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CHAPTER 

GENERAL INTRODUCTION 

It is only since the late sixties and the early seventies 

that the industrialized western countries have become aware that 

the glut of oil would not be permanent. Political action, 

cooperation between oil producing countries and the strive 
for conservation of their oil supplies together with a rapidly 

increasing consumption of oil in the western countries resulted 

in a shortage of oil on the world market in the mid-seventies (1). 

As a consequence the market prices of crude oil showed an 

enormous rise. 
By all these events the interest in coal conversion was 

greatly enhanced this for economical reasons as well as for 

reasons of being independent of the oil.producing countries. 

Especially the conversion of coal to gasoline and to raw products 
for chemical industries has been extensively investigated. 
The subject of this thesis is related to the production of 

gaseous and liquid hydrocarbons from coal. 

I.l COAL CONVERSION 

Besides several direct routes for coal conversion, such as 

pyrolysis and coal liquefaction, the indirect route appears to 

be very promising. In this latter route the coal is first 
gasified with steam and oxygen to 7ynthesis gas (CO + H2) (2) which 

subsequently can be converted to liquid products. 
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For the conversion of the synthesis gas to hydrocarbons 

two routes are available. In the first one, the Fischer-Tropsch 

(FT) process, the synthesis gas is directly converted to a 

hydrocarbon mixture, ranging from methane to long chain paraffins. 

For this purpose (supported) metal catalysts are applied. This 

process has been used for the production of gasoline and diesel 

oil in Germany during World War II and is still in commercial 

operation in South Africa (SASOL) . Recently a second, most 
promising, route has been developed by research workers of 

Mobi~ (3). First of all the synthesis gas has to be 

converted to methanol (for example by the ICI process) • In the 

Mobil Process the methanol is subsequently converted to gasoline, 

using a new type of zeolite catalyst: zeolite H-ZSM-5. 

Comparisop of both routes shows that for the production of 

gasoline the Mobil Process has several important advantages: 
i. the range of product hydrocarbons in the Mobil Process is 

more narrow than in the FT process: only small amounts 

of methane and no hydrocarbons larger than c11 are formed. 
ii. in the Mobil Process a high conversion (> 95 wt%) 

can be combined with a high selectivity for aromatics 

(up to 45 wt% of the product hydrocarbons) • In the FT process 

only very small amounts of aromatics are formed (less then 

5 wt% of the gasoline fraction) (3, 4). 

iii. characteristic for the ZSM-5 catalyst is a low rate of 

deactivation and a high thermal stability (5-7) . 
Thus in the Mobil Process a gasoline yield of 75 to 80 wt% 

of the hydrocarbon product can be realized. Without lead additives 

the gasoline has a research octane number (RON) of 90-100 (3, 8) 
and shows very good properties in engine tests (8) • In the 

FT process a great number of destillate fractions can be obtained. 

The gasoline yield can be increased up to 40 wt% (4). 

I.2 ZEOLITE ZSM-5 

Essential in the development of the Mobil Process is the 

discovery of a new class of synthetic zeolites, called 

ZSM-5, with a unique channel structure, depicted in fig. 1 (9). 
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I The channel structure of zeolite ZSM-5 

A characteristic feature of the structure is the occurrence 
of rings consisting of five 8i04 and/or Alo4 tetrahedra, which 

are connected by shared corners. A typical building is shown in 

. 2. (Note that this is not the real 8BU (10)). In turn cross 

linked chains of these units form sheets. The apertures in these 

sheets are encircled by ten 8i04 and/or Alo4 tetrahedra and form 

the zeolitic pores. These ten membered ring openings, which 

determine the pore diameter to be 0.54 x 0.57 nm, in combination 

with the three dimensional pore structure (fig. 1) are characteris

tic of zeolite ZSM-5. Furthermore, this zeolite shows a high 

stability towards strongly acidic solutions as well as heat 

treatment. 

The zeolite can be synthesized in the broad range of 

8i02/Al 2o 3 mole ratios (25 < Si02/Al 2o 3 < oo). A typical unit 

cell content of Z8M-5 in its Na-form is Na3 [(Si02) 93 (Al02) 3] .16H2o. 

It is crystallized in the presence of tetrapropylammonium ions. 

After removal of the sodium and tetrapropylammonium (TPA+) ions 
+ + by NH4 or H exchange and air calcination the active catalyst 

H-ZS~l-5 can be obtained. 
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With respect to its use as a catalyst three aspects are 

important: 

i. the protonic sites appear to be very strong acidic sites {12). 

It is suggested that this may be due to the extremely low 

Al content of the zeolite structure. 

ii. the unique pore dimensions {0.54 x 0.57 nm) cause a shape 

selectivity of the catalyst with respect to reactant 

molecules that may enter the pores {reactant selectivity), 

product molecules that may diffuse out of the pores 

(product selectivity) and reactions thay may occur in the 

pores (transition state selectivity) (13). 

iii. because of the three dimensional pore structure the intra

crystalline sites are readily accessible to reactant 

molecules. 

