observed by 13c NMR the formation of methyl cations (4) on faujasite 
zeolite at 573 K in combination with the dimethyl-ether formation. 
Beranek and Kraus [2] conclude that the mechanism for ether formation 
is a nucleophilic substitution, whereby the surface methyl cations (4) 
are attacked by gas phase or physisorbed methanol molecules. The ether 
formation has not necessarily to precede the formation of 
hydrocarbons. However this is most likely since the formation of ether 
is much faster; it can already occur at temperatures as low as 373 on 
ZSM5, while hydrocarbon formation starts at about 423 K. 

Topchieva et al. [3] investigated the adsorption of methanol on 
aluminosilicates. They observed that hydrocarbons were formed, which 
was considered to occur by condensation of surface methyl groups (4). 
The mechanistic detai 1 s of this condensation, however, were not given. 
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Ono and Mori [4] assume·that the C-C bond formation takes place by 
reaction of a methyl cation {4) with a methyl group of methanol via a 
penta-coordinated transition state. 

2. Methylene 

Salvador and Kladnig [5] investigated the reaction of methanol over 
zeolite H-Y. They assume that the species active in the C-C bond 
formation is methylene (5), which is formed by deprotonation of the 
surface methyl cations. The likelihood of this proposal has recently 
been stressed by Hunter and Hutchings [6]. Their evidence however, is 
only based on model reactions. 

Chang and Silvestri [7] proposed that free methylene (6) is formed 
by unimolecular dehydration of methanol. It is assumed that C-C bonds 
are formed by C-H insertion into methanol or dimethyl ether. Chang and 
Chu observed [8] that upon addition of propane to the methanol feed 
the usually high iso/normal butane ratio was significantly lowered. 
This was considered as evidence for the presence of free carbene (6) 
during conversion of methanol, since carbene insertion into propane 
will lead statistically to higher concentrations of n-butane relative 
to i-butane. According to our investigations however, the addition of 
ethane did not result in a higher propane selectivity. As was proposed 
by Van Hooff (9], propane probably donates a hydride to a carbenium 
ion; in this transfer reaction the formation of n-alkanes is favoured. 
In addition, it might well be that the presence of propane moderates 
the large reaction exothermicity during conversion and thus causes a 
change in the actual reaction temperature. As a consequence, the 
thermodynamic equilibria are affected, which might be an explanation 
for the higher n-butane selectivity. According to Cormerais et al. 
[10] methylene is involved in a chain growth 'rake mechanism'. Higher 
alkyl chains are formed by insertion of CH2 in adsorbed methyl alkyl 
ethers. 

3. Oxonium Methyl ide 

According to Van den Berg [11] a carbenoid 'species is formed from 
trimethyloxonium ion (M30) {7). The latter species is formed ·bY 
methylation of adsorbed dimethyl ether. The formation of C-C bonds 
'from M3o starts with the abstraction of a proton from one of the 
methyl groups; a dimethyloxonium methylide (8) is thus formed, which 
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may be regarded as a solvated CH2 species. In the subsequent step the 
CH2 group inserts in one of the O-CH3 bonds, which leads to a C-C 
bond. The proton on the 'nearby zeolite site moves simultaneously to 
the oxygen: methylethyloxonium ion (9) is formed. This ion can either 
protolyse to ethene and methanol or react again with MOM to 
dimethylethyloxonium ion. Subsequent insertion of a CH2 group in the 
O-CH2cH3 bond yields a propyl group that can leave the oxonium ion as 
propene. According to this mechanism ethene and propene are regarded 
as the primary olefins (the dissociation of the methyl propyl ether is 
too rapid to allow another rearrangement to a butyl ether). The 
experimental evidence obtained by Van den Berg [11] for his mechanism, 
consists of a number of observations. The conversion of dimethyl ether 
obeys zero order kinetics i.e. in the rate determining step no MOM is 
involved. This step is as postulated the proton abstraction from one 
of the methyl groups of M3o (7). The addition of water favours the 
formation of ethene over propene, this can be explained by assuming 
that a hydrolysis of the methyl ethyl ether to ethanol and methanol 
occurs; subsequently the ethanol can react to ethene, whereas 
formation of the propyl ether by additional rearrangement within the 
ethyl ether is no longer possible. Additional evidence has been 
provided by other researchers. Cormerais et al. [10] and Chang and 
Silvestri [7] found methyl ethyl ether among the products formed from 
methanol QVer silica-alumina and ZSM5 respectively. It was estabished 
by Cormerais that this compound is not formed from the reaction 
methanol with ethene. Mole et al. [12,13] observed that the 
deuteration of the methyl groups of residual dimethyl ether, 
accompanied the ethene formation in the conversion of methanol mixed 
with deuterated water over H-ZSMS. The ethene was also extensively 
deuterated. This can be explained by the fact that the conjugated 
basic sites of ZSM5 are strong enough to abstract a proton from a 
methyl group. Of all steps in the mechanism of Van den Berg this has 
been most criticized. The results of Mole et al. are not unambigious 
however; they are also in favour of the free carbene mechanism. The ab 
initio field calculations of Beran and Jiru [14] also lend support to 
the proton abstraction. 

A number of extra-zeolite experiments with M3o salts have been 
reported [15,16]. In these experiments it was proved that M3o can 
react to species with C-C bonds provided a strong base was added. In 
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these reports it was again questioned whether ZSM5 can provide 
sufficiently strong basic sites. 

Olah et al. [16,17] also assume that conversion starts with the 
formation of dimethyloxonium methylide (8) from trimethyloxonium ion. 
They believe however, that the subsequent C-C bond formation does not 
take place within this species as proposed by Van den Berg. Instead 
they assume that this reaction takes place via intermolecular 
methylation, which yields dimethylethyloxonium ion (10). 

According to Butter and Kaeding [18], anionic sites of ZSM5 can 
weaken a C-H bond of dimethyl ether. A carbenoid species (11) is thus 
formed that can form C-C bonds by attacking a methyl group of 
protonated dimethyl ether or methanol. 

4. Radicals 

A mechanism based on CH3• radicals (12) formed from methanol has been 
proposed, without experimental evidence, by Zatorski and Krzyzanowski 
[19]. The formation C-C is supposed to occur by reaction between the 
radicals. Radical mechanisms have recently been reiterated [20,21]. 

·choukroun et al. [20] observed that dimethyl ether in fluorosulphuric 
acid can selectively dimerize in the presence of peroxodisulphuryl 
difluoride, (FS03)2• It is assumed that in this reaction a protonated 
methoxymethyl radical (13) is initially formed, which is induced by a 
Fso3• radical. 

By using a spin trapping reagent in combination with e.s.r. 
analysis, Clarke et al. [21] detected free radicals in the tail gas 
during continuous flow reaction of dimethyl ether over H-ZSM5 zeolite 
at temperatures > 444 K. The nature of these radicals was not 
determined; it is assumed that permanent localized surface radicals 
abstract H atoms from the substrate MOM, which yields methoxymethyl 
radicals. Combination of two of these radicals would be the C-C 
formation step. However, it might well be that the observed radicals 
arise from the olefins formed from MOM via another mechanism. Indeed 
Slinkin et al. observed [22] the formation of radicals upon adsorption 
of linear and branched olefins on H-ZSM5 at 195 and 293 K. For all 
proposed radical mechanisms, the C-C bond formation step is also the 
termination step. For further conversion new radicals have to be 
·formed. 
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Scheme 1. Intermediates in the initial C-C bond formation from 

methanol as proposed in the literature. 

In all proposals, except the radical and methyl cation based 
mechanisms, it is assumed that methylene is active in the C-C bond 
formation. It is believed (see Scheme 1) that this species is either 
freely present (6) [7,10] or attached to dimethyl ether (8) [11-13 and 
16,17]. The carbene species supposed to be active in C-C bond 
formation have never directly been observed. On balance it has been 
shown that with the experimental techniques applied so far it is 
difficult to obtain definite results. The mechanisms based on radicals 
on the other hand, seem to be stronger based; radicals have been 
observed during MOM conversion. The nature . of these radi ca 1 s is 
unknown however, and thus it is not certain that they are involved in 
the reaction to C-C bonds. 
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Theoretical Calculations 

The rearrangement of oxonium ylids to ethers via C-0 and C-H insertion 
was studied theoretically [23]. The activation energies for both 
reactions were determined by theoretical calculations on the 
methanol-carbene complex. Calculations with dimethyl ether were much 
more complicated. It is to be expected that methanol will behave 
similarily in the insertion reactions. Species were optimized fully, 
subject only to overall molecular symmetry constraints, using the 
restricted Hartree-Fock formalism [24]. The ab initio calculations 
were carriecj out with GAUSSIAN-82 [25], using the minimal ST0-3G 
basis [26]. Energy refinements were obtained from single-point 
calculations at the ST0-3G optimized geometries using the 6-31G* 
split-valence+polarization basis [27] (HF/6-31G*//ST0-3G), and 
correlation corrections were estimated using Moeller-Plesset 
second-order perturbation theory [28] with the 6-31G* basis 
(MP2/6-31G//ST0-3G). The transition states for the both insertions 
were first roughly located using the reaction-coordinate method and 
then rigorously optimized. The final reaction profile is depicted in 
Fig. 1. The 'best data', relative to the ylid, are: 

dissociation energy (HF/6-31G*//ST0-3G}: 29 kJ/mol, 
relative energies of the transision s'tates (MP2/6-31G//ST0-3G}: 
C-H insertion: 82 kJ/mol 
C-0 insertion: 147 kJ/mol 

__ E3.L ______ _ 

CHT-CH30H Figure 1. 
Reaction profile for C-C bond 
formation from CH 2-CH30H. 
a) C-0 insertion, E1: 147 kJ/mol 
b) C-H insertion, E2: 82 kJ/mol 

E3: 29 kJ/mol 
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Figure 2. Transition states for the C-0 and C-H insertion reactions. 



The· transition states for the formation of c~c bonds· from 
dimethyloxonium methylide by C-0 and C-H insertion are depicted in 
Fig. 2. 

Nature of Oxonium Ylids 

According to the theoretical calculations on a number of ylides as 
carried out by Eades et al. [29] the H2~-CH2 species is best 
considered as a singlet methylene loosely solvated by a water 
molecule. In contrast H3N-CH2, H2S-CH2 and H3P-CH2 all have much 

stronger C-X bonds and are better represented by the zwitterionic 
structure; Hnx+- CH2-. The data suggest that the stability of ylides 
is mainly determined by the tendency of the heteroatom to donate 
negative charge to the methylene group. On this basis the order of 
stability is expected to be P > S > N = Cl > 0. 

The Chang (carbenoid) mechanism [7] has repeatedly been aiscounted 
on the ground of its high endothermicity. The theoretical calculations 
carried out by Eades et al. [29] however, suggest that oxonium ylides 
are only weakly bound ether-carbene complexes. Indeed our theoretical 

·calculation on the methylene-methanol complex, show that the bond 
energy is small; in the order of 30 kJ/mol. The difference between the 
oxonium-ylide mechanism and the Chang mechanism is therefore only 
small. The proposals of Van den Berg, Olah and Chang can be unified; 
they all lead to the formation of· an oxonium ylide. The question 
remaining now concerns the initial C-C bond formation. This can occur 
by intermolecular a'lkylation of the methylene group as proposed by 
Olah, by intramolecular C-0 insertion as proposed by Van den Berg, or 
by C-H insertion (free carbene mechanism) as proposed by Chang. 

Insertion Reactions 

If the dimethyloxonium methylide (8) is considered as an 
ether-methylene complex, two obvious routes can lead to a C-C bond 
(methyl ethyl ether): intramolecular insertion of CH2 into an O-CH3 
bond or dissociation followed by insertion into a C-H bond. It is 
clear from our results that C-H insertion is strongly favoured over 
C-0 insertion (see Fig. 1). Moreover, both require an activation 
energy larger than the CH2-o dissociation energy, and can therefore be 
.considered as insertion reactions of a free carbene. The labelling 
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studies conducted by Olah et al. [16], therefore would have shown 
complete scrambling in any case. Nevertheless, carbene generated in 
the presence of ethers will exist as 'solvates' (oxonium ylides) most 
of the time. This may well enhance their reactivity towards proton 
donors and electrophilics. Our findings are in accordance with the 
results of Frey and Voisey [30], who studied the reaction of methylene 
with various ethers. They observed that CH2, generated by 
photosensitized decomposition of ketene, inserts mainly in the various 
C-H bonds, in a near random fashion. In this reaction singlet 
methylene is involved. The reaction of triplet methylene with ethers 
corresponds formally to a C-0 insertion. However Frey and Voisey 
conclude that this reaction does not occur in one step but rather via 
radicals formed from methylene-ether complexes. Recombination of the 
radicals would yield the 'C-0 insertion ether'. Our calculations 
exclude C-0 insertion as a viable mechanism for C-C bond formation, 
which leaves alkylation or C-H insertion of methylene as 
possibilities. 

Conclusions 

Oxonium ylides are weakly bound carbene-dimethyl ether complexes, with 
a bond strength of about 30 kJ/mol. The difference between the 
mechanisms for C-C bond formation based on free carbene and oxonium 
ylide therefore is only small. Starting with the oxonium ylide, C-H 
insertion, via dissociation in carbene and dimethyl ether, is 
preferred over C-0 insertion. The C-C bond formation is thus expected 
to be mainly intermolecular. 
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CHAPTER 6 

THE CONVERSION OF DIMETHYL ETHER OVER Pt/H-ZSM5 

Introduction 

Although it has been known for about 10 years [1] that the acidic 
?eolite H-ZSM5 is suitable for the conversion of methanol or dimethyl 
ether (MOM) to hydrocarbons, there is still no complete understanding 
of all the reactions that take place during this process. Especially 
the question about the formation and nature of the first olefin{s) has 
generated some controversy [2,3,4]. Mobil researchers assume, 
supported by conversion experiments at short contact-time [2] and 13c 
labelled methanol conversion studies [3], that ethene is the first 
product formed, while propene as well as higher hydrocarbons are 
products of consecutive reactions. The studies of Van den Berg [5] 
however, suggest that ethene and propene are formed simultaneously 
rather than sequentially. 

The elucidation of the nature of the primary olefins is hampered by 
the fact that these species are involved in a complicated network of 
reactions. In addition, small olefins are also formed by cracking of 
higher hydrocarbons. We therefore tried to terminate the reaction 
sequence directly after the formation of the first olefin{s) by means 
of a hydrogenation to unreactive paraffins. As hydrogenation function 
we used Pt incorporated in H-ZSM5. The first experiments showed that 
at temperatures below 523 K the dimethyl ether conversion is 
drastically influenced by the presence of platinum. Beyond expectation 
the only product was methane, a species that is normally hardly 
formed. Intrigued by this result, we investigated the origine of this 
species. 

Experimental 

Zeolite H-ZSM5 (NX} was prepared according standard methods [6] with a 
Si/Al ratio of 30 (0.51 mmol Al/g). The crystallinity was confirmed 
with X-ray diffraction and pore-volume measurement (0.16 ml/g), 
Silicalite was synthesized analogously to H-ZSM5 but in absence of an 
aluminum source [7]. 

Platinum was incorporated by means of impregnation; after drying, 
the sample was saturated with a solution of Pt(NH3)4(0H) 2 till the 
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desired amount of platinum was present. The impregnated samples were 
calcined in an artificial air flow at 573 K and subsequently reduced 
at the same temperature in purified H2• The zeolites Y and mordenite 
were obtained from Union Carbide {Linde Division) and Norton 
respectively. Acidification of the zeolites was performed by triple 
ion exchange in a NH4No3 solution and subsequent calcination at 773 K. 

A 4 wt% solution of Pt(NH3)4(0H) 2 was obtained from Johnson Matthey 
Chemicals Ltd. Pure (CH3)3osF4 was purchased from Fluka. Dimethyl 
ether was a high purity reagent (99.9%) of Matheson. 

The conversion of dimethyl ether was studied using a fixed-bed 
continuous flow reactor containing 1 g of catalyst (MOM/H2= 0.5, WHSV 
(MOM) = 2.2 h-1). At steady state (after 15 min.) the products were 
analysed on-line by gas chromatography. The thermogravimetric 
experiments were performed with a Cahn-RG-Electrobalance. Purified He 
and/or H2 were used as vector gas, total gas flow 150 ml/min. 

Results and Discussion 

1. Conversion Experiments 

To investigate the influence of platinum in combination with H2 on the 
conversion of MOM, we used several catalysts; pure H-ZSM5; H-ZSM5 
mixed with 2.8 wt% Pt-Si02 (1:1); and 0.5 wt% Pt/H-ZSM5. Illustrative 
results are shown in Fig. 1. 

PtSi02/ 
30 H-ZSM5 H-ZSM5 Pt/H-ZSM5 

%C 
20 i!73K 

10 
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1 2 3 q 5 5+ 123455+ 1 2 3 

CARBON NUMBER • • SATURATED 

Figure 1. The influence of platinum on the 
conversion of H2 /MOM (WHSV= 2.2 h-1) at 473 and 523 K. 
H-ZSM5 : 2.8 wt% Pt/Si02 = 1:1, Pt/H-ZSM5: 0.5 wt% Pt. 
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As can be seen H-ZSM5, both pure and mixed with Pt-Si02, was not 
active at 473 K, while the Pt/H-ZSM5 catalyst selectively produced 
methane. H-ZSM5 gave a normal product distribution at 523 K; the 
amount of methane formed was small, indicating that H2 had little 
influence on the conversion of MOM. The main effect of mixing H-ZSM5 
with Pt/Si02, was a hydrogenation of the alkenes to alkanes; again the 
selectivity towards methane was small. The distance between the acid 
and the hydrogenation function seems too large for an earlier 
intervention. When the platinum is in the vicinity of the acid sites, 
in the zeolite pores, the influence on the product distribution is 
stronger. The formation of higher hydrocarbons is almost completely 
inhibited; instead, a pronounced formation of methane takes place even 
at 473 K, at which MOM normally hardly reacts. 

The conversion of MOM/H2 to methane over non-acidic silicalite 
loaded with 0.5 wt% Pt was negligible compared to conversion over the 
0.5 wt% Pt/H-ZSM5 catalyst (see Fig. 2). 
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Figure 2. Conversion of H2/MOM 
(WHSV= 2.2 h-1} to methane •. 
a) 0.5 wt% PtlH-ZSM5. 
b) same catalysts poisoned with NH3 
c) 0.5 wt% Pt/silicalite. 
0= activity of b) after calcination 
for 2 hours at 693 K. 

This and the fact that the catalyst composed of H-ZSM5 and Pt-Si02 
produced normal amounts of methane, strengthens the hypothesis that 
formation of methane from MOM occurs by a dual-functional mechanism. 
Moreover, when the acid sites of Pt/H-ZSM5 are poisoned by exposing 
the zeolite to ammonia at 473 K, the methane production decreases. 
This is not due to poisoning of the Pt phase, since Oessau has shown 
that Pt in H-ZSM5 is still capable to hydrogenate olefins at 473 K, 
after exposing to pulses of ammonia at T < 573 K [8,9]. The methane 
formation still observed, probably arises from the unpoisoned, weaker 
acid sites [10]. The activity of the poisoned catalyst could be 
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regained by heating at temperatures above 673 K; the stronger acid 
sites release ammonia and can take part again in the methane formation 
(see Fig. 2}. 

The conclusion that the reaction is bifunctionally catalysed 
results in the possibility of several mechanisms for methane 
formation: 

H 
M(]M 

MOM-H+/ H 
-.....MOH 

+ 

+ H 
MOM-H-MOM 

+ 

--Pt CH4 --
M 

MOM o' + Pt CH 

- '- 4 M" M 

Since in the conversion of MOM over the H-ZSM5/Pt-Si02 catalyst at 523 
K only small amounts of methane were formed (see Fig. 1), methane 
formation by hydrogenolysis of (hydrogenated) hydrocarbons formed from 
MOM is unlikely. The hydrogenation of trimethyloxonium {M3o) ion has 
never been observed. To ascertain whether this reaction is feasible we 
heated a physical mixture of (CH3)30sF4 and Pt/Si02 at temperatures 

below 373 K in H2 atmosphere. The fact that mainly methane was formed 
in significant quantities, proves that M3o can be an intermediate in 
the methane formation. This species is formed by the reaction of MOM 
with chemisorbed MOM. In the other mechanisms chemisorbed MOM is 
either directly converted to methane or reacts mono-molecular to an 
intermediate (carbene, methyl cation or CO) that is hydrogenated to 
methane. 

2. TGA Experiments 

By means of thermogravimetry we investigated the reactivity of 
chemisorbed MOM. A representative experiment is shown in Fig. 3; the 
change in weight of a dried and reduced 0.5 wt% Pt/H-ZSM5 sample is 
depicted during exposure to gases indicated. After saturation of the 
·zeolite with MOM at 463 K, the physisorbed part was removed by 

59 



flushing with He till constant weight was reached. The difference from 
the initial weight equals the weight of chemisorbed MOM. Replacem~nt 
of 1/3 of the He by H2, without change in the total gas flow, had no 
effect on the weight of the catalyst. This suggests that chemisorbed 
MOM can not be hydrogenated by H2• In addition, we analysed the 
products leaving the sample during flushing in H2 after MOM 
adsorption. Only during the presence of both weakly and strongly bound 

-MOM we could detect methane • 

.75 ..----:-----------------. 

T\· 
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HE + Hz 

----~~----------
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Figure 3. The reactivity of MOM chemisorbed 
on 5 wt% Pt/H-ZSM5 at 463 K tested with 
thermogravimetry. * : part of He flow replaced 
by H2 (He/H2= 2, flow: 150 ml/min) 
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Figure 4. Conversion of H2/MOM 
(WHSV= 2.2 h-1) to methane. 
a) H-ZSM5, b) H-Y; both loaded with 
0.5 wt% platinum. 

It appears th,at in the mechanism for methane formation from MOM/H2 
both the platinum sites and the acid sites participate, in addition, 
both chemi- and physisorbed MOM must be present. These species 
probably react initially to trimethyloxonium ion. The details are 
.shown in the following reaction scheme: 

+C~OH 

3. Conversion of MOM/H2 over Other Pt Loaded Acidic Supports 

To study the influence of acid strength we used H-Y zeolite, which has 
more but weaker acid sites than H-ZSM5. We compared the conversion of 
MOM/H2 over 0.5 wt% Pt/H-Y with the conversion over 0.5 wt% Pt/H-ZSM5 
(see Fig. 4). As can be seen the conversion versus temperature curve 
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is shifted to higher temperatures. Over Pt/H-Y a higher temperature is 
required to obtain the same methane production. Apparently the 
presence of a larger number of active clusters does not result in a 
higher activity. The fact that diffusional constraints are smaller for 
H-Y due to a larger diameter of the pores, appears to be of no 
importance, since then an opposite result would be expected. It 
follows that the difference in acid strength is responsible for the 
observed temperature shift. Thus a change in acidity influences the 
methane formation; i.e. acid sites catalyse the rate determining step. 
Therefore the rate of methane formation is equal to the rate of M30 
formation: 

r = r 
CH4 M30 

n 
k.PMOM 

To obtain the reaction order in MOM, we performed conversion 
experiments over 0.5 wt% Pt/H-ZSM5 at constant temperatures (see Table 
1). In the formation of methane from MOM and H2 no change of volume 
occurs. The concentration of methane measured at low conversion 
therefore is linearily related to the rate of methane formation. The 
apparent activation energy for methane formation has been calculated 
from Arrhenius plots for a number of Pt loaded acid catalyst (see 
Table 2). 

Table 1. 

Reaction order in MOM for 
the methane formation on 
0.5 wt% Pt/H-ZSM5 

T (K) 

423 

463 

n 

1.2 
1.1 

Table 2. 
Activation energies for the formation of 
methane over 0.5 wt% Pt loaded supports 

support Eact (kJ/mol) 
H-ZSM5 42 
H-mordenite 57 

It appears that the formation of the intermediate M3o on the less 
strong acid sites of H-Y demands more energy. This indicates that 
there is a relation between the zeolite acid strength and the 
activation energy of the methane formation; the higher this energy the 
weaker the sites. It is generally assumed that the acidity of 
H-mordenite lies between those of H-ZSMS and H-Y [11]. The activation 
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energy found for the methane formation over Pt/H-mordenite strengthens 
this assumption. 

The acid supports used so far were zeolites. Another frequently 
used support for metals is y-A1 2o3• It is known that this support 
contains acid sites with sufficient strength for isomerization or even 
cracking [12,13]. In combination with platinum, x-Al 203 is able to 
convert MOM to methane. The activation energy is given in Table 2; the 
small difference with the value of H-Y zeolite indicates that protons 
of r-A1 2o3 catalysing the reaction have only a slightly lower 
intrinsic acidity. 

Conclusions 

Dimethyl ether reacts over H-ZSM5 to trimethyloxonium ion already at 
low temperatures (T < 473 K). At these temperatures the subsequent 
conversion to hydrocarbons, via dimethyloxonium methylide, does not 
take place. When platinum is present near the acid sites, 
trimethyloxonium ion will be hydrogenated to methane. Other acidic 
carriers, loaded with Pt, also possess the capability to form methane 
from dimethyl ether. The activation energy for this reaction appears 
to be related to the intrinsic acididy. 
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CHAPTER 7 

CONVERSION OF DIMETHYL ETHER ADSORBED ON H-ZSM5 

Introduction 

The conversion of methanol and dimethyl ether (MOM) over H-ZSM5 has 
been studied extensively during the last -decade. A variety of 
techniques has been applied to gain information especially about the 
first steps of the conversion [1]. We have investigated the MOM 
conversion over H-ZSM5 by an alternative technique: temperature 
programmed desorption and reaction (TPD/R). In this chapter it is 
shown that this technique is appropriate for studying the reaction of 
MOM adsorbed on H-ZSM5. The heat effect and mass loss during reaction 
could be measured by DTA and TGA respectively. Under special TPD 
conditions it was possible to determine the activation energy for the 
initial C-C bond formation. 

Experimental 

The ZSM5 catalysts used in this study were synthesized according to 
well known patent methods. The zeolites Y and mordenite were obtained 
from Union Carbide (SK 40) and Norton (Zeolon) resp. All samples were 
acidified by triple NH4+ ion exchange at 353 K and subsequent 
calcination at 723 K. Dimethyl ether was purchased from Matheson, 
purity 99.9%. The apparatus used for the TPD experiments consisted of 
a fixed bed reactor in line with a thermal conductivity detector. The 
samples (0.5 g) were dehydrated at 623 K for several hours with dried 
He gas as carrier gas (24 ml/min). 

The saturation with undiluted MOM took place, unless otherwise 
mentioned, at room temperature in about 10 minutes, . after which the 
samples were flushed for 30 min in He. The heating rate during the TPD 
experiments was 10 K/min till a final temperature of about 773 K. 

The MOM/products evolved were trapped by passing the exhaust gas 
through a vessel placed in liquid nitrogen. After evaporation, the 
trapped species were analysed by gas chromatography. 

For the DTA experiments, a Du Pont 990 Thermal Analyser was used. 
The heating rate applied was 10 K/min. 

The TGA experiments were performed in a Cahn-Electrobalance. The 
carrier gas He (100 ml/min) was purified by passing through a 4A 
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molsieve in liquid nitrogen. Prior to adsorption of MOM the samples 
(weight approximately 30 mg) were dried at 623 K. During the TG 
experiments a heating rate of 10 K/min was applied. 

Results 

1. MOM TPD/R Experiments 
A typical MOM-TPO/R plot for H-ZSM5 (KY) catalyst (Si/Al=75) 

saturated with MOM at room temperature is depicted in Fig. 1. The 
response of the thermal conductivity detector (given in arbitrary 
units) depends on the desorption rate of the species and their 
specific thermal conductivity. 

A 

A.U. 

373 
T<Kl 

573 

Figure 1. MOM-TPD/R plots for: 
a} H-ZSMS (Si/Al=l5}, 
b) 0.3 H/0.7 Na-ZSMS, 

773 c) Na-ZSMS. Heating rate 10 K/min. 

The TPD/R curve can be divided in 3 parts: at 1 ow temperatures 
(300-473 K), a large broad peak (A), a sharp peak at about 543 K (B), 
and small broad peaks at higher temperatures (C, T > 573 K). To obtain 
information about the composition of the evolving gases causing the 
signals, the products were accumulated in 2 stages: 300-523 K (A) and 
beyond 523 K (B+C). The compositions are given in Table 1. As can be 
seen the broad signal A is mainly due to the desorption of MOM. In 
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addition, only traces of small olefins could be detected. The signals 
B and C are caused by the evolution of MOM and appreciable amounts of 
hydrocarbons, especially i-butene, whereas relatively little 
normal-butene is produced. The amount of propene and especially ethene 
formed is small at T > 523 K. In addition, hardly any aromatics are 
observed. 

Table 1. 
Composition of exhaust gas in %C during MOM/H-ZSM5 TPD/R. 

product 

Ct 
c2= 

c2 
c3" 

c3 
MOM 

i-c4= 
n-c4= 
c5 
c5+ 
aromatics 

T < 523 K 

0.04 
0.02 

99.43 
0.1 
0.4 

T > 523 K 

3.44 
0.05 
9.33 

15.44 
30.70 

4.81 
21.78 
12.98 
1.47 

To study the influence of acid sites on the TPD/R pattern, besides the 
H-ZSM5 (KY) catalyst, also a 0.7 Na/0.3 H-ZSM5 and a Na-ZSM5 sample 
were investigated. The obtained variation of the desorption signals as 
function of temperature are depicted in Fig. 1 (curves b and c, 
respectively). A decrease of the number of acid sites resulted in a 
smaller high temperature peak B (curve b), and in the case that no 
acid sites are present this peak is even absent (curve c). 

2. DTA and TGA Experiments 
A H-ZSM5 sample (Si/Al=75) saturated with MOM at 313 K was 

subjected to DTA measurements. A characteristic result is presented in 
Fig. 2a. A broad endothermic signal at low temperatures precedes a 
sharp exothermic heat effect at about 563 K. It is obvious that this 
effect corresponds to the sharp high temperature peak B observed 
during TPD/R. The mass variation during heating of a H-ZSM5 sample 
saturated with MOM at room temperature is depicted in Fig. 2b. The 
curve consisted of three stages: a) fast desorption (300-400 K) during 
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which the major mass decrease took place, b) slow desorption 
(400-540 K) and c) a steep mass loss at about 550 K. By comparing the 
TPO/R curve in Fig. la with the TGA mass curve it can be seen that 
part c corresponds to the abrupt TPO/R signal B. 

+ 

~T 

34.1 

32 

31.5 

31 
RT 

5 MIN 

323 423 TCK) 523 

c 

A 

623 

B 

Figure 2. OTA (a) and TGA curve (b) 
for MOM adsorbed on H-ZSM5 (Si/Al=75). 

3. Special TPO Experiments 
The temperature at which the adsorption of MOM took place (starting 

temperature of the TPO/R experiment) influenced strongly the size of 
the first broad peak A (see Fig. 3). Still in all cases the second 
peak B was observed; its position and size are hardly influenced by 
the temperature of MOM adsorption. The TPD/R plot after adsorption at 
473 K is depicted in the same figure (curve d). The second sharp peak 
B was again observed, however its shape was somewhat altered. 
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Figure 3. MOM-TPD/R of H-ZSM5, 
Si/Al=75,MOM adsorbed at: a) 323 K, 

b) 338 K, c) 353 K and d) 473 K. 

A.U. 

373 T<K) 573 773 

Ffgure 4. TPD/R of MOM adsorbed 
on: ·a) H-Y, b) H-mordeni te 

The Si/Al ratio of ZSM5 did not noticeably influence the starting 
temperature of the sharp high temperature TPD/R peak. For the samples 
with Si/Al= 16, 30, 75 it was in the range of 533-553 K. However, 
there was some effect on the composition of the gas leaving the 
catalyst during MOM-TPD/R as can be seen in Table 2; the amounts of 
both ethene and the higher aliphatics (c5+) increased with the Al 
content of the ZSM5 catalysts. The amounts of methane and aromatics 
formed was always low. The sharp high temperature TPD/R effect is not 
restricted to ZSM5 zeolite, as can be seen in Fig. 4. TPD/R plots 
recorded for H-Y and H-mordenite zeolite (curves a and b, 
respectively) showed the same characteristics. The temperature at 
which the second peak was observed was again about 543 K. For both 
zeolites the corresponding area in relation to the first desorption 
peak was markedly larger as compared to H-ZSM5. The compositions of 
the corresponding exhaust gases are given in Table 2. 
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Table z. 
Composition in t;C of exhaust gas produced by 

MOM-TPD/R on several zeolite samples. 

ZSM5, Si/Al: 
product 16 30 75 H-M H-Y 

cl 0.02 0.05 o.oo 0.01 o.oo 
c = 2 3.55 1.90 0.40 1.20 3.56 

c2 0.09 0.00 0.01 0.45 0.38 
c3= 1.18 1.57 1.12 21.40 9.59 

c3 1.43 1.09 0.02 o.oo 0.00 
MOM 71.53 72.73 89.65 46.89 60.70 
1 -c4 = 10.31 13.89 3.65 19.88 6.78 
n-c4= 1.70 0.89 0.91 6.87 2.55 

c5 0.18 o.oo 2.55 0.06 13.39 
c + 5 9.13 7. 71 1.52 2.76 1.76 
aromatics 0.87 0.18 0.16 0.48 1.25 

In Fig. 5 MOM-TPR/R curves for H-ZSM5 (Si/Al=75) recorded with a 
different temperature program are depicted. The temperature of the 
catalyst saturated with MOM at room temperature was first raised at 10 
K/min to 491, 510 or 520 K (curves a, band c resp.), and then kept at 
these temperatures. Surprisingly in each case, a sharp signal, albeit 
small, was observed after a certain lapse of time. An induction 
preceded this effect; this increased with decreasing 
temperature. In experiment b, after ·60 minutes flushing at 510 

period 
flush 

K, the 
temperature was raised further at 10 K/min. The gas evolved from the 
catalyst was separately trapped during flushing at 510 K and during 
the subsequent temperature increase (10 K/mi n, see Table 3}. As we 1.1 
as MOM, considerable amounts of hydrocarbons also desorbed from the 
catalyst in the flush stage. It appears that even aromatics can be 
formed from MOM at 510 K. In the second stage mainly hydrocarbons left 
the catalyst. The product composition is about the same compared to 
the flush stage, except that much more ethene evolved from the 
catalyst. 
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Figure 5. Flush experiments after MOM-TPD to a) 491 K. b) 510 K 
and c) 520 K. After flushing at 510 K (b). TPD/R to 773 K (10 K/min). 

Table 3. 
Composition of gas in SC evolved during flushing at 510 K 
and subsequent TPD (experiment depicted in Fig. 5b), 

a b 

product flushing at 510 K subsequent TPD/R to 773 K 

c1 
c = 2 0.06 14.89 

c2 0.01 0.39 
c3= 4.12 13 •. 34 

c3 o.oo 0 .0'0 

MOM 48.02 2.91 
i-c4= 19.18 29.39 
n-c4= 1.6 6.51 

Cs 11.48 19.84 
cs+ 14.70 12.07 
aromatics 0.83 0.65 
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Discussion 

The composition of the gas evolved from H-ZSM5 (Table 1) and the 
endothermic heat effect observed by DTA (Fig. 2a), indicate that the 
broad low temperature peak of the MOM-TPD/R curve (Fig. 1) is due to 
the desorption of weakly bound, physisorbed MOM. In addition to MOM 
only traces of small olefins are found in the exit gas. This indicates 
that either MOM does not noteworthy react at temperatures below 523 K 
or, assuming that products are formed, their desorption is hampered by 
a strong interaction with the acid sites. 

The sharp signal B at about 543 K is due to the evolution of MOM 
and products formed from MOM (see Table 1). Since Na/H-ZSM5 gives a 
weaker signal compared to H-ZSM5 and Na-ZSM5 gives no signal at higher 
temperatures (Fig. 1), it appears that acid sites are necessary for 
the generation of the products. It is not implied that MOM reacts 
simultaneously with the occurrence of signal B, since it might well be 
that the observed products are formed by cracking/desorption of 
earlier (at lower temperatures) formed hydrocarbons that due to their 
strong adsorption or size are prevented from leaving the zeolite at 
the temperature of their formation. DTA of MOM/H-ZSM5 (see Fig. 2a) 
however, shows at about the same temperatures (543-573 K) a strong 
exothermic signal, which indicates a reaction of MOM. Therefore the 
second TPD peak (B} is caused by the desorption of products (Table 1) 
immediately after their formation, i.e. this TPD signal indicates a 
reaction of MOM. The heat effect as measured by DTA is shifted to 
higher temperatures most likely due to different experimental 
conditions. The small, broad TPD/R peaks C (see Fig. 1) at higher 
temperatures then are due to the desorption of stronger adsorbed 
hydrocarbons, which perhaps do have first to be cracked to be able to 
leave the zeolite pores. 

Since a multitude of reactions takes place and information is only 
obtained about the temperature interval of occurrence and the products 
leaving the catalyst, it is impossible to draw conclusions about the 
mechanism(s) involved. The fact that both the TPD reaction signal and 
the corresponding DTA signal are sharp, demonstrates that the 
conversion of adsorbed MOM is a rapid reaction. The TPD/R and DTA 
experiments therefore support the assumption that the transformation 
of MOM to hydrocarbons is auto-catalytic in nature; the abrupt 
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generation of both products and heat can be attributed to this 
phenomenon. The reaction of MOM might also be accelerated due to the 
quick evolution of heat. This induces locally a higher reaction rate; 
as a result. more heat evolves. etc. 

Derewinski et al. have recently reported [2] a TPD study of 
methanol adsorbed on a ZSM5-like zeolite. Product analysis was 
performed by mass spectrometry. Under their experimental conditions in 
the temperature interval 473-673 K however. no abrupt formation of 
products was observed. This is probably due to the fact that methanol 
reacts first to dimethyl ether and water. It is not unlikely that the 
latter may have severely hindered the reaction of dimethyl ether. 
Formation of products (small olefins) took place at a much higher 
temperature (about 673 K). This observation is in accordance with the 
report of Novak ova et al. [3]. They observed only the desorption of 
MOM and H2o during TPD of methanol/H-ZSM5 in the temperature interval 
400-600 K. At higher temperatures the formation of aromatics was 
observed. The release of aromatics was preceded by the evolution of 
methane and formaldehyde. 