Fig. 2 Building unit in the ZSM-5 structure 

• Si or AI atom. 

It is the combination of these three aspects that give this 

zeolite its unique properties for the methanol to gasoline con

version: firstly the high acidity of the Bronsted sites facili

tates the conversion of hydrocarbons via ionic species; secondly 

the narrow pore dimensions inhibit the formation of hydrocarbons 

larger then c11 , thus explaining the narrow product distribution 

observed; thirdly the intracrystalline coke deposition is pre

vented and fourthly the three dimensional pore structure causes 

that the accessibility of the intracrystalline sites is only 

slowly decreased as a consequence of coke deposition on the 

external surface of the zeolite crystallites. 
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I.3 THE MOBIL PROCESS 

In the Mobil Process the methanol is converted to water 

and a mixture of hydrocarbons consisting of olefins, paraffins 

and aromatics. The dependence of the product distribution on 

the reaction temperature and the space velocity has shown that 

the reaction sequence can be represented by scheme 1 (14, 15). 

The overall reaction enthalpy of this conversion is negative, 

as is shown in table 1. 

The dehydration of methanol to dimethyl ether is a well 

known reaction (16) on acidic catalysts. In the next reaction 

step C-C bond formation occurs and it is indicated that ethene 

and propene are the primary formed olefins. 

Scheme 1 

-H20 

2CH30H CH30cH3 

CnH2n+ 2 

paraffins 

light olefins 

1l 

higher olefins 

H-transfer 
<11!--- ----- CnH2n -6 

aromatics 
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These primary formed olefins are readily converted to higher 

hydrocarbons by oligomerization and isomerization reactions. In 

the subsequent reaction step the aromatics and paraffins are 

formed in cyclization and hydride transfer reactions. 

The chemistry of the reactions of the primary 

formed olefins, can be explained by well known reactions of 

carbenium ions (16-18). Because of the size of the molecules to 

be formed in this part of the reaction sequence, the shape 

selectivity of the zeolite is of great importance. To take 

advantage of this aspect with respect to product selectivities, 

e.g. the selective production of p-dialkylbenzenes, this shape 

selectivity has been extensively studied (19-21) • 

The mechanism of the first c-c bond formation was unknown, 

until some years ago. Only recently some proposals have been 

reported in the literature. As this initial C-C bond formation 

is an essential reaction step in the conversion of methanol to 

gasoline, the elucidation of the mechanism of this reaction step 

has been chosen as the main objective of the investigations 

presented in this thesis. 

Table I The reaction enthalpy of the major steps in the conversion of 

methanol to hydrocarbons (14). 

2CH30H 
CH

3
0CH3 

2 (CH2)olefins----~ 

CH 30cH 3 + H20 

Z(CH2)olefins + H20 

Z(CH2)hydrocarbons b) 

a) 

a)for a typical c 2-c5 product distribution 

b)for a typical final c2-c10 product qistribution 

6 

~H(kJ) 

-20.2 
-37.4 

-31.9 

-89.5 



I.4 THE PLAN OF THIS THESIS 

The procedures for the synthesis and characterization of 

the catalyst samples are reported in chapter II .In chapter III 

a description is given of the reactor and the on line gaschromato

graphic analysis system that are used in the kinetic experiments. 

In the investigations two main lines have been followed: 
i. the hypothesis that ethene and propene are primary products 

is illustrated in scheme 1. However, the implicit assumption 

that these olefins are converted rapidly to higher olefins was 
difficult to reconcile with an observed low reactivity of 

ethene on zeolite H-ZSM-5. Chapter IV, V and VI deal, there-

fore, with the problem whether ethene can indeed act as a reaction 

In chapter IV (23) reactions of small olefins, especially ethene, 

at temperatures, below 373 K are reported and the influence of 
water on these reactions. In chapter V (24) the results of High 

Resolution Solid State 13c NMR spectroscopic investigations of 

the products formed at these temperatures are described. A 
reaction mechanism is proposed to explain the results. Finally 

in chapter VI (25) the reactions of olefins at temperatures 
between 323 and 523 K are discussed. 

ii. Extensive kinetic studies on the conversion of methanol and 

dimethyl ether to hydrocarbons have been performed to 

elucidate the mechanism of the initial c-c bond formation. Firstly 

in chapter VII (26) it is shown that ethene and propene indeed 

are to be considered as primary formed olefins. Furthermore 

a reaction mechanism is proposed in which the initial c-c bond 

formation proceeds via an intramolecular rearrangement of tri

methyloxonium ions. In chapter VIII kinetic studies are .reported 

to verify this mechanism. An extension of the mechanism with a 

second reaction route is discussed. It is shown that this final 

mechanism is in agreement with the experimental data available 

until now. The proposed mechanism for the initial c-c bond 

formation via trimethyloxonium ions is theoretically evaluated 

on the basis of quantum mechanical calculations in chapter IX. 