TGA of MOM/H-ZSM5 shows mass decrease stages that correspond to the 
peaks observed by TPD/R (Fig. 2b). Besides the quick desorption of 
physisorbed MOM (a) the slower desorption of chemisorbed MOM {b) is 
also observed. During the desorption of chemisorbed MOM. a quick mass 
decrease (c) occurs at about the same temperatures as the TPD/R 
reaction peak is recorded (see Fig. la). It appears that at the moment 
of reaction hardly any physisorbed MOM is present on the catalyst; 
mainly chemisorbed MOM is converted. This is in accordance with the 
fact that an increase of the temperature at which the MOM adsorption 
is performed reduces the size of the first TPD peak (desorption of 
physisorbed MOM) whereas the size and position of the reaction peak is 
not appreciably influenced {see Fig. 3). The last mass loss in the TGA 
experiment (c) at about 550 K is due to the desorption of products. In 
relation to the total mass of adsorbed MOM the weight of these 
products is rather small. Assuming that at the beginning of the 
reaction only chemisorbed MOM is present. it can be calculated that 
about half of the acid sites are covered prior to the reaction. 

By applying MOM-TPD/R the temperature at which the auto-catalytic 
conversion of MOM starts can be measured. The Si/Al ratio of the used 
H-ZSM5 catalyst does not influence this temperature. The start 
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temperature for ZSM5 catalysts with Si/Al ratio varying from 16 to 75 
is always about 543 K. MOM-TPD measurements with the acid zeolites H-Y 
and H-mordenite reveal the same start temperature. The area of the TPD 
reaction peak however, is for both zeolites (Fig. 4), considerably 
larger than for H-ZSM5. This is due to the larger acid site density of 
these zeolites compared to ZSM5. As a consequence relatively more 
chemisorbed MOM will be present at the start of the reaction and thus 
more products can be formed. 

The H-ZSM5 catalyst used for the TPD/R experiments depicted in Fig. 
5 was first saturated with MOM and then heated to temperatures above 
473 K. According to the TGA experiment depicted in Fig. 2, this causes 
removal of the major part of physisorbed MOM. Therefore the TPD/R 
signals recorded during flushing at the indicated temperatures concern 
the behaviour of chemisorbed MOM. Firstly this strongly bound MOM 
desorbs slowly. After a period of time, which decreases with 
increasing flush temperature, a sharp, small signal is observed. The 
analysis of the species leaving the zeolite during flushing at 510 K 
(see Table 3a) indicates that a (partial} reaction of the remaining 
chemisorbed MOM has taken place. It is reasonable to relate the sharp 
TPD/R signal, as observed in each of the TPD curves, to this reaction. 
This signal is probably caused by both a fast formation and desorption 
of products at the given temperature. The stronger bound hydrocarbons 
among the observed products desorb less rapid, either by flushing or 
as is done in experiments b and c (see Fig. 5) by raising the 
temperature of the sample aft~r the flush period (see Table 3b). This 
desorption takes place in broad peaks and thus it is likely that the 
desorbing products have been formed previously during the flush 
period. The sharp TPD signal (reaction of MOM) occurs after a shorter 
induction time when the flushing takes place at a higher temperature 
(see Fig. 5). A similar result was obtained by Ono and Mori [4], who 
studied the conversion of methanol over H-ZSM5 under recirculation 
conditions (0.15 g H-ZSM5, methanol pressure 7.71 kPa). During the 
first 8 hours at 494 K, methanol reacted completely to MOM and traces 
of hydrocarbons. Then, after an period of several hours the 
hydrocarbon yield increased abruptly, reaching 80% at 18 hours. At 512 
K the rapid formation of hydrocarbons started after a much shorter 
period; about 4-5 hours. 
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In the period preceding the reaction as observed in Fig. 5, MOM 
desorbs from the catalyst. In addition, MOM reacts to small olefins 
(see Table 1, T < 523 K). It is assumed [5] that this reaction, that 
probably proceeds via a carbene-like species, has a high activation 
energy. Once a small amount of olefins has been formed, a facile 
conversion of MOM is triggered. At higher temperatures MOM has a 
higher chance to react to small olefins; the induction period 
therefore is shorter. The induction ~ime is reciprocally related with 
the chance on reaction; EXP(-EactiRT). The activation energy 
corresponds to the formation of dimethyloxonium methylide from the 
trimethyloxonium ion. From the observed variation of the induction 
time with temperature an activation energy of 300 ± 30 kJ/mol can be 
calculated for this step. Van den Berg has obtained theoretically an 
activation energy of 292 kJ/mol for this reaction [5]. Espinoza [6] 

has attributed the jump in MOM conversion under continuous flow 
conditions with increasing temperature to the onset of cracking of 
hydrocarbons that block the small zeolite pores. This assumption was 
based on the fact that no jump in conversion was observed for 
amorphous silica-alumina catalysts with wide pores and the fact that 
the relation between conversion and temperature for propene conversion 
over ZSM5 was similar to that for MOM conversion. These obstructing 
hydrocarbons must be formed at low temperatures and, according to 
Espinoza, substantially occupy the pores of ZSM5, thus preventing the 
entering of new reactant MOM. According to our pore-volume 
measurements of MOM/H-ZSM5 after heating up to 483 K during TG 
experiments, the available free pore volume is not markedly smaller 
(0.155 ml/g versus 0.17 ml/g for the pure catalyst). Therefore the 
occurrence of an induction period is most likely not due to pore 
blocking by hydrocarbons. 

Conclusions 

We have shown in this study that MOM-TPD/R is an appropriate technique 
to monitor the reaction of MOM adsorbed on H-ZSM5. The occurrence of 
reaction is observed as a rapid desorption of products at about 
530-560 K. The MOM-TPD and DTA measurements show that the conversion 
has auto-catalytic characteristics. In addition, it is shown that MOM 
conversion at low temperatures (T < 530 K) takes place after an 
induction period. MOM converts to small olefins in this period. The 
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activation energy for this reaction 
variation of the induction period with 
is high: 300 ± 30 kJ/mol. Once small 
conversion of MOM is triggered. 
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CHAPTER 8 

ON lHE IMPOOTANCE OF SMI\LL lLEFINS IN DitElHYL ElHER CONVERSION 

Introduction 

It has been mentioned in several studies that the kinetics of the 
methanol or dimethyl ether (MOM) conversion over zeolite H-ZSM5 are 
auto-catalytic [1,2]. It is assumed that in the first stage small 
olefins are formed, most likely via carbenoid species [3,4]. It has 
been shown in the preceding chapter that this reaction has a high 
activation energy. Once small olefins are formed, the conversion can 
proceed via a more facile route, which is probably the methylation of 
olefins by MOM to the next higher homologue. Experimental evidence for 
a change in conversion mechanism consists of an abrupt decrease in 
activation ,energy in a narrow temperature range [5], a jump in 
activity level over a narrow range of space velocity [1] and the 
occurrence of an initiation period under recirculation conditions 
after which a sharp consumption of methanol tal<es place [2]. Moreover, 
ithas been observed that addition of small a·lkanolscauses an 
increase in MOM conversion [6,7]. 

The question rises as to whether the conversion of MOM via carbene 
species occurs only initially; can this reaction be regarded as the 
initiation process for the MOM conversion. To gain an insight of the 
processes occurring at the very beginning of the MOM conversion, we 
performed pulse technique experiments. By applying this technique, 
information can be obtained about the reaction of MOM during the first 
contact with H-ZSM5. Since it is believed that small olefins cause the 
auto-catalytic effect, we investigated the influence of the addition 
of these olefins on the conversion of MOM pulses. It has been 
postulated recently that besides small olefins also aromatics 
co-catalyse the conversion of methanol [8,9]. We investigated whether 
the same is true for the conversion of MOM. Further, we studied the 
influence of a hydrogenation function (Pt} added to the H-ZSM5 
catalyst on the conversion of MOM. 
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Experimenta 1 

1. Catalysts 
Zeolite ZSM5 (NX) was synthesized according to a standard patent 

method. The obtained particles (average size 1 pm) consisted according 
to SEM photographs 'of agglomerates of small ZSM5 crystallites. The 
Si/Al ratio was 30, which corresponds to 0.51 mmol Al/g. The sample 
was acidified by triple ion exchange in a 1 M NH4No3 solution and 
subsequent calcination at 773 K. 

Platinum was added to the catalyst either by physically mixing with 
the standard Eurocat Pt-1 (6 wt% Pt-Si02) or by ion exchange with a 
Pt(NH3)4(0H) 2 solution. This complex was converted to Pt metal 
by heating first under He/02 and subsequently under H2• 

2. Pulse Reactor 
10 mg of the catalyst was placed in the micro-pulse reactor. Prior 

to reaction, the catalysts were dehydrated for 1 hour at 573 K under 
dry He or H2 in the case of the Pt-ZSM5 catalysts. A pulse of 1 ~1 of 
the desired reactant was added to the carrier gas by a sample valve. A 
constant He or H2 flow (10 ml/min) transported the reactants through 
the reactor compartment and the exhaust gas to an on-line GLC column 
(Porapak QS). Detection of the separated products was performed by a 
flame ionization dectector. 

3. Reagents 
Dimethyl ether, ethene and propene were, high purity reagents (99.9% 

pure), obtained from Matheson. 

Results 

1. Influence of Small Olefins and Toluene 
The influence of temperature on the product distribution for the 

conversion of pulses of pure MOM over H-ZSM5 is given in Fig. 1. The 
conversion became noticeable at temperatures above 523 K. The amount 
of ethene formed compared to the other olefins was very small. The 
addition of ethene or propene (10 volume%) had a positive influence 
on MOM conversion (Fig. 2, curves b and c). In the case of propene, 
the conversion started even at lower temperatures. According to the 
product distributions at 583 K (Fig. 3), the addition of ethene caused 
a higher c3 selectivity, whereas addition of propene caused a higher 
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c4 selectivity. The addition of 2 wt% toluene had only little effect 
on the conversion versus temperature curve and the product 
distribution at 583 K (Fig. 2, curve d and Fig. 3d). 

• 
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Figure 1. Conversion of pure MOM 
pulses over H-ZSMS. Product distri
bution versus reaction temperature. 

2. Influence of Pt/H2 
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Figure 2. Influence of the 
addition of: b) ethene, 
c) propene (10 vol.%) and 
,d) toluene, 2 wt% on MOM 
conversion (a). 

623 

The conversion of MOM· pulses diluted with He or H2 (1:2) is 
depicted as function of temperature in Fig. 4 (curves a and b). It can 
be seen that H2 had no influence on the conversion. However, in 
combination with Pt, the activity of H-ZSM5 for MOM/H2 conversion 
decreased markedly (see Fig. 4, curves c and d). In the case of 1 wt% 
Pt/H-ZSM5 fed with MOM/H 2 (1:2) up to 623 K, the formation of higher 
hydrocarbons was negligible, only small amounts of methane were 
formed. The conversion of MOM/H2 over Pt-Si02/ H-ZSM5 (1.5 wt% Pt) to 
hydrocarbons started at about 583 K. At lower temperatures, only 
methane and traces of ethane, propane and butane could be detected. 
The formation of considerable amounts of methane was also observed 
when using only Pt-Si02 as catalyst. However the activity of this 
catalyst in he formation of methane from MOM/H2 decreased rapidly 
within a few pulses. The product distributions at high conversion of 
MOM/H2 (1:2) over H-ZSM5 and Pt-Si02/H-ZSM5 were, apart from methane, 
comparable (see Fig. 5}. 
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Figure 3. Product distributions 
for the conversion of: 
a) MOM, b) + ethene, c) + propene, 
d) + toluene, at 583 K. 
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Figure 5. Product distributions 
for MOM+ H2 (1:2) conversion 
over: a) H-ZSM5, 613 K 
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b) Pt-Si0z/H-ZSM5, 1.5 wt%, 603 K 
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Discussion 

Figure 4. Influence of Pt/H2 on the 
conversion of MOM. 
a) H-ZSM5, MOM/He = 0.5 
b) H-ZSM5, MOM/Hz= 0.5 
c) 1.5 wt% Pt-Si0z/H-ZSM5, MOM/Hz= 0.5 
d) 1 wt% Pt/H-ZSM5, MOM/Hz= 0.5. 

It appears that pulses of pure MOM are not converted over H-ZSM5 at 
temperatures below 523 K (see Fig. 1). Under continuous flow 
conditions the conversion starts at temperatures as low as 473 K. 
According to the previous investigations of Van den Berg [5], the 
conversion of MOM proceeds via trimethyloxonium ion (M30) at 
temperatures below 523 K. This species can react via dimethyloxonium 
methylide formed by H+ abstraction, to ethene and propene. Either no 
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reaction takes place in our pulse experiments at low temperatures or, 
more probably, only small amounts of ethene/propene are formed that 
are not detectable due to a strong adsorption on the catalyst. 

The conversion of pulses of pure MOM becomes noticeable at 
temperatures above 523 K. The yield of ethene is very small compared 
to the other products. This seems to be in tont radi ct ion with the 
assumption that ethene is an initial product. However, products have 
to pass on average a large number of acid sites before they have left 
the catalyst. As a consequence the chance that they desorb unaltered 
is rather small. The fact that ethene is only observed in small 
amounts is most likely caused by the occurrence of subsequent 
reaction(s) by which this olefin is converted to higher hydrocarbons. 
The ethene selectivity increases with temperature; the ethene observed 
at higher temperatures is probably entirely formed by cracking. This 
assumption is in accordance with the investigation of Oessau [10] of 
MOM conversion. Ethene was only obtained at 673 K at long contact 
times. It is assumed that this ethene is formed by re-equilibration of 
higher olefins. The fact that the propene selectivity is much higher 
compared to ethene is also in accordance with the assumption that the 
observed small olefins are mainly formed by cracking; the formation of 
propene is energetically more favourable than ethene. 

The addition of small olefins enhances MOM conversion (see Fig. 2). 
This indicates that these oJefins facilitate the reaction of MOM. The 
addition of propene even results in a decrease of the start 
temperature of the conversion. Derewinski et al. [6,7] have obtained 
similar results by studying the pulse conversion of methanol over 
H-ZSM5 type zeolite at 673 K. They have observed that addition of 
trace amounts of ethanol or propanol allows the conversion of methanol 
over a catalyst poisoned by pyridine. In absence of such additives the 
conversion of methanol is completely inhibited by pyridine. They 
concluded that the presence of small olefins formed from the higher 
alcohols offers methanol the possibility to react via a facile 
methylation mechanism. Since the strong acid sites were poisoned by 
pyridine, they assumed that this reaction can already be catalysed by 
weak acid sites. The initial formation of olefins from methanol 
however, does require the presence of strong acid sites. 

The presence of ethene/propene in the MOM pulses causes an increase 
in c3 , c4 selectivity, respectively (see Fig. 3). This suggeststhat 
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in the presence of olefins, MOM reacts via methylation. Methylation 
of ethene will yield propene, whereas propene can be methylated to 
n-or i-butene. We find in general, also under continuous flow 
conditions, more i-butane/1-butene than n-butane/n-butene. However, 
this is no proof for preferential iso-methylation of propene since 
isomerization can occur after the formation of a butyl cation. In 
addition, c4 species can also be formed via a different route, i.e. 
cracking of higher alkyl cations. 

The conversion of MOM is not enhanced by the presence of toluene 
' (see Fig. 2, curve d). Mole et al. [8,9] however, observed that 

addition of methylbenzenes promotes the conversion of methanol over 
H-ZSM5 both under pulse technique and under continuous flow 
conditions. They assume that methanol can react with the methyl groups 
of the aromatics; ethyl side chains are thus formed. By ring 
dealkylation ethene can be formed from ethylbenzene. Once this species 
is present in the catalyst ,the afore mentioned auto-catalytic 
conversion of methanol can start. They observed under continuous flow 
conditions that, starting with 13c methanol and unlabelled toluene, 
mono-labelled ethene was formed in addition to di-labelled ethene. 
This was also the case when unlabelled benzene was added. They 
accounted for this by assuming that a 6 --> 5 ring contraction 
reaction took place. In addition, they observed that deuteration of 
the methyl group of toluene is possible. These observations indeed 
show that aromatics are involved in ethene formation. According to 
Mole et al., in the presence of aromatics ethene is formed initially 
not only via the oxonium ylide mechanism but also via an 
aromatic-assisted process. The presence of aromatics induces an 
increase in ethene selectivity and thus the conversion of methanol is 
enhanced. One would expect that the addition of toluene also enhances 
the conversion of MOM. We observed however no positive influence of 
toluene on conversion. The reason for this is at the moment unclear. 

In the case of Pt incorporated in H-ZSM5, the conversion of MOM/H2 
(1:2) pulses to products with C-C bonds is severely inhibited up to 
623 K (see Fig. 4). The only product formed is methane. This is in 
accordance with our former studies [11] in which we reported that MOM 
can be converted bifunctionally over Pt/H-ZSM5 to methane. First MOM 
reacts over the acid sites to M3o which is subsequently hydrogenated 
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by the nearby located platinum to methane. The activity of the 
Pt/H-ZSM5 catalyst in the conversion of MOM pulses to methane, 
however, is low. Under the conditions applied, the ratio of MOM 
molecules in one pulse (1 ~1) and the number of acid sites in the 
catalyst (10 mg) is about 1:100. The coverage of chemisorbed MOM 
therefore will be low under the given pulse technique conditions. As a 
consequence, the formation of M3o will be lirlfited. In addition, the 
ratio Pt/H+ of the 1 wt% Pt catalyst is about 1:10. Assuming that M3o 
is hydrogenated by nearby Pt, only a fraction of the M3o that is 
formed will be hydrogenated. The remaining M3o can react via 
dimethyloxonium methylide to small olefins. These species are probably 
hydrogenated, and thus, although small olefins are formed, no 
conversion of MOM via methylation is effected. Indeed besides methane, 
trace amounts of small alkanes are observed, especially propane and 
butane. 

When H-ZSM5 is physically mixed with Pt-Si02, the conversion of 
MOM/H2 starts at a much higher temperature compared to the conversion 
over the pure H-ZSM5 catalyst (Fig. 4, curve c). At lower 
temperatures, the only products formed are methane and traces of c2-c4 
alkanes. The inhibition of conversion at T < 583 K is most likely due 
to a hydrogenation of the olefins initially formed. 

The formation of methane from MOM appears to be catalysed by Pt. In 
chapter 6, however, we reported that the methane production in the 
conversion of MOM/H2 over Pt-Si02/H-ZSM5 under continuous flow is only 
slightly higher as compared to the conversion over H-ZSM5. However, 
the activity of a Pt-Si02 catalyst in methane production from MOM/H2 
(1:2) dissapeared rapidly within a few pulses. Under continuous flow 
conditions, in which the supply of MOM is much larger, the methane 
production catalysed by Pt therefore is probably not observed due to 
deactivation. This deactivation of Pt may also be a reason for the 
abrupt formation of hydrocarbons. Due to this deactivation, the 
olefins formed are to a lesser extent hydrogenated and thus conversion 
of MOM by methylation can start. 

Conclusions 

The initial small olefins, formed via dimethyloxonium methylide, are 
of vital importance for the conversion of dimethyl ether over H-ZSM5. 
When they are hydrogenated (as is achieved by the addition of Pt) the 
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conversion of dimethyl ether is substantially blocked. The addition of 
small olefins clearly stimulates the conversion of dimethyl ethe~. 