In chapter X some final remarks are made on the results 

presented in this thesis. 
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CHAPTER 11 

SYNTHESIS AND CHARACTERIZATION OF ZEOLITE 

H • ZSM-5 

II.1 INTRODUCTION 

ZSM-5 is a high-silica zeolite synthesized in the system 

(TPA) 2o-Na2o-K20-Al2o3-sio2-H2o (1). In its high silica content 

this zeolite is different from most other zeolites known until 

now. This difference is reflected in the mechanism of nucleation and 
crystallization. While for alumina rich zeolites it has been shown 

that aluminosilicate complexes in solution are the precursors 

for nucleation and crystallization (2) it was suggested that in 

ZSM-5 synthesis monosilicate complexes have this function (3). 

This suggestion is in agreement with results reported by Lecluze 

and Sand (4) which show that the rate of crystallization 

increases upon increasing Si02 content of the crystallization 

mixture. Also the results of Chao et al. (5) show this trend. 

Furthermore, the observation that Si02 is preferentially in

corporated in this zeolite structure (6} is in good agreement 

with the kinetic data. 

A second important aspect of the crystallization is the 

formation of the crystal lattice and the morphology of the 

crystallites. Up to now it is not well understood what actually 

is the influence of the tetrapropylammonium ions (TPA+} in 

directing the crystallization towards the ZSM-5 structure. 

Flannigen (3) suggested a template function. Although this model 

seems very reasonable it does not readily explain the 

crystallization of ZSM-5 out of a great number of different 

crystallization mixtures (e.g. 7, 8) as well as the formation 
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of zeolite ZSM-11, with a significantly different pore structure, 

when tetrabutylammonium ions are present instead of TPA+ ions (9). 

Related to this point is the question concerning the 

location of the active sites. If the suggested template function 

of the TPA+ ions (3) is correct, the active sites will consequent

ly be located at the intersections of the channels, (in other 

models this is less clear). The location of the active sites is 

important because of the catalytic implications; e.g. the 

possible structures of catalytic reactions. 

Other important parameters with respect to the crystalliza

tion are the Na
2
o, K

2
o and (TPA) 2o concentrations, the pH of 

the crystallization mixture, the temperature and the stirring 

during the crystallization. A number of these parameters have 

been studied by Erdem and Sand (10, 11). Among other things 

they have shown that in the K20, Na 2o and (TPA) 2o system the 
stability area of the ZSM-5 phase lies close to the TPA-end 

of the ternary diagram. However, complete absence of alkali

cations results in the formation of amorphous products. As far 
+ + as the ratio Na /K is concerned it is shown that the presence 

of potassium results in an increase of the rate of crystallization. 

After the crystallization·the Al-sites in the zeolite are 

covered with Na+, K+ and TPA+ ions (I, sheme 1). This product 

is catalytically inactive. The TPA+ ion can be decomposed by 

calcination at about 850 K. After this treatment a proton is 

left on the Al-site (II, sheme 1). Although the zeolite structure 

is stable up to 1200 K (1) at temperatures above 800 K the 

active sites may be dehydroxylated (II + III, scheme 1), a process 

which is reversible. In the presence of water also irreversible 
dealumination can occur (IV, scheme 1 (12)). 

+ + Proton exchange of the Na and K ions is performed by a 
treatment with HCl or NH4No3 solutions (1, 13, 14). It is shown 

that ion-exchange with ammonium nitrate solutions is a rather 

harmless procedure. Treatment with HCl solutions, on the other 
hand, is more effective in the Na+ and K+ exchange but can 

also result in a partial dealumination of the zeolite lattice 
(I + IV, scheme 1). Microcalorimetric experiments have shown 

that, in contrast to NH4No3 treatment, HCl treatment results in 

a non-uniform acid strength distribution (15, 16). It is not 
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clear whether this difference is a consequence of the greater 

efficiency of HCl in ion exchange or of the possible dealumina

tion of the lattice. 

Scheme 1 
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It will be clear that still a great number of questions 

have to be answered concerning the crystallization and activation 

of zeolite H-ZSM-5. Starting from the method of preparation, 

described in tbe patent literature (1), we developed our proce

dures for crystallization and activation of our catalyst samples; 

these will be discussed in this chapter. Furthermore, we will 

report the characterization of the samples by chemical analysis, 

X-ray diffraction, ~-c4-adsorption, the activity for ~-c6 
cracking and the constraint index, which is a measure for the 

shape selectivity of the zeolite. 

Table 1 Chemical composition of the starting materials in the zeolite 

synthesis 

{wt%) K20 Na2o Fe2o 3 Al2o
3 Si02 {TPA) 2o H20 

TPAOH 
1) 

0.67 0.04 0.01 20 - 80 

TPAOH 2) 
0.52 0.04 < 0.01 40 - 60 

NaAl02 powder 0.48 31.80 0.06 51.57 

NaAl02 solution 0.38 18.20 0.03 29.89 0.32 - 53 

Sio
2
-sol 3) 0.002 0.15 0.001 36.3 

s1o2-gel 
4) 

0.02 0.06 0.01 99.85 

1} Fluka 

2) Chemische Werke Lahr 

3) Ketjensol 40 As (36. 3 wt% Si02) 

4) Davison {US) : Grade 950 

II.2 EXPERIMENTAL 

II.2.1 Preparation of the catalyst 

The chemical compositions of the starting materials are 

given in table 1. For the preparation the following procedure 
was used: 

i. a sodium aluminate solution (solution A} was prepared by 

either dissolving sodium metaalu~inate powder in water or 

by dissolving pure aluminum granules in a concentrated 

sodiumhydroxide solution. 
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ii. silicagel was added to the TPA-OH solution and stirred at 

535 K until a clear solution was obtained (solution B) • 

iii. solution A was added to solution B and the mixture was 

homogenized for at least 15 minutes. 

iv. the crystallization mixtures were either encapsulated in 

pyrex tubes (samples B, D, and G) and heated in a carius 

oven, or put in a pyrex flask (sample DX) or teflon flask 

(sample CX) and heated in an autoclave. The crystallizations 

were performed at 423 K under autogeneous pressure during 

6 days without stirring. 

v. next the products were filtered, washed and dried at 393 K. 

Finally the zeolite samples were calcined at 823-873 K in 

the air during at least 1 hr. Product code I. 

vi. Na and K exchange was performed by HCl treatment. The 

zeolite sample was suspenden in a 0.5 N HCl solution and 

stirred at, 353 K during at least 15 minutes: 10 ml of 

solution per gram zeolite was used. After the sample had 

been filtered and thoroughly washed the treatment was 

repeated once again. Product code II. 

vii. before use as a catalyst the zeolite samples were embedded 

in a Sio2-matrix, weight ratio zeolite:silica = 1:1. 

For this purpose the zeolite was suspended in silicasol of 

which the pH was carefully kept at 7 by addition of ammonia 

or nitric acid. This mixture was heated at 353 K till 

gelation occurred. After drying at 393 K the catalyst was 

crushed and sieved. The fraction between 0.125 < d < 0.300 mm 
was used. Finally the catalyst is calcined at 823 K in the 

air during 1 hr. Product code IV. 

II.2.2 Chemical analysis 
The zeolite samples were analyzed for Si by weight loss 

upon ignition with HF. Analysis for Al, Na, K and Fe was per

formed af.ter dissolution of the residue by atomic absorption 

spectroscopy, using a Perkin Elmer 300 Atomic Absorption Spectro

photometer. 
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Table 2 Chemical composition of crystallization mixtures and product zeolite 

samples 

Si0
2 

Al
2
o

3 
Na

2
o K

2
o Fe2o

3 
(TPA) 

2
o H

2
0 

B e.M.a) 12.4 0.82 0.56 0.85 0.002 25.0 60.4 b) 

25.7 1 1.12 1.12 0.002 8.0 417 cl 

B II 94.2 3.17 0.07 0.11 0.01 
b) 

50.5 1 0.04 0.04 0.003 
c) 

D C.M.a) 12.4 0.82 0.56 0.85 0.002 25.0 60.4 b) 

25.7 1 1.12 1.12 0.002 8.0 417 
c) 

DII 93.8 3.34 0.26 0.55 

47.7 1 0.13 0.18 

G e.M. a} 11.9 1.14 0.76 0.82 0.002 24.0 61.3 b) 

17.8 1 1.10 0.78 0.001 5.53 304 
c} 

GII 88.3 4.48 0.37 0.37 b) 

33.5 1 0.14 0.09 c) 

ex C.M.a} 12.1 0.86 0.58 0.83 0.002 24.3 61.4 
b} 

23.8 1 1.11 1.04 0.001 7.40 404 c} 

ex I 78.7 10.9 1.43 n.m. b) 

12.3 1 0.22 c) 

ex II 89.5 6.19 0.38 2.14 
b) 

24.6 1 0.10 0.37 c) 

DX e.M. a) 12.0 0.90 0.61 0.83 0.002 24.3 61.4 b) 

22.7 1 1.11 1.00 0.001 7.07 386 c) 

DX I 83.7 6.65 2.25 n.m. b) 

21.4 1 0.57 
c) 

OX II 92.1 2.50 0.~6 0.45 
b) 

62.6 1 0.37 0.29 
c) 

a) crystallization mixture; b) wt%; c) mole ratio 
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II.2.3 X-ray diffraction 

X-ray powder diffraction patterns were measured with CuKa 

radiation on a Philips X-ray diffractometer, equipped with a 

PW 1120 X-ray generator and a PW 1352 detection system. Mostly 

a scan speed of 1° 26/min was used. 