Small amounts of ethene or propene are probably sufficient to start a 
chain growth reaction, in which dimethyl ether acts as a methylation 
agent. Once this reaction has commenced, conversion of dimethyl ether 
via dimethyloxonium methylide is unlikely. The latter reaction may be 
regarded as the initiation of the dimethyl ether conversion. In this 
conversion, that proceeds via a methylation/ cracking cycle, propene 
plays a crucial role. The reactions occurring on the combination 
catalysts Pt I H-ZSM5 can be depicted in the following scheme: 
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CHAPTER 9 

FINAL REMARKS 

Dimethyl Ether Conversion over H-ZSM5 

The objective of the investigations reported in Chapters 5-8 of this 
thesis was to re-examine the mechanism for -the formation of the 
primary C-C bonds (Chapters 5 and 6) and additionally to gain an 
insight of the conversion of dimethyl ether after the formation of the 
primary olefins (Chapters 7 and 8). 

The mechanisms postulated for the initial formation of C-C bonds 
are summarized and discussed in Chapter 5. A number of the mechanisms 
mentioned are based on methylene as intermediate. It is assumed that 
either this species is formed directly from methanol or is formed from 
trimethyloxonium ion by proton abstraction. In the latter case, the 
formed carbene is attached to dimethyl ether. According to quantum 
mechanical calculations concerning this species, the bond between 
carbene and dimethyl ether is only weak. The activation energy for 
free carbene formation therefore will not be much higher relative to 
the oxonium ylide formation. 

C-C bond formation can occur by free carbene insertion in a C-H 
bond or intramolecular insertion in a C-0 bond. According to 
theoretical calculations (Chapter 5), the oxonium ylide will 
dissociate in carbene and dimethyl ether prior to insertion. In 
addition, it appears that C-H insertion is preferred over C-0 
insertion. Since the carbene species is free during the insertion, the 
c~c bond formation has not necessarily to be intramolecular. 

To obtain information about the first hydrocarbons formed, the 
conversion of dimethyl ether over H-ZSM5 has been performed in the 
presence of hydrogen and platinum metal. Since the initial products 
are alkenes, it was expected that these would be hydrogenated on Pt to 
alkanes. If both ethene and propene are initially formed, then ethane 
and propane should appear as products. However the results obtained 
were unexpected. The main product formed at low temperatures (T < 523 
K) was methane, a species that is normally hardly formed. At higher 
temperatures, the usual products were also formed, albeit that they 
were substantially hydrogenated. For the formation of methane, the 
presence of an acid and a metal function is necessary. The order in 
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dimethyl ether for this reaction is one. It appears that the formation 
of methane from dimethyl ether is a bifunctionally catalysed reaction. 
Firstly dimethyl ether reacts to trimethyloxonium ion over the acid 
sites, which is the rate determining step; secondly, this species is 
hydrogenated by the nearby Pt. The formation of methane from dimethyl 
ether over Pt/H-ZSMS suggests that dimethyl ether reacts initially to 
trimethyloxonium ion, already at temperatures below 473. At these 
temperatures, reaction to the oxonium ylide does not occur, instead 
trimethyloxonium ion is hydrogenated. At higher temperatures, 
trimethyloxonium ion can react to the initial hydrocarbons via the 
oxonium ylide. 

The reaction of adsorbed dimethyl ether has been investigated by 
temperature programmed desorption/reaction (Chapter 7). Conversion of 
dimethyl ether is observed as a rapid desorption of products at 
530-560 K. This phenomenon is also observed at about the same 
temperatures for dimethyl ether adsorbed on the zeolites H-Y and 
H-mordenite. Conversion at temperatures as low as 493 K is possible; 
however, a long induction period was observed. In this period, small 
alkenes are formed via the carbenoid species. From the variation of 
the induction time with temperature, the activation energy for the 
initial C-C bond formation could be determined (300 ± 30 kJ/mol ). 

The reaction of dimethyl ether after the formation of the primary 
alkenes has been investigated by pulse experiments (Chapter 8). 
Addition of small olefins like ethene and propene clearly promotes the 
conversion of dimethyl ether. The presence of Pt substantially reduced 
the activity of H-ZSMS. Both results indicate that small olefins are 
key species in the conversion of dimethyl ether. Small amounts of 
these species can stimulate the conversion by offering a new, more 
facile route for conversion; methylation. Once the small olefins are 
formed via trimethyloxonium ion, a chain reaction is triggered. The 
olefins are methylated step wise by methanol or dimethyl ether to 
higher olefins. By catalytic cracking propene is formed back, which 
can be methylated again, etc. The c6+ species formed by methylation 
can also desorb or react to aromatics. For continuation of the chain 
conversion sufficient propene has to be formed by cracking. At lower 
temperatures this may not be the case due to a low cracking rate. 
During the propagation stage {methylation-cracking), dimethyl ether is 
no longer converted via trimethyloxonium (M3o) ion. The initial 
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conversion of dimethyl ether to the small olefins, may be regarded as 
the initiation step. The stages in dimethyl ether (MOM) conversion can 
be depicted in the following scheme: 

"t" C-H insertion 

M3o+ .......... M20--CH2 --....c2H5+ 

C3H7+ 

initiation 

----------------:::;~:. ~ t cracking 

propagation 

[c6+J+ 
I 

-------------------------- I ---------------------

desorption ' 

cyclization termination 

arom atization 

Due to the· high activation energy the initial formation of C-C bonds 
does not occur at low temperatures (< about 473 K), although M3o can 
be formed. Consequently, the fast conversion of MOM via a chain 
reaction will not start. 

In the temperature range 423-500 K, as observed by continuous flow 
and TPD experiments, conversion bec,omes noticeable. However, the 
activity of H-ZSM5 is low. C-C bonds are initially formed by insertion 
of methylene in C-H bonds. However, due to the high activation energy 
for the formation of the carbene intermediate, the chance of reaction 
is low and the conversion thus possesses an induction period. Once 
small amounts of primary olefins are formed, MOM reacts via rapid 
methylation. For the occurrence of further conversion of MOM, 
catalytic cracking of the formed higher oligomers is neccessary. The 
rate of cracking at these low temperatures may be too low for a 
continuous supply of small olefins, i.e. the rate of cracking and 
methylation are not well balanced. 

At higher temperatures (> 523 K) the cracking rate is high enough 
for continuous conversion of MOM. At temperatures around 573 K, the 
higher oligomers will, besides by cracking, also react by cyclization 
and hydrogen transfer to aromatics. The presence of these species will 
give MOM an additional opportunity for reaction; methylation of the 
aromatics to poly-methylbenzenes. 
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Part C. Preparation of pt-Loaded ZSM5 and Use 
in the Conversion of Small Alkanes 

CHAPTER 10 

INlRODUCTION 

Zeolite H-ZSM5 is a suitable catalyst for the conversion of methanol 
or dimethyl ether to gasoline with a high octane number. However, at 
present methanol is not a very appropriate source because of its high 
costs of production. In addition, as was mentioned before, the reactor 
for methanol conversion must be build in such a way that the heat 
released during the strongly exothermic reaction can be removed. This 
requires special design and materials, which will further increase the 
price of the gasoline eventually formed. 

Direct Conversion of Syngas to Gasoline 

Attempts have been made to combine the formation of methanol from 
syngas and its subsequent conversion to hydrocarbons. This requires a 
dual-functional catalyst composed of a methanol producing metal oxide 
and H-ZSM5 [1]. It was found that the metal oxide also caused an 
undesirable side reaction: hydrogenation of the intermediate alkenes 
formed from methanol. As a result part of the syngas is converted to 
unwanted small alkanes. An extreme example is the conversion of syngas 
over a dual functional catalyst containing H-ZSM5 and Cr/Zn oxide. As 
was reported by Chang et al. [2] this catalyst produced mainly ethane 
at 616-755 K. 

Syngas can be directly converted to hydrocarbons by applying metals 
like Fe, Ru etc; the well known Fischer-Tropsch synthesis. The higher 
hydrocarbons are believed to be formed by a chain-growth mechanism 
involving stepwise addition of c1 units. Part of the hydrocarbons 
formed, are much larger than desired. The broad spectrum of Fischer 
Tropsch products obtained from syngas can be narrowed by introducing 
the metal function for CO hydrogenation in the pore system of H-ZSM5 
[3,4]. The zeolite then serves to interrupt chain growth through 
cracking, isomerization and aromatization reactions. Thus a non 
Flory-Schulz CO hydrogenation can be achieved, yielding products with 
less than about 10 C atoms. 
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A preparation method was reported recently [5] in which the 
Fischer-Tropsch metal was introduced during synthesis of the zeolite. 
It was assumed that the prepared Fe/H-ZSM5 catalyst had a texture in 
which the metal phase was enveloped with ZSM5. However, the advantage 
of this configuration above a physical mixture. was doubtfull. Less 
methane and more c6+ hydrocarbons were formed. 

Alternatives for Aromatic Production 

It can be expected that lead additivies in gasoline as anti-knock 
agents will no longer be allowed in the near future. As a consequence 
the octane number has to be increased in another way. This can best be 
achieved by addition of aromatics, (see Fig. 1, from [6]) since 
alkenes causes fouling problems in the engine. In order to keep the 
price of lead free gasoline low, these aromatics have to be formed in 
an inexpensive way. 

J 1 
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4 
number of carbon atoms per molecule 

Figure 1. Octane numbers of 
various low molecular weight hydro
carbons showing the effect of carbon 
number [6]. 

The acid sites of H-ZSM5 can convert small alkenes to aromatics and 
higher alkenes. These small alkenes can be obtained from various 
hydrocarbons; 

hydrocarbon 

alkanols > cl 
syngas 
alkanes > c5 
small alkanes c2-c4 
methane 

reaction 

dehydration 
selective Fischer-Tropsch synthesis 
cracking 
thermal cracking, dehydrogenation 
oxidative coupling 

Biomass like corn, sugar-cane, beat, etc can be converted by the 
action of yeast to ethanol. H-ZSM5 can convert ethanol either pure or 
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mixed with water, via ethene, to a gasoline mixture by oligomerization 
and cyclization/aromatization [7]. It appears that the presence of 
water does not hamper the conversion. in fact its presence is even 
beneficial to the formation of aromatics. 
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Figure 2. AGf0 (kcal/mol) as function of temperature 
-for small alkanes/alkenes and aromatics [9]. 

By and large the cheapest raw material for aromatics production would 
be methane, since it is a natural source that can easily be produced. 
However, the conversion of this very unreactive species to alkenes is 
difficult. The optimalization of the conversion of methane gains a 
growing interest and effort [8]. In the near future perhaps, a 
catalyst may be developed that renders high yields. At the moment it 
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is questionable, whether an efficient method can be developed for the 
direct conversion of methane to alkenes. 

The second cheapest source are small alkanes; these are contained 
in natural gas and are formed extensively as side product in many oil 
processes, especially in cracking. The conversion of these small 
alkanes to alkenes can be effected by the action of a metal capable to 
dehydrogenate. Appropriate for this purpose are the inexpensive metals 
like Zn, Ni or the precious but more active, noble metals like Pt, Pd. 
The dehydrogenation of small alkanes becomes thermodynamically 
favourable only at high temperatures (see Fig. 2, data from [9]). 

100 

50 

0 
600 800 1000 

HK> 

Figure 3. Equilibrium yields of 
alkenes from c2-c6 n-alkanes [10]. 
1) hexane, 2} pentane, 3} butane, 
4) propane, 5) ethane. 

The equilibrium alkene yields, obtained on c2-c6 dehydrogenation, 
depending on temperature are depicted in Fig. 3 (taken from [10]). It 
can be seen that the yield decreases with the carbon number at a given 
temp~rature. The conversion can be improved by placing the 
dehydrogenation function near the acid sites. In this configuration, 
the formed alkenes are drawn away from the equilibrium. In addition, 
the formation of alkenes and the subsequent conversion to aromatics 
are coupled. Best conversion results are to be expected in the case 
the hydrogenation function is located near the acid sites. This 
requires that this function, Pt in our experiments, is introduced in 
the interior of ZSMS. It is shown in Chapter 11 that this is not an 
easy task. In the subsequent part of this introduction the problems 
that arise during the creation of Pt-ZSMS are mentioned. In addition, 
some alternative preparation methods are proposed and discussed. 
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Preparation of Pt-ZSM5 

The complex Pt(NH3)42+ is the most used Pt source. It seems 
to be the only Pt-complex that is; 
-soluble and stable in water (resistent against hydrolysis) 
-positively charged 
-small enough to enter the pores of ZSM5 

These characteristics make that this complex can be introduced by ion 
exchange. The complex is mainly deposited in the pores of ZSM5, since 
most of the negative Al sites are located there. When the Al is 
inhomogeneously distributed over the ZSM5 crystallites, this will also 
be the case for the complex introduced. The eventually obtained metal 
loading will be determined by the concentration, solid to liquid ratio 
an'd temperature used in the ion-exchange procedure. The maxi rna 1 amount 
of metal will depend on the amount of Al per gram of ZSM5. This is 
given as function of the number of Al/u.c. in Table 1, assuming that 
one complex is deposited per site. It can be seen that even at low 
Al/u.c. the ion-exchange capacity of ZSM5 is more than sufficient for 
most purposes. 

Table 1. Ion-exchange capacity of ZSM5 
as function of Al/u.c. 

Al/u.c 
Si/Al 

wt 7. Pt 

1 

95 

3.3 

4 

23 

11.9 

8 

11 

2l.3 

The conversion of the isolated complexes to small Pt particles, 
located exclusively in the pore system, is an arduous task. For the 
formation of Pt particles in Y zeolite a method exists, based on the 
prevention of migration of Pt to the external surface during 
decomposition [11,12,13]. If inert atmosphere is applied, an 
auto-reduction occurs to species that tend to migrate to the outer 
surface. Oxygen prevents this reduction by oxidizing the responsible 
NH3 (see Scheme 1). 

The use of oxygen, however is no guarantee for the obtainment of 
internal Pt. Extreme calcination conditions have to be applied; a very 
low heating rate and a very large flow for a quick disposal of the 

90 



He 

[Pt(NH3)40H]ZSM5 __.,... Pt0 + 7/3 NH 3 + 1/3 Nz + HzO + NH 4ZSMS 

+ 

auto-reduction: low dispersion 

He/02 
[Pt(NH3)40H]-ZSM5 __.,_ PtOz + 2 Nz + 6 HzO + H-ZSM5 

PtOz + HzO __....migration 

PtOz + Hz __.... Pt0 + HzO 

slow oxidation prior to reduction: high dispersion 

Scheme 1. Reactions of Pt(NH3)4ZSM5 under He and He/02 

NH3 + H-ZSM5 

water formed during the oxidation. In addition, the volume of the 
sample must be small, otherwise the unconverted NH3 and the formed 
water retained in the sample, may favour migration [12]. 

It has been reported that partial back exchange of the complex with 
·cations like cs+ [14] or Na+ in case. of mordenite [15] is also 
favourable for the formation of internal particles. It can be imagined 
that these ions block the pore entrances and thus prevent the 
migration of Pt to the outer surface •. 

Internal Pt can also be obtained by a reduction of the complex with 
hydrogen to which alkenes are added [14,16]. According to Dessau, this 
can be attributed to a reaction of the alkenes with the initially 
formed mobile Pt-diammine-hydride species. However, more likely the 
ammine ligands are replaced by the alkenes at higher temperatures; the 
formation of the intermediate ammine complex, responsible for the 
migration, is thus prevented. 

Alternatives.for Pt-ZSM5 Formation 

The incorporation of Pt during synthesis of zeolite A has been 
reported previously [17]. In this way a selective hydrogenation 
catalyst was obtained. Synthesis of ZSM5 is possible in the presence 
of Pt(NH3)/+. According toTEM, the ZSM5 crystallites contained.Pt 
particles after synthesis. Apparently the complex had decomposed, 
which is probably due to the high alkalinity of the synthesis mixture. 

; 

The particles however, were mainly located on the external surface. 
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Preparation would undoubtebly be much easier when a Pt-complex is used 
that contains no NH3• A variety of positively charged hydrocarbon-Pt 
complexes exists [18], none of these however, are soluble in water. In 
addition, they are all much too large to enter the pores of ZSM5. It 
appears that Pt can only be introduced in the form of the ammine 
complex. The Pt-ammine/ZSM5 sample can directly be calcined in He/02, 
or one can try to remove the NH3 ligands prior to the calcination. 
Appropriate as replacing ligands are probably a·lkenes [16], and 
perhaps pyridine, or other N containing hydrocarbons. 

It has been mentioned in literature [19] that the Pt{NH3)4
2+ complex 

can be reduced by sodium dissolved in liquid ammonia. It was assumed 
that the neutral complex Pt(NH3)4 was formed, that dissociated at 273 
K. However, we could not reproduce this experiment for Pt(NH3)42+in 

ZSM5. 

Growth of Metal Particles in ZSM5 

The oxidation of one Pt ammine complex yields approximately 6 water 
molecules (4NH3 + 302 --> 2N2 + 6H20). In addition, Pt02 will be 
formed. The water will diffuse out of the pore system at the 
temperature of formation and thus form a mobile phase, Consequently, 
Pt02, partly dissolved in H20, will migrate; the Pto2 species can 

meet anq form clusters. Slow oxidation will reduce the rate of water 
formation and thus migration; particles grow only in the interior of 
ZSM5. Pt02 will agglomerate in the zeolite pores until the available 
space is filled. Once this situation is obtained Pt02 is trapped in 
particles and migration can no longer occur. 

Water can cause di srupture of the zeolite 1 atti ce at e 1 evated 
temperatures [20]; this results in an increase of the available growth 
space. However regarding the low temperature of calcination, the ZSM5 
lattice will probably not disrupt. For Y zeolite it is asssumed [13] 
that the lattice is damaged due to the growth of Pt particles larger 
than dimensions of the pores. This may hold for ZSM5 as well, however 
it is less likely due to the higner stability of its lattice compared 
to Y zeolite. 

Investigation of Pt Particles in ZSM5 

The Pt/ZSM5 samples obtained after the oxidative treatment were 
studied by High Resolution Electron Microscopy (HREM} and Extended 
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X-ray Absorption Fine Structure (EXAFS) spectroscopy (Chapter 12). The 
position of the metal particles can be determined by applying HREM. 
Since a projection of the zeolite lattice and the occluded particles 
is obtained the determination of the exact position is hampered by the 
dominant zeolite image. Both the position and size of the particles 
are masked by the surrounding zeolite lattice. Therefore we applied 
also EXAFS, a technique that is sensitive to short-range ordering. A 
model for the location of the metal partices is obtained by combining 
the information. 

Metal-ZSM5 as Catalyst 

The encapsulation of metal particles in ZSM5 cage system will affect 
the reactions that take place on these particles. The particle size 
distribution will be narrow and thus the particles will show about the 
same catalytic performance. Since the intracrystalline space of ZSM5 
is inaccessible to molecules having a kinetic diameter larger than 
about 0.55 nm, only small species can come in contact with the 
internal Pt particles. Indeed it has been shown by Dessau [16] that 
ZSM5 with only internal Pt is a shape-selective hydrogenation 
catalyst. The same holds for poisons, as has recently been shown [21] 
for Pt incorporated in ZSM5. Poisoning by quinoline occurred rapidly, 
whereas poisoning by 4-methylquinoline had little effect on the rate 
of formaldehyde oxidation. 

Pt/H-ZSM5 also behaves differently in the hydro-isomerization of 
large alkanes, as compared to Pt/HY [22,23]. This can be attributed to 
the fact that some isomerization reactions on the acid sites are 
sterically hindered by the pores of ZSM5. 