II.2.4 Adsorption measurements 

A Cahn RG-Electrobalance was used, equipped with a 

Eurotherm temperature programmer. Before use the vector gas He 

was purified over a molsieve, BTS and a carbosorb column. The 

n-c4 used was a high purity reagent (99+%}; before use it was 

dried over a molsieve column. In all experiments a total gas flow 

of 200 ml/min was used. For adsorption 40 ml/min n-c 4 was added 

to the He-flow, while the He-flow was decreased proportionally 

to obtain a constant gas flow (200 ml/min). For each experiment 
' the pure H-ZSM-5 samples were calcined in a He/02 flow (80/20) 

at 873 K during about 30 minutes. The n-c4 adsorption was per

formed at 296 K. 

II.2.5 Determination of the Constraint Index (C.I.) 

The C.I. is defined as the ratio of rate constants of the 

cracking of n-hexane and 3-methylpentane (17): 

c. I. 
ln ( 1-xh) 

ln(1-xJmp} 

in which ~~ x3mp = conversion of n-hexane and 3-methylpentane 
(%C) . The measurements have been performed with a fixed bed 

continuous flow micro reactor equipped with an on line GLC 
analysis system. The hydrocarbon analysis was performed with a 

20% Squalane on Chromosorb WAW (80-120 mesh) column (6m, 2 x 4 mm 
SS-tube) and H2 was used as the carrier gas. 

The reactor was filled with 0.5 g of pure H-ZSM-5 or 1g of 

H-ZSM-5 embedded in Si02 (50/50), particle size: 60~ < d < 125~. 

Before the measurement the catalyst. w.as activated at 673 K 

in a He-flow. In the conversion experiments He was used as a 

vector gas (8.5 ml/min) and before use purified over a molsieve, 

carbosorb and a BTS column. The reactants were high purity 
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50 45 40 35 

Fig. I X-ray diffraction pattern typical of ZSM-5 

reagents and used without further purification. A 50/50 mixture 

of n-hexane and 3-methylpentane was added to the vector gas as 

a liquid by a Sage, model 355, displacement pump, and evaporated 

in a preheating zone in the reactor (WHSV = 1 hr-1). In all 

experiments the reaction temperature was 573 K. 

II.2.6 The activity test 

The cracking of n-hexane at 573 K was used as a standard 

reaction to determine the activity and rate of deactivation of 

the catalyst samples. The cracking of n-hexane is a first order 

reaction and can be described with the following equation: 

k 1 - - ln(1-x) 
T 

in which x = n-c6 conversion (%C), k 

T = contact time. 

II-1 

rate constant 

In this equation, however, there is no account for a deactivation 

of the catalyst. In order to do so we have compared two models, 

reported in the literature: 
1. The Weekman-Nace model (18, 19): in this model a time 

dependence of the rate constant, related to the deactivation 

of the catalyst, is defined 

k k
0 

exp (-At) II-2 
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lnk = lnk
0 

- !.t 

in which k
0 

t 

the initial rate constant 

a deactivation parameter (sec- 1) 

time on stream (sec) 

such that lnk is linearly related to the time on stream 

(eq. II-3) . 

II-3 

2. The Weller-Thakur model (20): in this model the rate constant 

is related to the cumulative amount of hexane that actually is 

cracked (designated Y) • 

with 

k = k0 exp (-aY) 

lnk = lnk0 - aY 

a= deactivation parameter 
\ t 

Y = WHSV' f x dt (g n-C6 ) /g cat.) 
0 

x = n-c6 conversion (%C) 

t = time on stream (sec) 

II-4 

II-5 

This model should result in a linear relation between lnk and 

Y (eq. II-5). 

The conversion experiments have been performed as described 

for the determination of the C.I. The reaction temperature 

was 573 K, the He-flow 11 ml/min and the n-c
6 

was fed at a 
-1 WHSV = 1 hr • Mainly pure H-ZSM-5 samples were used as a catalyst. 

Before use the catalyst was pretreated at 673 K in a He-flow 

II.3 RESULTS AND DISCUSSION 

II.3.1 Crystallization and activation 

The chemical compositions of the crystallization mixtures 

used for the zeolite samples B, D, G, CX and ox are given in 

table 2. Comparison of the Na2o-K20-(TPA) 2o ratios of these 

mixtures with the data of Erdem and Sand (10) shows that these 

are in the correct range for ZSM-5 crystallization. For the 

Si02/Al2o3 ratio rather low values have been used (compare (1)). 