Conversion of Small Alkanes over Pt/H-ZSM5 

The conversion of propane over Pt/H-ZSM5 is described in the Chapters 
11, 13 and 14. The formation of benzene, toluene and xylene (BTX 
aromatics) becomes favourable at higher temperatures (T > 673 K). 
Unfortunately small alkanes are also formed, especially ethane. 
Assuming that no hydrogen is 1 ost, the re'acti on scheme for the 
formation of toluene (most formed aromatic) and ethane is: 
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Only 7/39 of the carbon in propane is converted to toluene in this 
reaction. The formation of methane besides toluene would be more 
favourable: 

In this way 7/15 of the propane carbon is converted to toluene. It 
appears however, that ethane is the preferentially formed small 
alkane. The situation can be improved by the addition of a species 
that is able to consume the hydrogen formed during dehydrogenation. 
For instance in the case CO is added 1:2 to propane, assuming it 
reacts to methane and H2o, the following theoretical reaction scheme 
can be written: 

21/30 of the carbon in propane is thus converted to toluene. Indeed we 
observed that the adition of CO improved the production of aromatics 
from propane over a Rh/H-ZSM5 catalyst. The ratio small 
alkanes/aromatics can be influenced by varying the Si/Al ratio of ZSM5 
as will be shown in Chapter 14. In the same chapter the main reactions 
occurring in the conversion of propane over Pt/H-ZSM5 are reported. 
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CHAPTER 11 

PREPARATION OF BIFUNCTIONAL Pt/H-ZSM5 CATALYSTS AND 
THEIR APPLICATION FOR PROPANE CONVERSION 

Introduction 

Zeolites are appropriate carriers for small metal particles due to 
their small channels and high inner surface area. Since the catalytic 
activity and selectivity of metal particles depend on size and 
structure [1], the occlusion of metals in the pore system of zeolites 
can influence the selectivity, especially in structure sensitive 
reactions like hydrogenolysis. By the introduction of metals near the 
acid sites, zeolites can be applied in the important domain of 
bifunctional catalysis. Especially H-Y and H-mordenite zeolites loaded 
with noble metals, find wide application as bifunctional catalysts in 
oil industry [2,3]. 

The incorporation Pt in faujasite zeolites has been studied in 
detail, whereas the incorporation in ZSM5 zeolite has received 
relatively little attention. To obtain platinum dispersed in the 
matrix of X or Y zeolite, oxidation of the generally used Pt source 
Pt(NH3)42+ prior to reduction is necessary [4]. By applying 

Transmission Electron Microscopy [5-7] or XPS [8] it has been proved 
that in this way Pt can be fully incorporated in the pores. The size 
of the particles in the Y zeolite matrix depends on the applied 
oxidation temperature. This can vary from particles up to 2.5 nm 
diameter occluded in the (disrupted) spherical supercages downto 
atomically dispersion in the sodalite cages [5]. 

Recently Dessau [9,10] as first described a method for the 
incorporation of Pt in ZSM5 zeolite. In this method the Pt-ammine 
complex, introduced by ion exchange, was reduced with H2 in the 
presence of olefins. The latter were assumed to cause decomposition of 
the intermediary formed neutral, hence mobil Pt-ammine species, before 
their migration. Information about·the position of the metal phase was 
obtained by using the catalyst in hydrogenation reactions. When 
selectively small alkenes were hydrogenated, it was concluded that 
platinum was exclusively deposited in the zeolite matrix. 

We prepared Pt/ZSM5 starting with the introduction of Pt(NH3)42+. 
The position of the complex after ion exchange and impregnation was 
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determined by pore-volume measurements. Subsequently, we studied the 
stoichiometry and temperature·dependence of the thermal decomposition 
of the oemplex during heating under inert (He) and reactive (He/02) 
atmosphere by TPO and TGA. The position of the Pt particles formed was 
determined by applying High Resolution Electron Microscopy (HREM}. A 
method was developed, by adjusting the thermal decomposition 
conditions, for the formation of small metal particles, situated 
exclusively in the zeolite pores. 

Regarding the unique catalytic properties of ZSM5 zeolite, the 
catalytic activity of platinum encaged in the matrix of ZSM5 may be 
markedly influenced. Dessau [9,10] has shown that the hydrogenation 
activity of platinum incorporated in ZSM5 is restricted to alkenes 
small enough to enter.the channel system. Likewise, as was recently 
demonstrated [11], the Pt particles can not be poisoned by nitrogen 
bases that are too large to penetrate the pores of ZSM5. like the acid 
sites of ZSM5, which are situated in the pores, platinum distributed 
in the interior of ZSM5 will posses shape selective properties; the 
reactions that can take place on the metal sites are directed by the 
surrounding zeolite pores. The activity of platinum occluded in ZSM5 
was investigated by using the Pt/H-ZSM5 samples as bifunctional 
catalysts for the conversion of propane to aromatics. This 
transformation is based on. the dehydrogenation of propane over the 
platinum in the absence of hydrogen, which on ordinary Pt catalysts is 
accompanied by strong coke deposition [12]. 

Experimental 

The ZSM5 zeolite samples were prepared from aluminosilicate gels with 
different Si/Al ratios, in the presence of tetrapropylammonium ion as 
template. The introduction of the platinum complex was performed, 
either by ion exchange or by pore-volume saturationwith a solution of 
Pt(NH3)4(0H)2 (Mathey Johnson} at room temperature. 
The samples used for the experiments are specified in Table 1. Pore 
volumes were determined by measuring the adsorption of n-butane at 
room temperature. The TGA experiments were performed with a heating 
rate of 5 K/min and a gasflow of 150 ml/min, in a Cahn-RG-Electro
balance. During the thermal decomposition experiments the samples (0.5 
g) were heated with a heating rate of 10 K/min in a flow of dried He 
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or He/02 (4:1), both 24 ml/min. The desorption rate was measured by a 
heat-conductivity detector. The total amount of NH3 evolved was 

Table 1. Specification of the zeolite samples 

experiment Si/Al wt% Pt: i.e. 

TPD/TGA/PV 50 8,3 
c3 conversion 30 1 

imp 

7.7 
1 

cationic fonn 

PV) pore-volume measurements, i.e.) ion exchange, imp) impregnation 

determined by passing the exit gas through a sulphuric acid solution 
and subsequent back titration. The HREM micrographs were taken with a 
JEOL 200 CX microscope with top entry and a double tilt of 10°. 

The activity of the Pt-ZSM5 catalysts (0.15 g) in the conversion of 
propane (99.9% pure, Matheson) was determined in a fixed bed 
continuous flow reactor. Propane was diluted with helium (66%) and fed 
with a WHSV of 3.5 h-1. A sample of the exhaust gas was injected 
directly into an on-line gas chromatograph. Firstly a Porapak QS and a 
Porapak R column separated the lower hydrocarbons (n < 6), the 
remaining higher products were back flushed, trapped and re-injected 
on a TRIS column that separated the aromatics. Analysis of one gas 
sample was performed in about 30 minutes. 

Results 

1. Preparation and Characterization of Pt•ZSM5 
The decomposition of Pt(NH3)4

2+ introduced to ZSM5 as 
measured by TGA is depicted ih Fig. 1. To obtain information about the 
position of the Pt-ammine complex after the introduction, the pore 
volume of the samples were measured before (PV1) and after 
decomposition of the complex (PV2). By measuring the pore volume of a 
sample without complex (curve c), it was verified that the zeolite is 
almost completely dehydrated at about 433 K and thus the mass loss at 
higher temperatures is due to the decomposition of the complex. The 
difference between PVl and PV2 {see Table 2) can therefore be 
attributed to the presence of the Pt-anmine complex in the pores. By 
assuming that the configuration of n-butane adsorbed on ZSM5 is 
end-to-end at room temperature, the difference in n-butane adsorption 
can be expressed, by multiplying with the molecular length of 
n-butane, as the length of the pores occupied by the complex. By 
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Table 2. Pore-volume measurements 

introduction method 

impregnation 
ion exchange 

PVl py2 {ml/g) estimated % complex 
internal 

0.125 00.148 

0.110 00.145 

75 

100 

dividing this length by the size of the complex, the amount of complex 
that is situated in the pores can be calculated. In the case ion 
exchange is applied, the complex can be fully introduced in the pore 
system, whereas by impregnation about 25% is deposited outside the 
zeolite pores. 

1 

0,98 

0.96 

0.94 

Figure 1. TGA curves of zeolite samples; 
a and d. Pt(NH3)4-ZSM5, ion exchange 
b. Pt(NH3)4-ZSM5, impregnation 
c. H-ZSM5 
a, b and c: in He flow, d: in He/02 flow 

A.U. 

473 573 T<K) 773 

Figure 2. TPD curves. 
a, ~. d as In Fig. 1, 
c: NH4-ZSM5. Figures 
indicate percentage 
of NH3 recovered. 
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The desorption rates of products evolving during temperature 
programmed decomposition of the Pt-ammine complex on ZSM5 under He, 
are shown in Fig. 2 (curves a and b). Prior to TPD, the samples were 

dehydrated by heating in He flow at 373 K. The ion-exchanged and 
impregnated sample showed the same pattern, that consisted of two 

large decomposition peaks and a small peak at high temperatures (753 
K). The latter coincided with the position of the peak observed during 
TPD of a ZSM5 sample exchanged with NH4+ (Fig. 2, curve c). 

TPD of the ion-exchanged sample under He/02 (4:1) differed markedly 
from TPD under He (compare curve a with curve d). A sharp, negative 
signal was observed around 573 K, indicating consumption of oxygen. 
The TGA measurement under He/02 (4:1) also differed from the 
measurement under He (see Fig. 1, curves a and d). The percentages of 
NH3 recovered during decomposition are indicated in Fig. 2. This value 
was drastically lowered by applying He/02 as carrier gas. 

Figure 3. HREM micrograph of 2 wt% Pt/ZSM5 sample after 

rapid heating in He/02 of ion-exchanged Pt(NH3)4-ZSM5. 
Bar indicates 10 nm. 

As was determined by HREM, after the TGA and TPD experiments, the 
samples contained very large, external Pt particles (10-15 nm). A 
representative HREM picture taken after rapid oxidation of an ion
exchanged sample (Fig. 2, curve d) is given in Fig. 3. By lowering the 
heating rate to 1 K/min and the final temperature to 573 K, increasing 
the He/02 flow to about 150 ml/min and taking small amounts of samples 
(less than 0.15 g) it was possible to keep all Pt inside the pore 
system of ZSM5 during the calcination, provided the complex was 
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Figure 4. HREM image of an ion-exchanged sample 
after gentle heating in He/02• Bar indicates 40 nm. 
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Figure 5. Propane conversion over 
Pt - H-ZSMS catalysts as function of 
time. a. ion exchanged: internal Pt 
b. impregnation: partly external Pt 
c. physical mixture Pt-SiOz/H-ZSMS 
T= 723 K, WHSV = 3.5 h-1, 1 wt% Pt 
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Figure 6. Product distribution 
versus time for propane conversion 
on 1 wt% (internal) Pt/H-ZSMS. 

T= 723 K, WHSV = 3.5 h-1 
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introduced by ion exchange. This did not hold when He was used as 
carrier gas, irrespective of the changes in the calcination 
conditions. A characteristic HREM micrograph of an ion-exchanged 
sample after gentle calcination as described above is shown in Fig. 4. 
Platinum {content 2 wt%) is distributed over the ZSM5 crystallites as 
small particles with dimensions of about 1-2 nm. The clear observation 
of the metal particles is hindered by the dominant image of the 
zeolite lattice. Therefore it is difficult to distinguish between 
internal and external metal particles. On the edges, i.e. the outer 
surfaces of the crystallites, however no particles are present. The 
same was observed on all other photographs taken from this particular 
sample. We may therefore conclude that the Pt particles as observed in 
Fig. 4 are located in the zeolite framework. The image of the zeolite 
lattice can be removed by either by rotating the sample or by 
destroying the zeolite structure by prolonged exposure to the electron 
beam [13]. By doing so, on a number of micrographs the lattice image 
of some particles became visible, which belonged to Pto2• 

2. Conversion of Propane over Pt/H-ZSM5 
The conversion of propane over three different 1 wt% Pt-H-ZSM5 

catalysts at 723 K is depicted as function of time in Fig. 5. The 
reduction of the catalysts a and b, carried out by slowly heating of 
the priorily oxidized samples to 573 K under H2, did not, as was 
checked by HREM, influence the size or position of the Pt particles. 
As can be seen in Fig. 5, catalyst a, with only internal platinum, 
showed the highest activity and the slowest deactivation. Catalyst b, 
with partially external Pt, exhibited a smaller, initial conversion 
and a rapid deactivation. A physical mixture of H-ZSM5 and Pt-Si02 was 
also tested (Fig. 5, curve c) to show the advantage of H-ZSM5 as 
matrix for Pt in the propane conversion. This catalyst showed a much 
lower activity, which decreased rapidly. The product distribution for 
the conversion of propane over catalyst a is depicted as function of 
time in Fig. 6. The benzene selectivity declined initially, whereas 
the ethane selectivity slightly increased. The amount of methane 
formed was very small as compared to ethane. Butane and toluene were 
the higher products most formed. Only small amounts of Cg+ aromatics 
were formed. After 4 hours time on stream, the product distribution 
was almost constant. As observed by HREM no migration of Pt to the 
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external surface had occurred. In addition, the average size of 
particles had not changed compared to the sample obtained after 
oxidation of the Pt-ammine complex. 

Discussion 

1. Introduction and Decomposition of Pt(NH3)42+ 
The size of the platinum-ammine complex is about the same as the 

aperture of the ZSM5 pores. Nevertheless, according to the pore-volume 
measurements, it is possible to exchange intra-zeolitic cations with 
this complex. Impregnation is less appropriate for the introduction of 
Pt, since part of the complex is not deposited in the pores of ZSM5 
{see Table 2). 

The position of the complex clearly influences the decomposition 
pattern. This can be seen by comparing the TGA curves {Fig. 1) and, 
more clearly, the recorded TPD spectra (Fig. 2, curves a and b). The 
decomposition occurs in two stages; -the size of the corresponding 
desorption signals is influenced by the applied introduction method. 
Most likely due to a stabilization of the complex by the zeolite 
pores/sites, the second stage of decomposition of the ion-exchanged 
complex, takes place at higher temperatures. Wendlandt and Smith, in 
their study of the decomposition of Pt-ammine complexes [14], also 
observed a strong influence of the .anion (X) on the decomposition 
temperature. They observed further that most of the pure [Pt(NH3)4Jx2 
complexes also dissociate in two stages, the intermediate species 
being the trans Pt-diammine complex; [Pt(NH3)2x2]. I.n the case of ion 
exchange, one complex in the form of [Pt(NH3)40H]- per site will be 
introduced, whereas by impregnation, neutral species; Pt{NH3)4(0H) 2, 
will additionally be deposited. In both cases NH3 and in addition, 
intra-zeolite H20 will evolve during the first decomposition stage. As 
has been reported earlier [15-17], NH3 will cause at higher 
temperatures an auto- reduction that leads to the formation of N2 and 
platinum metal. Since the amounts of NH3JN2 that evolved during both 
desorption peaks have not been determined, the nature of the 
intermediate species is still unclear. 

The small signals in the TPO curves a and b of Fig. 2 at about 753 
K, indicate the desorption of NH3 strongly bound to the acid sites of 
ZSM5. Since the samples do not contain acid sites at the beginning of 
the TPO experiment, these sites must have been formed during the 
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_ _,tt:ion. The overall-reaction scheme for auto-reduction of the 
complex is: 

[Pt(NH3)40H]-ZSM5 ---> 
Pt0 + 7/3 NH3 + H20 + NH4-ZSMS + 1/3N2 

About 16% of NH3 is lost by the auto-reduction according to this 
reaction scheme. We found however, that the percentage of un
recovered NH3 was about 30%. This indicates that during the 
auto-reduction additional NH3 is converted. 

The presence of oxygen has a great impact on the decomposition of 
the ion-exchanged complex (see Fig. 1, curve d and Fig. 2, curve d). 
The fact that only 10% of the total NH3 is recovered and that a 
consumption of oxygen is observed, indicates that a substantial 
oxidation of at least the ammines has occurred. Most likely, as has 
previously been reported for Pt(NH3)42+ in X zeolite [16], N2 and H20 
,are formed. The corresponding TGA curve (Fig. 1, curve d) ends at a 
hi~her mass than the curve for decomposition under He (a}. At the end 
of the latter experiment, Pt metal will be present on the sample due 
to the auto-reduction. The mass difference therefore must be due to 
the presence of reacted oxygen. By calculating the ratio Pt/0 from 
this mass difference, it can be concluded that Pt02 has been formed 
during the calcination under He/02• 

2. Characterization of Pt-ZSM5 by HREM 
According to the HREM micrographs, decomposition of the complex, 

introduced by ion exchange, with a heating rate of 10 K/min both under 
He and He/02, is not beneficial to the position of Pt. As can be seen 
in Fig. 3, this causes migration of Pt to the external surface. It is 
assumed [9,17] that the migrating species are neutral Pt diammines, 
formed during the auto-reduction stage. The large particles formed 
during the rapid thermal decomposition of the ion-exchanged complex 
are according to HREM, mainly located on the [100] and [010] surfaces. 
This is due to fact that no pores are' present. in the direction of the 
c-axis of ZSM5 structure. The Pt migrates via the channels to the 
surfaces perpendicular to these channels, i.e. the [010] and [100] 
surfaces. By applying a heating rate of 1 K/min and a large He/02 
flow, formation of external Pt particles can be prevented, provided 
the complex has been introduced by ion exchange, Due to the much 
longer calcination time, oxygen appears to be able to inhibit the 

104 



formation of the mobile tfitermediate species by oxidizing the major 
part of the NH3• In addition, the large gas flow takes care of a fast 
removal of both the unreacted NH3 and the water formed during tne 
oxidation. HREM micrographs of ion-exchanged samples treated in this 
way show (see Fig. 4) that Pt remains inside the pore system as small 
oxidized particles. 

3. Conversion of Propane over Pt/H-ZSM5 
The position of the Pt metal particles influences the bifunctional 

conversion of propane, as can be seen in Fig. 5. This reaction starts 
with the dehydrogenation of propane by platinum [18]. Subsequently 
propene oligomerizes over the acid sites to higher carbenium ions, 
that can react to aromatics. The amount of hydrogen formed during the 
dehydrogenation and aromatization will most likely be too small for 
the hydrogenation of coke deposited on the platinum. Therefore 
deactivation will occur when the coke formation is not inhibited. This 
is the case in the conversion of propane over a physical mixture of 
H-ZSM5 and Pt-Si02 with 1 wt% Pt {curve c). The activity of the H-ZSM5 
catalyst with Pt incorporated in the pore system {curve a), is not 
only much higher but remains also nearly constant during 4 hours 
reaction. The higher activity is due to a higher dispersion of Pt and 
to the fact that the acid sites that catalyse the conversion of 
propene are located nearby the · Pt particles on which the 
dehydrogenation of propane to propene takes place. This config~ration 
will have a positive influence on the thermodynamically unfavourable 
formation of propene [19]. In addition, it appears that deposition of 
the Pt inside the pores of ZSM5 is a method to prevent the deposition 
of coke on the Pt particles. In the case part of the metal is 
deposited externally (curve b) a rapid deacti~ation of the external 
platinum particles occurs initially. The activity decreases to a level 
that remains almost constant since it concerns the activity of the not 
affected internal particles. It may be noted that the activity in 
propane conversion of a 1 wt% Pt/H-Y catalyst, with only internal Pt, 
decreased even more rapidly than that of the PtSi02/H-ZSM5 catalyst. 
This again shows that ZSM5 zeolite possesses the unique capability of 
suppressing coke formation. 