For the synthesis of the samples B, D and G these low ratios 

were needed because during the crystallization the pyrex 
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Table 3 X-ray diffraction reflections of a ZSM-5 sample* 

26 d<Rl I/Imax 28 d (}{) I/Imax 

8.02 11.01 100 23.35 3.80 25 

8.87 9.93 40 23.78 3.74 12 

9.16 9.62 15 23.99 3.70 26 

13.29 6.65 6 24.47 3.63 16 

14.00 6.32 13 25.63 3.47 3 

14.85 5.96 12 25.92 3.43 5 

15.59 5.67 6 26.65 3.34 4 

15.96 5.54 9 26.72 3.33 4 

16.60 5.33 2 27.01 3.30 6 

17.70 5.00 3 

17.88 4.95 3 29.42 3.03 4 

19.30 4.59 4 29.93 2.98 5 

20.40 4.35 6 30.10 2.96 4 

20.91 4.24 7 30.43 2.93 3 

21.81 4.07 1 

22.25 3.99 3 45.15 2.00 4 

23.15 3.84 46 45.60 1. 99 3 

*as crystallized, after calcining at 873 K in the air. 

tubes partly dissolved in the strong alkaline solution thus 

increasing the Sio2 content of the crystallization mixture. In 

agreement with this observation, for these three samples a yield 
of 110-130% was calculated. 

The chemical compositions of the obtained zeolites 

are also given in table 2; for the B, D and G samples only of 

the HCl-exchanged products. It is important to note that the 

difference of the Si02/Al 2o 3 ratio between the crystallization 

mixture and the crystallization product for these three zeolites 

was mainly a consequence of the crystallization process and only 

slightly to dealumination in the HCl exchange procedure. This 

because in the crystallization mixture an extra Si02 source was 

available (pyrex tubes) and because Sio2 is preferentially in

corporated in the zeolite structure (4, 6). 
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The crystallization of the OX-sample in a pyrex flask in 

an autoclave gave a result somewhat different from the results 

for the B, D and G samples. The yield was smaller than 100%, 

the Si02/Al 2o3 ratio of the DX I sample was smaller than that of 

the crystallization mixture and a strong dealumination was 

observed after the HCl treatment. 

The crystallization of the CX sample was performed in a 

teflon flask. Also in this experiment the yield was lower than 

100% and the Si02/Al 2o3 ratio of the CX-1 product was considerably 

lower than that of the crystallization mixture. 

Moreover a strong dealumination was observed after the HCl 

treatment. 

Table 4 Pore volumes* of H-ZSM-5 samples 

Zeolite sample Pore Volume (ml/g) Ref. 

B II 0.151 

D II 0.160 

G II 0.126 

ex II 0.099 

DX II 0.116 

H-ZSM-5 (Mobil) 0 .167 

H-ZSM-5 0.155** ( 1) 

Silicalite 0.190 ( 23) 

* determined with n-c 4 adsorption 

** determined with n-c6 adsorption 

X-ray diffraction (XRD) was used for characterization of 

the crystallinity. A typical diffraction pattern is shown in 

fig. 1 and the corresponding 26 values and relative intensities 

are given in table 3. Comparison with literature data (1, 21) 

shows a very good agreement. These measurements have shown that 

after crystallization the B, D and G samples only contained the 

ZSM-5 phase, while in the ex and DX products other crystalline 

compounds were present. These impurities, however, were thermally 

less stable than the ZSM-5 phase. So after calcining the product 
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at 873 K, only the ZSM-5 phase was observed in the XRD-spectrum. 

The amorphous material, that results from the thermal destruction 

of the impurities, may well explain the low Si02/Al 2o 3 ratios of 

the ex I and DX I samples. Furthermore this may explain the 

strong dealumination observed upon HCl-treatments because the 

extra lattice aluminum may be readily dissolved. 

Table 5 The influence of the Si02-matrix on the C.I. of H-ZSM-5 

Sample Zeolite/Si02 (wt%) C.I. 

B II 100/0 7.9 

B IV 50/50 8.4 

B V 20/80 7.3 

The difference between the CX crystallization and the 

B, D and G crystallizations can be understood by considering 
that in the former no extra Sio2 was present in the crystalliza

tion system so that the Si02/Al2o 3 ratio of this crystallization 

mixture in fact was too low. Apparently, in the DX crystalliza

tion something analogous must have occurred although it is not 

well understood why in this experiment the pyrex flask was not 

dissolved as much as in the B, D and G crystallizations. 

In accordance with the B, D and G crystallizations it may be 

expected that the Si02/Al 2o3 ratios measured for the CX II and 

DX II samples are close to the Si02/Al2o 3 ratios of the ZSM-5 
phase in the CX I and DX I products. 

Valyon et al. (22) have shown that pore volumes calculated 

with adsorption data of n-paraffins at room temperature are 

independent of then-paraffin used if en< c 6 . For practical 

reasons we have chosen n-c4 as an adsorbate for pV determination. 
The results are given in table 4. Comparison with the reference 

sample obtained from Mobil Oil Corp. and literature data shows 

that the values of B II and D II are in good agreement, while 

the samples G II, ex II and DX II have values that are too low. 