It is known that the acid sites of ZSM5 deactivate remarkably slow 
during dimethylether conversion [20] or hydrocarbon cracking reactions 
[21], which is attributed to the shape selective properties of the 
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ZSM5 pore system [22]. Not only the reactions on the acid sites but 
also on the metal particles occluded in the pore system are governed 
by this shape selectivity. 

Conclusions 

Pt(NH3)42+ can be fully introduced in the pore system of ZSM5 by ion 
exchange. By slowly heating under large He/02 flows the complex can be 
converted to small Pt02 particles located only in the pores. H-ZSM5 
with internal Pt metal particles shows a remarkable slow deactivation 
in the conversion of propane. which can be attributed to the 
suppression of coke deposition on both the Pt metal and acid sites. 
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CHAPTER 12 

SMALL PLATUI.JM PARTICLES ENCASED IN ZSM5 ZEOLITE 

Introduction 

We have shown in the preceding chapter that Pt can be incorporated as 
small particles in the matrix of ZSM5 zeolite. In this study the 
position of these particles is investigated. Occluded Pt particles, 
formed by the thermal oxidation of Pt(NH3)4

2+ introduced to ZSM5, can 
be observed by High Resolution Electron Microscopy (HREM). 
Unfortunately the details are masked by the dominant image of the ZSM5 
lattice. In this study we report some methods that increase the 
visibility of the particles. Due to its sensitivity to short-range 
ordering Extended X-ray Absorption Fine Structure (EXAFS) spectroscopy 
[1] is an appropriate technique to gain knowlegde about the structure 
and size of small metal particles. The average size of the particles 
in reduced Pt-ZSM5 samples could be calculated from the Pt-Pt 
coordination numbers determined with EXAFS. Finally a model based on 
the HREM and EXAFS results is presented for the position of Pt 
agglomerates encapsulated by the matrix of ZSM5 zeolite. It is shown 
that agglomeration of Pt in ZSM5 can be regarded as a shape
restrictive process. 

Experimental 

The Pt-ammine complex was introduced to ZSM5 (Si/Al= 75} either by 
impregnation or ion exchange. About 0.15 g of Pt(NH3)4-ZSM5 was heated 
in a He/02 (4:1) flow (150 ml/min) with a heating rate of 1 K/min. The 
final temperature was 573 K. Four samples were prepared; by ion 
exchange: 2 and 9.4 wt% Pt and by impregnation: 2 and 4.9 wt%. HREM 
micropraphs were taken with a JEOL 200 CX microscope, with top entry 
and a double tilt of 10°, operating at 200 kV. Very small particles 
could be observed best with an objective diaphragma of about 7 nm-1 
and a focus very close to zero. 

The EXAFS spectra were recorded at liqufd nitrogen or room 
temperature. The samples were pressed in thin self-supporting wafers 
and mounted in an in-situ cell. Prior to the EXAFS measurements the 
oxidized samples were first dried in-situ at 473 K for 1 h. After 
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subsequent cooling to room temperature, the samples were heated with 5 
k/min to 573 K in a hydrogen atmosphere for reduction. 

Results and Discussion 

1. Characterization by HREM 

The Pt(NH3)4-ZSM5 samples were investigated by HREM after oxidation of 
the Pt-ammine complex. The 2 wt% Pt sample prepared by ion exchange 
contained only internal particles (about 1-2 nm), whereas the 2 wt% Pt 
impregnated sample contained agglomerates as large as 15 nm, located 
on the external surface of the ZSM5 crystallites. In addition on the 
latter sample internal particles were observed that were mostly 
smaller than 1 nm. 

Figure 1. Influence of rotation on the HREM image of Pt-ZSM5. 
a) perfect [100] orientation, b) rotated over 5°, bar indicates 25 nm. 

109 



110 

Figure 2. The influence of destrJction of the ZSM5 lattice by 

prolonged exposure to the electron beam on tre image o: occluded Pt 

particles. a) image of intact Pt-ZS~S. perfect [100] orientation, b) 

and c) image after partial and complete destrLction of Z3M5 lattice, 
bar indicates 5 nm. 



A projection of both the ZSM5 lattice and the (occluded) particles on 
the surface perpendicular to the electron beam is obtained by HREM. 
Consequently the determination of the location and the size of the 
occluded Pt particles is hampered by the dominant image of the ZSM5 
lattice. This problem can be solved by rotating the sample over a few 
degrees from the ideal orientation. The visibility of the particles is 
thus improved, as can be seen in Fig. 1. In addition more particles 
are observed, which indicates again that the particles in this sample 
(2 wt% Pt-ZSM5, ion exchange) are located in the matrix of ZSM5. 

Zeolites are very sensitive to the electron beam. Prolonged 
exposure of the sample to the electron beam causes destruction. 
Thereafter occluded particles can be seen much better. There is the 
possibility however, that the particles are affected as well by the 
electron beam. The gradual destruction ·due to prolonged exposure to 
the electron beam of the . 2 wt% Pt loaded (ion exchange) ZSM5 
crystallite is depicted in Fig. 2. It can be seen that the zeolite 
lattice image vanishes, while the Pt particles become better visible. 
From the photographs no indication for a change in size is obtained. 
The size of the particles occluded in ZSM5 can therefore be determined 
after 1 atti ce destruction.· For the 2 wt% Pt-ZS.M5 sample prepared by 
ion exchange this is 0.8-2.5 nm. It can not be excluded however, that 
the shape of the particles changes· during the destruction of the 
surrounding zeolite lattice. Sintering of the particles is probably 
hindered, due to the encapsulation of the Pt particles by a matrix 
(initially intact ZSM5, after destruction amorphous silica/alumina). 
A detailed micrograph of a ZSM5 lattice with occluded Pt is depicted 
in Fig, 3. The inset shows the image of ZSM5 (thickness 10 nm) 
calculated by using the Real Space Method [2]. The centres of the 
dominant white dots in this image correspond to the intersections of 
the channels. Since the images of the Pt clusters coincide with these 
dots it appears that they are located at the intersections. It can not 
be concluded that the particles are linked since they may be located 
at different hights; due to projection they seem to be neighbouring. 
By comparing a number of HREM images of 2 wt% Pt-ZSM5 (ion exchange) 
with simulated images of ZSM5, it was observed that the internal Pt 
particles are mainly located at the channel intersections. 
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Figure 3. HREM image of ZSMS with Pt 
particles, viewed along [100]. Inset 
shows a computer simulated image of 
the ZSMS lattice; the white dots 
correspond to channel intersections. 

Only information about oxidized particles can be obtained by HREM, 
since in-situ reduction is not possible. However, this does probably 

not hold for the Pt-ZSM5 system. The 2 wt% Pt-ZSM5 sample (ion 
exchange) was after reduction gradually exposed to artificial air and 
subsequently investigated by HREM. It appeared that in some of the 
internal particles the lattice image of Pt metal could still be 
observed. These particles were clearly not completely oxidized, 
although they had been exposed to air. The surrounding zeolite lattice 
appears to inhibit complete oxidation of Pt metal particles. 

2. EXAFS 

In order to obtain information about the average Pt-Pt coordination 
number, the Pt-ZSM5 samples (2 wt%, ion exchange and impregnation) 
were, after in-situ reduction investigated with EXAFS technique. In 
addition a Pt-ZSM5 sample prepared by impregnation with 4.9 wt% was 
investigated. The results are summarized in Table 1. 
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Table 1. EXAFS parameters for reduced Pt-ZSM5 samples 

) 2+ Pt(NH3 4 
Acr2 (lo-2 nm2) introduced by: wt% Pt Npt-Pt R (nm) 

ion exchange 2 7.1 0.275 0.0027 (1) 

6.8 0.276 0.0020 (2) 
2 5.7 0.277 0.003 (1) 

impregnation 4.9 9.9 0.2765 0.0029 (3) 

EXAFS measurements were performed at: 

1) Synchroton Radiation-Source, Oaresbury (a) 

2) National Synchroton Light Source, Brookhaven (a) 

3) Laboratory EXAFS, Eindhoven (b) 

Debye-Waller factors ( o2 ) are given relative to platinum foil, 

measured at a) liquid nitrogentemperature and b) room temperature. 

"NPt-Pt: coordination number, R: interatomic distance. 

The fact that the Pt-Pt coordination numbers for the 2 wt% Pt-ZSM5. 
sample prepared by ion exchange, obtained· from EXAFS data measured at 
different synchrotons are nearly equal, strengthens the reliability of 
both EXAFS technique and the coordination number obtained. It can be 
calculated from the coordination numbers that the average particle 
size is 1.3 nm. The average coordination number of the 2 wt% Pt-ZSMS, 
prepared by impregnation, is unexpectedly low. The value 5.7 
corresponds to an average particle size of about 1 nm. The sample 
contains however, as was observed by HREM, besides small internal 
particles also external particles as large as 5-15 nm. Since the 
average particle size is 1 nm, the major part of Pt must therefore be 
incorporated in particles smaller than 1 nm; these are then smaller 
than the particles of the ion-exchanged sample. The reason for this is 
not clear at the moment. The 4.9 wt~ Pt-ZSM5 sample prepared by 
impregnation has a much larger average Pt-Pt coordination number; the 
value 9.9 corresponds to an average particle size of about 3 nm. 
Apparently, in the case of impregnation, more Pt becomes incorporated 
in large external particles when more Pt is loaded. 
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Position of Pt Particles in ZSM5 Lattice 

By ion exchange the Pt-ammine complexes are fully introduced in the 
interior of ZSM5 [3]; they will most likely reside at the channel 
intersections. Agglomeration can be effected by thermal oxidation of 
the complexes. Providing special conditions are applied, particle 
growth occurs only within the matrix of ZSM5; i.e. in the channel 
intersections. Once an intersection cage is filled with Pt, upon 
further growth, the cage can either be broken open, or the growth 
continues in the adjacent intersections. A space filling model of an 
intersection cage (build from oxygens) filled with Pt atoms, according 
fcc crystal structure, is shown in Fig. 4. 

Figure 4. Model of a Pt cluster 
occluded in a ZSM5 intersection cage. 

The cage contains 20 Pt atoms. The size of the Pt crystallite is 4-5 
times the diameter of one Pt atom; about 1.1-1.4 nm. The coordination 
number of the Pt atoms in the particle varies from 12 for the inner Pt 
atoms to 3 for the outer Pt atoms, the average coordination number 
being 6.2. Dependent on the mode of stacking the Pt atoms in the cage, 
the average Pt-Pt coordination number can vary from 6 to 7. This is in 
good correspondence with the value obtained by EXAFS for the 2 wt% 
Pt-ZSM5 sample prepared by ion exchange. The average diameter of the 
occluded particles in this sample is thus approximately equal to that 
of a particle fitting in an intersection cage. 
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It is assumed for Y zeolite [4] that the surrounding lattice is 
destroyed during the growth of large Pt particles (> 2 nm). To 
determine whether the same holds for ZSM5 zeolite, a sample with a 
high Pt content (9.4 wt%) was prepared by ion exchange with 
Pt(NH3)42+ and subsequent oxidation. According to HREM this sample 
contained only internal Pt particles as large as 4 nm. The H/Pt ratio 
of this sample was 0.77, as measured by hydrogen chemisorption. This 
value corresponds to an average particle size of 1.4 nm [5]. This is 
again in good correspondence with the size of the particle that fits 
in the intersection cage. It appears that the larger particles in the 
9.4 wt% Pt sample are not spherical but consist more likely of a 
cluster of small particles, each occupying one cage. Therefore no 
evidence is found for structure deformation during the growth of Pt 
particles in ZSM5 lattice under the applied thermal treatment, not 
even at high metal loading. 

According to the model, the exposed Pt surface behind each cage 
entrance, consists of only a few (3-4) atoms (see Fig. 4). It is 
expected therefore, that reactions in which neighbouring metal sites 
are simultaneously active, like hydrogenolysis [6], are most likely 
influenced. In addition, several adsorption modes of hydrocarbons will 
be sterically hindered by the surrounding zeolite lattice. It can be 
calculated for a 2 wt% Pt-ZSM5 sample~ that about 1% of the cages are 
filled with Pt particles; pore blocking by Pt particles can thus be 
neglected at low Pt content. 

Conclusions 

Pt particles (prepared by thermal oxidation of Pt(NH3)42+ introduced 
by ion exchange) occluded in the matrix of ZSM5 appear to be located 
at the intersection according to HREM. The average size of occluded 
Pt0 particles as determined by EXAFS is about equal to the size of a 
Pt particle that fits in an intersection cage. It can be concluded 
therefore that Pt particle growth in ZSM5 zeolite occurs inside the 
intersection cages. Once a cage is filled with Pt atoms, the 
surrounding lattice is not disrupted; growth continues in the 
neighbouring cages. 

115 



References 

1. D.E. Sayer, E.A. Stern and F.W. Lytle, Phys. Rev. Lett., 27 (1971} 

1204. 

2. D. van Dyck and W. Coene, Ultramicroscopy, 15 (1984) 29. 

3. See Chapter 11, this thesis 

4. P. Gallezot, J. Datka, J. Massardier, M Primet and B. Imelik, 

'Proc. 6th Int. Congress on Catal., London, 1976', vol. 2, The 

Chemical Society, London, p. 696. 

5. B.J. Kip, F.B.M. Duivenvoorden, D.C. Koningsberger and R. Prins, 

J. Amer. Chern. Soc., in press, aug. 1986. 

6. J. H. Sinfelt, in 'Advances in Catalysis, Vol. 23 ( D.D. Eley, 

H. Pines and P.B. Weisz, eds.) Academic Press, New York (1973) 

p. 91. 

116 



CHAPTER 13 

REACTIONS OF PROPANE OVER Pt/H-ZSM5 AT lOW TEMPERAlURES 

Introduct1on 

Zeolite H-ZSM5 is an appropriate catalyst for the conversion of small 
alkenes to a mixture of alkanes and aromatic hydrocarbons [1]. Small 
alkanes {which are abundantly formed in petroleum refining processes) 
can be converted by thermal cracking to alkenes [2-4]. This reaction 
however, requires high temperatures {> 1000 K). Some transition metals 
catalyse the dehydrogenation of alkanes to alkenes at much lower 
temperatures. Since the conversion of alkenes to aromatics is possible 
at these temperatures, small alkanes can theoretically be converted t9 
higher hydrocarbons with one catalyst, consisting of a metal, like 
platinum [5], active in the dehydrogenation of alkanes and H-ZSM5 for 
the selective conversion of the formed alkenes. Indeed it was shown by 
Chu [6] that ethane can be converted to benzene, toluene and xylenes 
{BTX aromatics) over a dual-functional Pt/H-ZSM5 catalyst at about 873 
K. The same catalysts is also suitable for the conversion of propane 
as was shown by Inui and Okazumi [7]. They observed the formation of 
aromatics at elevated temperatures (> 673 K), which was coupled to the 
formation of smaller alkanes. 

In this study we investigated the conversion of propane over 
Pt/H-ZSM5 at moderate temperatures (< 623 K). We got thus information 
about the reactions occurring before the formation of aromatics. 

Ex peri menta 1 

The zeolite ZSM5 (NX) was synthesized according to a standard patent 
method [8]. We obtained a highly crystalline product with Si/Al= 30 
(0.51 mmol Al/g). The acid form of the zeolite, obtained by triple 
exchange with a 2M NH4No3 solution and subsequent calcination, was 
after drying, impregnated with a Pt(NH3)4(0H} 2 solution. The 

decomposition of the platinum complex took place in a He/02 (4:1) flow 
while heating slowly to 623 K. Subsequently the samples were reduced 
in H2 at 623 K. Thus we obtained catalysts in which part of the metal 
particles is surrounded by acid sites [9]. Zeolite samples with 0.4 
and 4 wt% Pt were prepared (H+/Pt= 2.5 and 25 respectively). A 
Pt/Na-ZSM5 sample was made by exchange with a NaOH solution. 
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Conversion experiments were carried out in a continuous flow 
micro-reactor containing 0.5 g of catalyst. Propane (Matheson, 99.9% 
pure) was diluted with He (80 %) and fed with a WHSV of 2 h-1. Product 
analysis was performed by on-line gas chromatography. 

Results 

The conversion of propane to propene and higher products over H-ZSM5 
and Pt/H-ZSM5 as function of temperature is depicted in Fig. 1. As can 
be seen the activity of H-ZSM5 at temperatures below 623 K was very 
small. Only at high temperature traces of butanes and pentanes were 
formed. Under the same experimental conditions H-ZSM5 physically mixed 
with Pt-Si02 (0.5 wt% Pt) was more active in the propane conversion. 
The r·esults, however, were badly reproducible. At 573 K, the initial 
conversion to higher products fluctuated around 7 C%. This value 
decreased rapidly within a few hours to less than 1. C%. The main 
product formed initially was butane (see Table 1). 

20 

%C 

10 

0 
523 HK> 623 

Figure 1. Conversion of propane 
to higher products + propene. 
a) H-ZSM5, b) 0.4 wt% Pt/H-ZSM5, 
c) 4 wt% Pt/H-ZSM5 (WHSV = 2 h-1) 

The Pt/H-ZSM5 samples showed a higher activity in the propane 
conversion, which remained nearly constant during 4 hours time on 
stream. The conversion to propene and higher products started at about 
473 K and increased with temperature to about 19% for the 4 wt% and 
about 13% for the 0.4 wt% Pt zeolite at 603 K. 

The product distributions obtained with the Pt loaded catalysts 
showed a number of interesting features (see Fig. 2). For both 
catalysts the amount of unsaturated products was small; mainly alkanes 
were formed. The calculated average H/C ratio of all products formed 
at 573 K is approximately equal to the H/C ratio of propane (see Table 
1). It appears that the presence of Pt allows the conversion of 
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Table 1. Product distributions fn lC for the conversion 
of propane (WHSV = 2 h-1) at 573 K over catalysts indicated. 

product PtSi02/H-ZSM5 0.4 wtl Pt/H-ZSM5 4 wtl Pt/H-ZSM5 
a a a b 

cl 1.14 2.06 1.98 

Cz" 0.02 

c2 0,52 1.6 4.82 4.48 

c3 92.0 88.28 79.5 80.54 
c3= 1.12 2.06 1.52 1.08 

c4 4.36 6.08 8.74 8.58 
c4= 0.4 0.82 0.32 0.26 

cs 0.72 2.1 1.6 
c + 0.32 0.92 1.22 5 -·· --· 
Htc* 2.6 2.4 2.6 2.3 

* H/C propane: 2.67 
carrier gas: a) He. b) He/02 (C3to2 = 1.25) 
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T<K> 573 473 HK> 573 

Ffgure 2. Product distributions for the conversion of 
propane (WHSV = 2 h-1) over Pt loaded H-ZSM5 catalysts. 
A) 0.4 wtl B) 4 wtl. 
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propane to higher hydrocarbons. Butane was the main product at 
temperatures below 523 K. At higher temperatures (> 573 K), the butane 
selectivity tended to decrease, while the formation of higher 
aliphatics and aromatics (C5+) became noticeable. The amount of 
pentanes formed over both catalysts was low over the whole temperature 
range. 

Not only higher products were formed; above 523 K over the 4 wt% 
Pt/H-ZSM5 catalyst, equimolar amounts of methane and ethane were 
formed. In contrast the 0.4 wt% Pt catalyst produced only ethane as 
1 ower product. 

The influence of WHSV on the product distribution for the 
conversion of propane at 573 K over the 0.4 wt% Pt/H-ZSM5 catalyst is 
depicted in Fig. 3. 

1 2 3 
<WHSV)-1 

Figure 3. Influence of contact
time on the conversion of propane 
at 573 K over 0.4 wt~ Pt/H-ZSM-5. 

The propene selectivity decreased with increasing contact time, 
whereas the formation of butane increased. At longer residence times 
the conversion to aromatics (C5+) started. The conversion over the 
non-acidic 4 wt% Pt/Na-ZSM5 differed from the conversion over the 4 
wt% Pt/H-ZSM5 catalyst (see Fig. 4). We investigated the activity of 
these catalysts towards propane conversion at 573 K. The amount of 
propene formed on this catalyst compared with the 4 wt% Pt/H-ZSM5 
catalyst, was higher, whereas no products with more than 3 carbon 
atoms were formed. 

In a final experiment we replaced part of the carrier gas helium by 
oxygen (He/02= 5, c3;o2= 1.25). This, however, had no influence on the 
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Figure 4. Conversion of propane 
at 573 K. 
a) H-ZSM-5, b) 4 wt% Pt/Na-ZSM-5, 
c) 4 wt% Pt/H-ZSM-5 {WHSV = 2 h-1). 

conversion of propane over the 4 wt% Pt/H-ZSM5 catalyst at 573 K (see 
Table 1). The conversion to higher products and the product 
distribution remained the same, moreover the average H/C ratio of the 
products was nearly equal to that of propane. 

Discussion 

As expected propane has little interaction with H-ZSM5. The addition 
of Pt clearly stimulates the conversion. Deposition of Pt on H-ZSM5 is 
beneficial to the catalytic performance. The conversion experiments 
over the Pt/Na-ZSM5 support the assumption that the conversion of 
propane is bifunctionally catalysed. The effect of WHSV on the 
conversion over the 0.4 wt% Pt/H-ZSM5 catalyst also lead to the 
conclusion that the mechanism consist of 2 consecutive steps. It can 
be seen that propene is an initial product, whereas the other products 
are subsequently formed. We may conclude that Pt first dehydrogenates 
propane to propene, as was also proposed by Inui and Okazumi [7]. This 
propene will leave the metal particles and adsorb on the acid sites. 
Subsequently an oligomerization to higher products will occur (see 
Scheme 1). 
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In this way the acid sites draw away propene from the propane -
propene equilibrium. As can be seen in Table 1 hardly any alkenes are 
formed. Most likely Pt not only catalyses the dehydrogenation of 
propane but also the hydrogenation of alkenes formed by cracking of 
the o 1 i gomers. 

Apart from higher alkanes also smaller hydrocarbons are formed. 
Over the 4 wt% Pt/H-ZSM5 catalyst methane and ethane are formed in 
about equal amounts, while over the 0.4 wt% Pt catalyst methane is not 
formed; ethane is the main lower hydrocarbon. It is likely that in the 
case of the 4 wt% Pt catalyst methane and ethane are formed by 
hydrogenolysis of propane. Apparently hydrogenolysis of propane does 
not occur in the case of the 0.4 wt% Pt catalyst. Ethane is probably 
formed from the oligomers either by hydrogenolysis or cracking. At the 
moment the reason for this difference in hydrogen~lysis activity is 
unclear. Although hydrogenolysis is undesirable, because it leads to 
products less valuable than propane, it also has a positive effect 
because it diminishes the hydrogen partial pressure and thus will 
stimulate the propane dehydrogenation. An additional consumption of 
hydrogen will drive the dehydrogenation of propane. For this purpose 
we added oxygen to the feed (c3;o2= 1.25). However this did not result 
in a higher conversion (see Table 1). This may be attributed to a 
coverage of the active Pt sites by alkanes/alkenes; thus no metal 
sites will be available for the formation of active atomic oxygen 
species. 
The fact that the H/C ratio does not change during reaction implies 

that the hydrogen released by the propene formation is fully used for 
hydrogenation and hydrogenolysis. 

Butanes appear to be the main higher products formed from propane 
over the bifunctional catalysts. This seems strange at first sight 
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since butane has but one carbon atom more than propane. Most likely c4 
is a cracking product of oligomers formed from propene. The 
dehydrogenation of propane is a thermodynamically unfavourable 
reaction; the partial pressure of propene will thus be low. The effect 
of this low concentration of building blocks (propene) is that the 
average length of the oligomers formed will be small. Moreover the 
acid sites of the zeolite not only catalyse polymerization of propene 
but also cracking to lower products. It is reasonable to assume that 
at the given reaction temperatures only catalytic cracking occurs; the 
cracking products will have 3 or more carbon atoms (see Scheme 1). 
Cracking of a c6 oligomer will give c3 species again. The smallest 
oligomer that can yield upon cracking new products is c9; this can be 
cracked to c4 and c5 species. It is likely that both species will 
react again with propene to form c7 and c8 respectively. The 
probability for a c5 species to react with propene is perhaps higher 
due to its lower volatility. This then accounts too for the low 
amounts of pentane formed. As is depicted in Scheme 1 cracking of 
these new oligomers (C7 and c8) can yield again butanes. In this way 
it can be explained that a carbon atom of propane has a high chance to 
leave the zeolite incorporated in a butane molecule. A similar 
reaction route was proP.osed by Abbott and Wojciechowski [10] for the 
cracking of pentene over H-ZSM5. ·~ey observed that cracking was 
preceded by dimerization. 

------:-........... __ ...... . ------A' ---.. 
• 0 .. 

a • ........ a • ..o .... -o-o-o-

473 HK> 573 

Figure 5. Iso/normal butane ratio as 
function of temperature in the conversion 
of propane (WHSV =. 2 h-1) over: 
0.4 (a) and 4 (b) wt~ Pt/H-ZSM5. 
--- thermodynamical value [11]. 

When we look more closely to the butanes formed over the Pt loaded 
catalysts (Fig. 5) we see that the iso/normal ratio in the temperature 
range 473-603 K lies below the thermodynamical value [11]; we obtain 
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mainly n-butane. Weitkamp et al. observed [12] that the hydro
conversion of higher normal-alkanes (Cg c16 ) over Pt/H-ZSM5 yields 
a.o. mainly linear smaller products. It is assumed that the n-alkane 
first hydro-isomerizes to a mono-methyl species which subsequently 
cracks to mainly linear products. which are hydrogenated. The low 
iso/normal butane ratio we observe therefore, suggests that during the 
propane conversion experiments, the initially formed propene 
oligomerizes mainly to linear or mono-branched (C3)n+ carbenium ions. 
The formation of 1 i near ol i gomers from propene on H-ZSM5 at room 
temperature has been observed by solid state 13c NMR [13]. It appears 
that this occurs also at higher temperatures. 

Conclusions 

Conversion of propane is possible by using a combination of platinum 
and H-ZSM5. Loading of ZSM5 with Pt yields better results than 
physically mixing with Pt-Si02• The mechanism consists of two steps; 
first dehydrogenation of propane to propene by Pt, followed by an 
oligomerization of propene over the acid sites of the zeolite. 
Platinum produces only small amounts of propene, while the zeolite 
catalyses besides oligomerization also cracking. As a result the main 
higher hydrocarbon formed at low temperatures (T < 623 K) is butane. 
The fact that mainly n-butane is formed suggests that, most likely due 
to steric constraints, propene oligomerizes on H-ZSM5 to linear or 
singly branched hydrocarbons at T < 623 K. The aromatization activity 
of Pt/H-ZSM5 at these temperatures is negligible. In the propane 
conversion, platinum not only catalyses dehydrogenation but also 
hydrogenation and hydrogenolysis. Consequently, lower hydrocarbons 
(methane/ethane), and mainly saturated hydrocarbons are formed as 
well. 
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CHAPTER 14 

THE CONVERSION OF ~l ALKANES TO AROMATICS OVER Pt/H-ZSM5 

Introduction 

In the preceding chapter we have shown that conversion of propane over 
Pt/H-ZSM5 yields, besides smaller alkanes, mainly n-butane at low 
temperatures (473-623 K). Aromatics are formed at higher temperatures 
[1]. The presence of a dehydrogenation function like Pt is necessary, 
since the acid sites of ZSM5 are hardly capable to form propene from 
propane. Instead of Pt also Zn [2-4] introduced by ion exchange, or Ga 
[5,6], incorporated in the framework or introduced by ion exchange, 
have been used for this purpose. A disadvantage of Zn is its elution 
from the catalyst at higher temperatures (> 773 K) [3]. Pt occluded in 
the pore system of ZSM5 has the advantage that its migration to the 
external surface is limited at elevated temperatures [7]. In addition, 
due to the encapsulation by the zeolite framework, the deposition of 
coke on the metal particles is suppressed [7]. 

In this study the conversion of small alkanes over Pt/H-ZSM5 at 
e 1 evated temperatures ( T > 623 K) is investigated. At these 
temperatures aromatics as well as small alkanes are formed; it is 
shown that the ration is influenced by the acid sites density. 

Experimental 

The preparation of the ZSM5 catalysts and introduction of Pt have been 
described in the Chapters 11 and 13. A continuous flow micro-reactor, 
containing 0.15 g catalyst, was used for the conversion experiments. 
Ethane, propane and butane were obtained from Matheson (99.9% pure). 
Propane was diluted with He or H2 (1:2) and fed with a WHSV (unless 
otherwise stated) of 3.5 h-1• Products were analysed with an on-line 
gas chromatograph equipped with a Porapack QS, Porapack R and a TRIS 
column, after 15 min. time on stream 

Results 

1. Influence of Acid Site Density 

for three, 1 wt% Pt-ZSM5 catalysts with different Si/Al ratios {VX(3), 
VX(2) and KY, Si/Al: 25, 45 and 75; 3.5, 2 and 1.3 Al/unit cell, 
respectively) the total conversion and the conversion to products 
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higher (C3+, mainly benzene, toluene and xylene) and smaller than 
propane (C3-, including propene) are depicted in Fig. 1 as function of 
temperature. The propane conversion increases with increasing Al 
content at a given temperature. It can be seen that the formation of 
aromatics attains a maximum at a temperature that decreases with 
increasing Al content. 

100 

%C 

so 

0 

5]3: 673 HK> 773 
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Figure 1. Influence of Sf/Al ratio on propane 
conversion (O) over 1 wtS Pt/H-ZSM5. WHSV = 3.5 h-1• 
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The complete product distribution for Si/Al= 45 is depicted in Fig. 2 
as function of temperature. The apparent activation energies {based on 
experimentally determined first order kinetics) are 64, 64, 59 ± 5 
kJ/mol for Si/Al= 25, 45 and 75 respectively. The Si/Al ratio appears 
to have no influence on the activation energy. 
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573 673 T(K} 773 873 573 673 HK> 773 

figure 2. Product distribution as function of temperat4re for 
propane conversion over 1 wt% Pt/H-ZSM5; Si/Al= 45, WHSV = 3.5 h-1 

2. Conversion of Small Alkanes 

873 

The activity of a 1 wt% Pt/H-ZSM5 {Si/Al= 30) in the conversion of 
propane was compared to the activity in the conversion of ethane and 
butane. The product distributions are given in Fig. 3 as function of 
temperature. It can be seen that conversion of alkanes increases with 
the number of carbon atoms. The conversion of ethane yielded only 
small amounts of aromatics. The main product formed was ethene. Butane 
reacted at low temperatures (< 673 K) maihly to propane. At higher 
temperatures, the formation of aromatics (benzene, toluene and xylene, 
BTX) and ethane became noticeable. The propane selectivity reached an 
optimum at about 723 K. Besides dehydro-aromatization also 
isomerization to i-butane occurred. Hardly no methane was formed. The 
conversion of methane over Pt/H-ZSM5 was, even at elevated 
temperatures {> 900 K), not observed. 

No aromatization activity was observed when the conversion of 
propane over 1 wt% Pt/H-ZSM5 (Si/Al= 75) was performed with H2 as 
carrier gas. The main reaction was the formation of methane and 
ethane. The ratio CH4tc2H6 remained constant (1) up to 773 K and 
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Figure 3. Product distributions 
for small alkane conversion over 
1 wt% Pt/H-ZSM5, Si/Al= 30. 
a) ethane, WHSV = 2.4 h-1 
b) propane, WHSV = 3.5 h-1 
c) butane, WHSV = 4.7 h-1 
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Figure 4. c11c2 ratio as 
function of temperature for the 
conversion of: 
a) propane/H 2, b) propane/He 
(l:Z, WHSV = 3.5 h-1), over 

1 wt% Pt/H-ZSMS, Si/Al= 75. 

increased at higher temperatures (Fig. 4, curve a). For the conversion 
of propane/He over Pt/H-ZSM5 (Si/Al= 75) this ratio was always lower 
than 1 (Fig. 4, curve b). 

3. Conversion of Propane over Pt/Na-ZSM5 and H-ZSM5 

The influence of partial or complete elimination of the acid sites on 
propane/He conversion was studied by using a calcined Pt(NH3)4/Na -
ZSM5 sample (Si/Al= 75, 1 wt% Pt) directly and after subsequent 
exchange with Na+ of the acid sites formed during calcination of the 
complex. These catalysts possessed no aromatization activity. At 
temperatures above 673 K, the formation of propene became noticeable; 
both catalyst produced about equal, significant quantities. In 
addition, small amounts of smaller hydrocarbons were formed • 
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figure 5. Conversion of propane 
over H-ZSM5. Sf/Al• 30 (WHSV • 3.5 h-1). 



The conversion of propane/He over H-ZSM5 is depicted in Fig. 5 as 
function of temperature. The formation of aromatics was negligible; 
mainly c1 and c2 species were formed in an equimolar ratio at T > 673 
K. The formation of methane in the reaction of propane over Pt/H-ZSMS 
started at about the same temperature (see Fig. 2a). 

Discussion 

1. Conversion of Small Alkanes 

The conversion of small alkanes over Pt/H-ZSM5 increases with carbon 
number at a given temperature. This is in accordance with the fact 
that the dehydrogenation is energetically more favourable for larger 
alkanes. In the case of ethane, dehydrogenation is the only reaction 
that occurs; the ethene formed does not noteworthy react to aromatics. 
Normal-butane reacts mainly to propane; this reaction reaches an 
optimum at about 723 K. In addition, aromatics and ethane are formed. 
It appears that the oligomers formed from the initially formed butene 
are substantially cracked. At higher temperatures, the aromatization 
reaction becomes more favourable. In addition, the propane formed will 
be dehydrogenated. In the conversion of small alkanes over Pt/H-ZSM5, 
with increasing temperature, thus besides the formation of aromatics, 
also a degradation to the next smaller, more stable, alkane takes 
place. These smaller alkanes are converted once the temperature for 
their dehydrogenation is high enough. This will lead again to the 
formation of aromatics and smaller a·lkanes. Eventually methane will be 
formed, which will not react further. 

2. Influence of Acid Site Density 

The conversion of propane over Pt/H-ZSM5 yields mainly BTX aromatics 
and ethane at temperatures higher than 673 K (see Fig. 2a, b). The 
formation of higher aromatics is negligible. In addition, methane is 
formed to a smaller extent. At lower temperatures, n-butane is the 
main product. The formation of small olefins becomes noticeable at T > 
800 K. The optimum temperature for the formation of aromatics is 
clearly influenced by the acid site density. At a higher acid site 
density it is shifted to lower temperatures. The ratio between the %C 
in aromatics and the %C in smaller alkanes decreases for all catalysts 
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with rising temperature. The temperature at which this ratio is 1 
decreases with increasing acid site density. 

The dehydrogenation activity and thus the formation of alkene 
monomers will increase with temperature. Oligomerization is needed in 
order to have aromatics formed. This, however, becomes less favourable 
at higher temperatures. Less oligomers therefore are formed at higher 
temperatures and, in addition, they will also increasingly be 
converted by cracking to smaller hydrocarbons, instead of to 
aromatics. Consequently, the production of aromatics will attain a 
maximum. A higher acid site density enhances the 
oligomerization/aromatization activity. Therefore the optimum for 
aromatics production is shifted to a lower temperature. 

3. Methane Formation 

The formation of ethane from propane starts at about 573 K, which 
coincides with the start temperature of the formation of aromatics, 
whereas methane formation starts at much higher temperatures (> 673 K, 
see Fig. 2a, 3b). The formation of ethane therefore does not proceed 
by cracking of propane at T < 673 K. Ethane is most likely formed by 
cracking of the oligomers at these temperatures. For the formation of 
methane at T > 673 K, a number of reactions have to be taken into 
consideration: 

i Dealkylation of Methy'lbenzenes 
This implies that the benzene selectivity should increase with 

increasing methane selectivity, however, this is not the case, as can 
be seen in Fig. 2. 

ii Hydrogenolysis of propane over Pt 
For this reaction hydrogen is needea, which can be supplied by the 

dehydrogenation. The hydrogenolysis of propane/Hz over Pt/H-ZSM5 also 
starts at about 673 K. Therefore it is likely that methane is, at 
least partiallly, formed by this reaction. In addition, hydrogenolysis 
of higher hydrocarbons formed from propene may also yield methane. 

iii Protolysis of propane 
H-ZSM5 can in absence of Pt convert propane to methane and ethene; 

this reaction starts at about 673 K (see Fig. 5). This shows that acid 
sites are able to form methane from propane. Therefore acid sites are 
probably also involved in the formation of methane over Pt/H-ZSM5. 
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This reaction proceeds via protolysis [8], as proposed by Corma et al. 
[9], Haag and Dessau [10] and Mole et al. [4] {see Scheme 1). 

Scheme 1. Cracking via propyl-carbonium ion 

Methane and ethene are formed in equimolar amounts in the reaction of 
propane over H-ZSM5 {see Fig. 5). Ethene however is observed over 
Pt/H-ZSM5 at much higher temperatures (> 773 K). The ethene formed at 
lower temperatures is probably hydrogenated to ethane. 

iv Radical mechanism 
Mole et al. [4] have shown that propane does not noteworthy react 

over silicalite. Therefore a radical mechanism for the formation of 
methane is unlikely. 

It can be concluded that the acid sites catalyse also protolysis of 
propane at higher temperatures {> 673 K). This reaction can become a 
serious competitor of oligomerization and aromatization. Indeed above 
the optimum temperature for aromatics production the formation of 
small alkanes increases markedlX· On the Pt function. at higher 
temperatures. besides dehydrogenation also hydrogenolysis will take 
place and thus the activity in dehydrogenation will diminish. 

4. Dehydrogenation of Propane 

The mechanism for the conversion of propane to aromatics over 
Pt/H-ZSM5 consists of two steps; 1) dehydrogenation· catalysed by Pt. 
2) oligomerization of the formed propene over the acid sites to c6+ 
carbenium ions and subsequent aromatization. The observation that the 
addition of H2 to the feed inhibits the aromatic production is in 
favour of this model. This only indicates however. that H2 is formed 
during dehydrogenation, which is not surprising. The 
rate-determining step in the propane conversion is undoubtebly the 
dehydrogenation. The slowest step in the dehydrogenation of propane on 
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Pt. as proposed by Biloen et al. [ll.J. is the aH-elimination (see 
Scheme 2). 

* /H C3H7, * \. / 
Pt + C3H8 - Pt + H2 

t 
rate determining 

BH-elimination 

* /H \. C3H6, /H 
C3H6 + Pt ...,._ Pt 

Sche11e 2. Dehydrogenation of propane catalysed by pt [11]. 