These low values may be explained by the presence of amorphous 

material as a result of the thermal decomposition of the non 
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ZSM-5 phases during calcination. 

Table 6 The 1-feekman and Weller-Thakur model. Deactivation parameters. 

Weekman model Weller-Thakur model 

Sample k a} Ab) k a:) a c) 
0 0 

B II 1.9 21.7 1.9 0.2 

B IV 2.2 15.0 2.2 0.1 

D II 1.9 6.7 1.9 0.06 

G II 2.2 18.3 2.2 0.1 

ex II 2.8 5.0 

DX II 0.2 -
H-ZSM-5 1.4 0.3 

(Mobil) 

a) -4 -1 
10 {g n-C6/g pure zeolite)sec 

b)10-6sec- 1 

c)g pure zeolite/g n-c
6 

II.3.2 The Constraint Index 

C.I. measurements have been performed for a number of 

H-ZSM-5 samples. It appeared that all measurements resulted in a 

C.I. value between 7.9 and 8.4, which is in good agreement with 

the value of 8.3 reported in literature (1). Table 5 shows that 

the influence of the Sio2 matrix on the C.I. is only small. 

II ·· 3. 3 The activity test 

The n-c6 conversion as measured for the different samples 

is plotted against the time on stream in fig. 2. The deactivation 

parameters that can be derived with the Weekman model {eq. II.3) 

and the Weller-Thakur model (eq. II-5) are reported in table 6. 

Both models resulted in a linear fit of the experimental data. 

Comparison of the A and a values shows that both models give 

results leading to analogous conclusions. It will be clear that 

lower A values point to better catalysts, i.e. catalysts with a 

lower rate of deactivation. Comparison of the parameters k and 
0 

A of the activity test with results of methanol or ethene con-

version have shown that catalyst samples with k
0 

> 1.5 10-4 sec-1 
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and A < 10-5 sec- 1 can b~ qualified as good catalysts. 

Es.pecially a low value of >-. is of great importance in this 

context. 

t 
> s 50 
u 

40 

30 

20 

10 

f ·----. -·-··-----------------------------

9 

100 200 300 
mln-

Fig. 2 Hexane conversion at 573 K as function of the time on stream 

Catalyst sample: a. ex !I; b. G II; c. B IV; d. D II; e. B II; 

f. reference sample obtained from Mobil Oil Corp. 

g. DX II 

A relation between the parameters k
0 

and and other characteris

tics of the zeolite samples can hardly be found. Factors like 

crystallinity, size, stacking faults, and activity of the 

external surface are important in this respect. In the 

activity test was shown to be very useful for the qualification 

of the prepared H-ZSM-5 samples. 
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CHAPTER Ill 

APPARATUS AND CALCULATION PROCEDURES 

III.1 INTRODUCTION 

In chapter I it has been described that in the methanol to 

gasoline conversion on zeolite H-ZSM-5 a product mixture is 

formed containing oxygen containing compounds, olefins, paraffins 
and aromatics with a maximum carbon number of 11. For a 

detailed kinetic study of this process the effect of pressure, 

temperature,contact time and other process variables on the 

product distribution must be determined.To achieve this a very 
detailed and accurate product analysis is necessary. These 

requirements led to the development of an on line 4 columns 

gaschromatographic system. 

III.2 THE GASCHROMATOGRAPHIC ANALYSIS SYSTEM 

For reasons of availability of apparatus we have chosen 

for a gaschromatographic system equipped with packed columns 

and thermal conductivity detectors, this in contrast to the on 

line analysis system described by Stockinger et a~. (1, 2) which 

is a computer controlled analysis system equipped with capillary 

columns and FID detection. 

Because of the requirement of a detailed analysis of any 

of the product groups we have chosen for three separate analyses 
in which the oxygenates, the aromatics and the paraffins plus 

olefins are analyzed, respectively: 
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i. the analysis of the oxygenates was performed with a 

Porapak PS column. 

ii. the aromatics were analyzed with a 3% ETHCP + 7% Bentone 

34 column. 

iii. for analysis of the paraffins and olefins these product 

groups were first separated from the aromatics and the 

oxygenates (except dimethyl ether) over a 10% TCEP column 

and consecutively analyzed with a 20% Squalane column. 

Finally the three separate analyses were recalculated and 
normalized with respect to each other to give the disered 

total product distribution. 

---,1----- inlet for llguld feed 
llr---T.C. catalyst temp. 

UIU·--- fused silica reactor tube 
11---- preheater 

~t----Quartz wool 
•.r---T.C. furnace regulation 

furnace 

catalyst 

~ afterheater 

Fig. I The design of the fixed bed micro reactor 
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III.3 EXPERIMENTAL 

An on scale figure of the fixed bed reactor is depicted 

in fig. 1. In all experiments 1 g of catalyst is used (zeolite 

H-ZSM-5 embedded in a Si02 matrix (50/50) (3)), particle size 

0.125-0.300 mm). Liquid feeds were added to the reactor by needle 

injection in a preheated zone of the reactor tube, charged by 

a Sage, model 355, displacement pump. Gaseous feeds were added 

to the vector gas. 