Biloen et al. measured for the propane dehydrogenation over Pt and 
Pt-Au alloy powders an activation energy of 121.8 ± 8.4 kJ/mol. The 
fact that our data are roughly a factor 2 smaller (59-64 ± 5 kJ/mol}. 
suggests that the dehydrogenation of propane over Pt on ZSM5 is 
strongly diffusion limited [12]. This supports the assumption that the 
active Pt particles are situated in the pores of ZSM5 [13]. This. in 
combination with the high temperatures of reaction. causes the 
observed mass transport inhibition. Mole et al. [4] measured for the 
propane conversion over Zn/H-ZSM5 with 1.28 and 0.71 wt% aluminium. 
activation energies of 121 ± 15 and 104 ± 15 kJ/mol resp. The 
corresp~mdence between the activation energies of Biloen et al. and 
Mole et al. suggests that the dehydrogenation over Zn/H-ZSM5 is not 
influenced by diffusion; probably the active Zn phase is located 
mainly at the external surfaces of the ZSM5 crystallites. 

Conclusions 

The main reactions occurring in the conversion of propane over 
Pt/H-ZSM5 are presented in the following scheme: 

C3H7+ 
c3= .. (C3)n+ 

I H+ I ' Pt BTX 

cl + c2 ....,._ c3 .. c2= _..... c2 
cl Pt 
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The conversion starts with the dehydrogenation of propane on Pt. This 
reaction is the rate determining step. Both the high temperatures 
required for this reaction and the fact that the active Pt phase is 
located in the pores of ZSM5, cause that the conversion of propane is 
strongly diffusion limited. The formed propene can react over the acid 
sites to aromatics. At high temperatures (T > 723 K), the activity in 
aromatization decreases due to a decrease in oligomerization activity 
and the occurrence of cracking of propane to smaller hydrocarbons, 
catalysed by both the Pt and the acid sites. The optimum temperature 
for the formation of aromatics decreases with increasing acid site 
content. Application of ZSM5 with a high acid site density is 
favourable for the selectivity in aromatics. 
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Chapter 15 

FINAL REMARKS 

Preparation of Pt-ZSM5 and use in small alkane conversion 

In Chapter 11 it has been shown that incorporation of Pt as small 
particles in the pores of ZSM5 is possible. The complex Pt(NH3)4

2+ 

has to be introduced first by ion exchange. Subsequently this species 
has to be oxidized prior to reduction. This step is crucial in the 
preparation. Provided this is performed under special conditions the 
auto-reduction can be prevented and internal Pt02 is obtained. HREM is 
a good method to determine whether the Pt has been deposited fully in 
the interior of ZSM5 •. The internal particles, however, are difficult 
to observe due to the dominant image of the ZSM5 lattice. This can be 
improved either by rotating the sample from the ideal orientation or 
by prolonged exposure to the electron beam, which causes destruction 
of the ZSM5 lattice. By doing so the size of the particles located in 
the ZSM5 framework can be determined; this varied from about 0.5 to 4 
nm depending on the wt% Pt. The surrounding zeolite lattice may be 
destroyed during the growth of large particles. However, since this 
will only cause local defects, this could not be observed by HREM. The 
other possibility is that the ZSM5 lattice remains intact during 
growth; the shape of the particles is determined by the ZSM5 
intersection cages. Consequently the particles have a maximum size of 
about 1-1.5 nm. Larger particles then are in fact conglomerates of 
particles each occupying one cage. According to a model of aPt 
particle occupying one ZSM5 cage the Pt-Pt coordination number is 
about 6-7 (Chapter 12). The real coordination number was about 7, as 
determined for a number of reduced Pt-ZSM5 samples by EXAFS. Therefore 
it is concluded that in the growth of Pt particles in the frame work 
of ZSM5 the size and shape is determined by the zeolite cages. 

The deposition of Pt in the interior of ZSM5 is beneficial to the 
conversion.of propane to higher hydrocarbons. This reaction is usually 
accompanied by a strong coke deposition on the Pt phase. However this 
is substantially suppressed, when the Pt is located in the interior of 
ZSM5 (Chapter 11). The conversion of propane over Pt/H-ZSM5 is a 
bifunctional reaction. Propane is firstly dehydrogenated by Pt to 
propene. This reaction is severely diffusion limited. This can be 
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attributed to the high temperature of operation and the fact that the 
active Pt is located in the pores of ZSM5. The formed propene reacts 
over the acid sites to oligomers, which are converted by cracking to 
mainly butanes at T < 623 K (Chapter 13}. At higher temperatures 
aromatics are formed (thapters 14}. The dehydrogenation of propane 
requires high temperatures. Unfortunately at these temperatures 
oligomerization of propene is not favoured. In addition. propane is 
also cracked to smaller alkanes by both the Pt and the acid sites at 
high temperatures. These facts cause that the formation of aromatics 
possesses an optimum temperature. beyond this temperature formation of 
smaller alkanes becomes the main reaction. A high acid site density 
appears to be favourable for the formation of aromatics. The optimum 
temperature is lowered and the selectivity is increased. 
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SUMMY 

In this thesis the formation of higher hydrocarbons from dimethyl 
ether and small alkanes with ZSM5 zeolite as catalyst is described. It 
is known that this zeolite can effectively be obtained by 
autoclavation of a mixture of silica, alumina, tetrapropylammonium and 
water. The processes that occur during the crystallization however, 
are not well understood. It is agreed that crystallization starts with 
the formation of silicates that enclose the tetrapropylammonium 
entities. Condensation of these species yields the structure of ZSM5. 
Tetrapropylammonium is assumed to have a structure directing role in 
this process. The structure of the initially formed silicates is' not 
well-known. In order to gain an insight of the crystallization we 
studied the solid phases formed during the synthesis with High 
Resolution Electron Microscopy. With this technique information is 
obtained about the species that are involved in the crystallization. 
From the results a model for ZSM5 synthesis is deduced that may 
underlie the synthesis of other 5-ring zeolites as well. 

ZSM5 zeolite is well-known due to its capability of converting 
methanol to gasoline at 573-473 K. For the. formation of the initial 
C-C bonds from this molecule many mechanisms have been proposed. A 
number of them is based on methylene (CH2); Van den Berg has proposed 
that this species is bound to dimethyl ether, whereas others assume 
that this species is free during reaction. These proposals and the 
formation of C-C bonds from carbene have been studied theoretically. 

In order to obtain information about the hydrocarbons initially 
formed, the conversion of dimethyl ether/H2 over Pt/H-ZSM5 has been 
studied. The results indicate that dimethyl ether indeed reacts 
initially to trimethyloxonium ion, as we previously have proposed. 
The carbene-dimethyl ether complex is formed from this species by a 
proton abstraction. At low temperatures (T < 493 K), instead, when Pt 
is in the vicinity, a hydrogenation to methane occurs. According to 
the temperature programmed desorption experiments the conversion of 
dimethyl ether on H-ZSM5 possesses a induction period at low 
temperatures (T < 530 K). From the variation of this induction time 
with temperature we could deduce that the activation energy for the 
initial C-C bond formation is, as expected, high; 300 ± 30 kJ/mol. The 
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importance of the initially formed small alkenes has been proved by 
pulse experiments. These species are able, already in small amounts, 
to initiate a fast· conversion of dimethyl ether. This conversion 
proceeds via a methylation/cracking cycle. 

Due to the high price of methanol, its conversion to gasoline is not 
attractive at the moment. Far more cheaper as source are small 
alkanes. To achieve conversion, a dehydrogenation function (Pt) was 
added to ZSM5 zeolite. Preparation of an appropriate bifunctional 
Pt/H-ZSM5 catalyst is not easy. A method is described for the 
introduction of Pt in the pores of ZSM5. High Resolution Electron 
Microscopy investigations suggest that the Pt particles are located at 
specific positions in the ZSM5 framework. In order to obtain more 
information about the occluded metal particles Extended X-ray 
Absorption Fine Structure spectroscopy has been applied. The location 
in the ZSM5 frame work,where the Pt particles preferentially grow 
could be determined from the results. 

The H-ZSM5 catalysts with internal Pt shows a good performance in 
propane conversion. The deactivation is low; this can be attributed to 
the suppression of coke deposition on the occluded Pt particles by the 
surrounding zeolite matrix. The rate determining step in the propane 
conversion is the initial dehydrogenation to propene. The low 
activation energy for this reaction indicates that this reaction is 
severely diffusion limited. The propene formed can oligomerize on the 
acid sites to higher hydrocarbons. At low temperatures these oligomers 
react mainly to n-butane. Substantial amounts of aromatics are formed 
at temperatures higher than 673 K. In addition, considerable amounts 
of methane and ethane are formed by cracking of the polymers and 
direct hydrogenolysis and protolysis of propane. The ratio 
aromatics/small alkanes can be improved by increasing the number of 
acid sites. The optimum ratio is about 1. 
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SAMENYATTING 

Zeolieten zijn krista11ijne aluminosilicaten met een open netwerk 
struktuur. Vanwege dit poreuze karakter kunnen moleculen zich~n het 
inwendige van een zeoliet kristal bewegen. Zij kunnen hierdoor in 
contact komen met de actieve groepen, die zich in de porien bevinden 
en reageren. De moleculen die hierbij betrokken zijn kunnen echter 
niet grater zijn dan de dimensies van de porien. Een reactie waarvoor 
zeolieten op grote schaal gebruikt worden is bijvoorbeeld de omzetting 
(kraken) van grote koolwaterstoffen (gasolie) naar kleinere (benzine). 
Dit soort koolwaterstof reacties gaat veelal gepaard met een afzetting 
van grote, koolstof-rijke moleculen (coke) op de actieve groepen. Dit 
leidt tot een afname van de activiteit. ZSM5 zeoliet is wat dit 
betreft een uitzondering. De vorming van grate moleculen wordt in 
sterke mate onderdrukt door de dimensies van de interne ruimtes; deze 
zeoliet is in hoge mate vorm selectief. Een reactie waarbij deze 
eigenschap goed tot uiting komt is de omzetting van methanol naar 
hoogwaardige benzine. De porien van ZSM5 verhinderen hierbij de 
vorming van aromaten met meer dan 10 koolstof atomen. 

In dit proefschrift wordt allereerst aandacht besteed aan de 
processen die zich afspelen tijdens de nog grotendeels onbegrepen 
synthese van ZSM5 zeoliet. Verder is aandacht besteed aan de vorming 
van hogere koolwaterstoffen uit zowel dimethylether als kleine alkanen 
met behulp van ZSM5. De reakties die plaats vinden tijdens beide 
processen worden beschreven. Om de omzetting van kleine alkanen 
mogelijk te maken is platina geintroduceerd in de porien van ZSM5. 
Zowel de manier waarop dit mogelijk is als de positie van de verkregen 
Pt deeltjes in het ZSM5 rooster zal worden beschreven. 

De condities waaronder zuiver ZSM5 verkregen kan worden zijn uitvoerig 
beschreven. Bestudering van de literatuur leert echter dat de 

processen die zich afspelen tijdens de kristallisatie nauwelijks 
bekend zijn. Men neemt aan dat in het begin van de kristallisatie van 
ZSM5 een groot deel van het, voor synthese benodigde, tetrapropyl
ammonium omringd is door silikaten. De aaneenschakeling van deze 
tetrapropylammonium-silikaten leidt tot de vorming van het ZSM5 
rooster. Tijdens dit proces wordt het Al ingebouwd. Zowel bij de 
vorming als de aaneenschakeling van de precursor silikaten speelt 
tetrapropylammonium een belangrijke rol. De invloed van Al en andere 
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organische moleculen op de kristallisatie zal ook bediscussie~rd 

worden. 
De struktuur van de silikaten die het tetrapropylammonium omringen 

is nog niet met zekerheid bekend. Met behulp van Hoge Resolutie 
Electronen Microscopie (HREM) is getracht de precursors waar te nemen. 
Vanwege de instabiliteit van deze strukturen was dit niet mogelijk. 
Wel kon met behulp van HREM waardevolle informatie verkregen worden 
over de eerst gevormde kristal fasen die betrokken zijn bij de 
kristallisatie van ZSM5. Op basis hiervan is een model voorgesteld 
voor de vorming van ZSM5, welke misschien ook ten grondslag ligt aan 
de vorming van andere 5-ring zeolieten. 

De zeoliet zonder tetrapropylammonium is na uitwisseling met 
protonen bruikbaar voor de omzetting van dimethylether naar hogere 
koolwaterstoffen. Voor de vorming van de eerste C-C bindingen uit dit 
moJecuul zijn vele mechanismen voorgesteld. Een aantal daarvan is 
gebaseerd op carbeen (CH2); Van den Berg heeft voorgesteld dat het 
gebonden is aan dimethylether, andere nemen aan dat dit intermediair 
vrij voorkomt. Deze voorstellen en de manier waarop de vorming van C-C 
bindingen uit carbeen plaats vindt zijn theoretisch bestudeerd. 

Om informatie te verkrijgen over de initieel gevormde producten is 
de omzetting van dimethylether samen met H2 over H-ZSM5 met ingebouwd 
Pt bestudeerd. De resultaten geven aan dat inderdaad, zoals eerder 
door ons · is voorgesteld, in de omzetting naar koolwaterstoffen, 
dimethylether initieel naar trimethyloxonium ion reageert. Het 
carbene-MOM complex dat actief is in de vorming van C-C bindingen 
ontstaat hieruit middels een proton abstractie. Echter bij lage 
temperaturen treedt dit· niet op. In het geval Pt aanwezig is treedt 
dan een hydrogenering naar methaan op. 

De reaktie van dimethylether geadsorbeerd op H-ZSM5 kan doel
treffend bestudeerd worden met behulp van temperatuur geprogrammeerde 
desorptie. Bij lage temperaturen (< 530 K) blijkt omzetting van 
dimethylether mogelijk; deze wordt voorafgegaan door een inductie 
periode die langer duurt naarmate de temperatuur lager is. In deze 
inductie periode vindt de vorming van kleine alkenen plaats. Uit de 
variatie van de inductie tijd met de temperatuur kan afgeleid worden 
dat deze reactie een hoge activerings energie bezit. Het belang van de 
initieel gevormde alkanen in de konversie van dimethylether is aan
getoond met puls experimenten. Kleine alkenen kunnen al in geringe 
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hoeveelheden een snelle konversie van dimethylether teweeg brengen, 
waarin methylerings- en kraakreacties een belangrijke rol spelen. 

De vorming van benzine uit methanol of dimethylether over H-ZSM5 is 
momenteel niet rendabel door de hoge prijs van deze grondstoffen. Een 
veel goedkopere grondstof voor de productie van aromaten zijn kleine 
alkanen. H-ZSM5 alleen is nauwelijks in staat om kleine alkanen om te 
zetten naar hogere koolwaterstoffen. Om tach een omzetting van deze 
koolwaterstoffen te bewerkstelligen is aan de zure zeoliet een 
dehydrogenerings functie (Pt) toegevoegd. De bereiding van een goede 
bifunctionele Pt/H-ZSM5 katalysator is niet eenvoudig. Het aanbrengen 
van kleine Pt deeltjes in het porie systeem wordt uitvoerig 
beschreven. Hoge Resolutie Electronen Microscopy foto's doen vermoeden 
dat de Pt deeltjes zich op specifieke plaatsen in het ZSM5 rooster 
nestelen. De gemiddelde grootte van de deeltjes kan moelijk gemeten 
worden met HREM; deze is bepaald met Extended X-ray Absorption Fine 
Structure spectroscopie. Uit de metingen is een model voor de positie 
van de Pt deeltjes in het ZSM5 rooster afgeleid. 

De H-ZSM5 katalysator met inwendig Pt blijkt goede eigenschappen te 
bezitten in de propaan omzetting. De deactivering is laag wat 
toegeschreven kan worden aan het feit dat de afzetting van coke op de 
interne Pt deeltjes bemoelijkt wordt door het omringende zeoliet 
rooster. De snelheids bepalende stap in de omzetting van propaan over 
Pt/H-ZSM5 is de initiele dehydrogenering naar propeen. Uit de (lage) 
activerings energie gemeten voor deze omzetting kan afgeleid worden 
dat deze reactie ernstig diffusie gelimiteerd is. Het gevormde propeen 
kan over de zure sites polymerizeren naar hogere koolwaterstoffen. Bij 
lage temperaturen worden deze in hoofdzaak omgezet naar n-butaan 
terwijl bij temperaturen boven 673 K aanmerkelijke hoeveelheden 
aromaten worden gevormd. Daarnaast vindt echter ook omzetting naar 
niet gewenst ethaan en methaan plaats. Deze worden zowel gevormd door 
het kraken van de polymeren als door de directe hydrogenolyse en 
protolyse van propaan. Verhoging van het aantal zure site ZSM5 is 
gunstig voor de ver~ouding aromaten/kleine alkanen. In het gunstigste 
geval kon een aromaat selectiviteit van 54% bij een omzetting van 66% 
bereikt worden. 
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STELLINGEN 

1. The fact that during cracking of n-heptane and n-octane the formation 
of light products (C1, c2, c3) is favoured for zeolites with 
small cavities or tortuous channels, can also be attributed to 
differences in residence time instead of an 'energy gradient 
selectivity'. 

C. Mirodatos and D. Barthomeuf, J, Catal., 93 (1985) 246. 

2. It is useful to reexamine the phase-system Eu-Mg by Electron 
Microscopy. 

W. Muehlpfordt and W. Klemm, J. Less-Common Metals 17(1) (1969) 127. 
w. Muehlpfordt, z. Anorg. Allg. Chern. 374(2) (1970) 174. 
H. de Graaf, W.J. Huiskamp, R.C. Thiel, H.T. LeFever and K.H.J. 
Buschow, Physica B+C (Amsterdam), 98(1-2) (1979) 60. 

3. Regarding the uncertainties created during the dealumination of 
zeolite Y, it is useful to examine whether special conditions exist 
that allow the direct synthesis of this zeolite with a low Al content 

4. Auger spectroscopy is not the most appropriate technique to follow 
the kinetics of carbon formation from CO on Ni(110). 

R. Rosei, F. Ciccaci, R. Memeo, c. Mariani, L.S. Caputi and 
L. Papagno, J. Catal., 83 (1983) 19. 

5. Incomplete reduction can not be excluded as an explanation for the 
observed electron deficiency of Pt metal particles in zeolite Y. 

P. Gallezot and G. Bergeret, Stud. Surf. Sci. Catal., 12 (1982) 167. 
D.C. Koningsberger and D.E. Sayers, Solid State Ionics, 16 (1985) 23. 

6. Twinning does not occur in the structure of ZSM-12 as regular as 
proposed by LaPierre et al. 

R.B. LaPierre, A.C. Rohrman, Jr., J.L. Schenkler, J.D. Wood, 
M.K. Rubin and W.J. Rohrbaugh, Zeolites, 5 (1985) 346. 

7. Conclusions about the acid properties of solid catalysts based on 
temperature programmed desorption of butylammine are unreliable. 

H.C. Nelson, R.J. Lussier and M.E. Still, Appl. Catal., 1 {1983) 113. 



8. Aangekondigde artikelen worden doorgaans nooit gepublfceerd. 

9, In veel steden vormen flats de geluidswal langs snelwegen. 

10. Computers kunnen in de toekomst. als zij dan in staat zijn de kennis 
welke tot nu toe is vergaard (logisch) te combineren, belangrijke 
hulpmiddelen gaan worden bij het genereren van ideeen/ontdekkingen. 

11. De tous les materiaux de la catalyse, zeolithe ZSM5 est certes celui 
qui offre les plus admirables ressources au prodigieux et inepuisable 
theme de la gloire chimie. (vrij naar W. Elschot, LIJMEN) 
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