Table I Operating conditions of the gaschromatographic analysis system 

Column Oven* H
2
-flow (ml/min) Init. Temp. (K) Temp. Prog. 

Porapak PS 1 20 373 -
ETCHP/Bentone ~ 20 393 -
TCEP 3 20 ~3 -
Squalane 4 20 298 time init.: 7/min 

prog. rate: 5/min 

final temp.: 363 K 

final time: 60 min 

*fig 2 

Furthermore, in fig. 2 a schematic representation of the 

GC analysis system including the sample system is shown. The 

sample valves, Inacom 8-way valves, were equipped with 1 ml 

sample loops. The GC-frame was composed of Packard Becker 427 

gaschromatograph units (oven 1, 2 and 4) equipped with model 

904 TCD detectors, and a Pye 104 gaschromatograph with katharo

meter (oven 3). The operating conditions for the different 

columns are given in table 1. Hydrogen was used as a carrier 

gas for all columns. For analysis of the oxygenates a 

5 m x ~~~ SS Porapak PS, 80/120 mesh, is used; the c 4+ compounds 

are back flushed (oven 1). A typical gaschromatogram is shown 

in fig. 3. The aromatic compounds are analyzed over a 6 m x ~~~ SS 

3% ETHCP + 7% Bentone 34/Chromosorb P,70/80 mesh, resulting in 
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Fig. 2 The continuous flow fixed bed micro reactor with on line GLC-analysis 

system. 

I. column filled with molsieve 4A 

2. column filled with BTS 

3. column filled with carbosorb 

4. needle injection of liquid feed with a Sage, model 355 displacement pump 

5. preheating zone of the reactor 

6. furnace 

7. 8-way sample valves 

8. 8-way switching valve 

9. 5 m x .!_ .. 
8 ss Porapak PS, 80/120 

10. 6 m x l!• SS 3% ETHCP + 7% Bentone 34/Chromosorb P, 70/80 

11. 5 m x _t, ss, 10% TCEP/Chromosorb WAW, 80/120 
8 

12. 6 m x ~-" ss, 20% Squalane/Chromosorb WAW, 80/120 

13. flow restrictors 

14. Packard Becker TCD, model 904 

15. Pye 104 katharometer 
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1 a gaschromatogram as depicted in fig, 4. A 5 m X s" SS 10% 

TCEP/ Chromosorb WAW,80/120 mesh column is used for the separation 

of the paraffins and olefins from oxygenates (except dimethyl 

ether) and aromatics. The paraffins and olefins are consecutively 

analyzed in a temperature programmed elution on a 6 m x ~" SS 

20% Squalane/Chromosorb WAW, 80/120 mesh, column, while by 

switching the 8-way selection valve the aromatics and oxygenates 

are separately eluted on the TCEP column. 

In fig. Sa a full sample elution on the TCEP-column is shown 

while in fig. Sb the comparable elution is shown with the 

separation between the paraffins plus olefins and the oxygenates 

plus aromatics. The missing peaks contain all paraffins and 

olefins to be analyzed on the Squalane column. A gaschromatogram 

representative of this elution is shown in fig. 6. 

Identification of the peaks, observed in these gas-
' chromatograms, has been performed by calibration experiments. 

For the Squalane elution not all compounds have been calibrated, 

these compounds were identified with the aid of retention indices 

of hydrocarbons on Squalane, determined by Rijks (4). The 

paraffinic, olefinic, aromatic and oxygen containing compounds, 

identified in a typical product distribution obtained after con

version of dimethyl ether are given in table 2 (notation in 

agreement with the notation in the figures 3 to 6). 

For calculation of the actual concentrations in the 

product stream the relative response factors reported by Dietz 
(5) and Messner et al. (6) were used for the paraffins, olefins 
and aromatics. For a number of compounds these values have been 
checked in our laboratory and appeared to be in agreement with 

the literature data within 5%. For the oxygen containing compounds 

great differences were observed between the measured values and 

the literature data such that in our experiments for methanol 

and dimethyl ether response values of 80.5 and 59.9 have been 

used respectively. (the response factor for benzene is 100). 

The response factor for water was not constant; therefore it 

was determined before each set of experiments. 
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Fig. 3 A chromatogram of the analysis of oxygenates on 5 m x !u SS Porapak PS, 
8 

80/120 mesh. 

Dimethyl ether + water conversion on H-ZSM-5 at 564 K. 
-I -1 

WHSV(DME) = 4.52 hr ; WHSV(H20) = 0.44 hr 

P(DME) = 50.6 kPa 

Peak identification as in table 2. 

From the calibration experiments it can be concluded that 

our analyses are accurate up to 5%. The fact that the gaschromato

graph units are equipped with TCD-detectors appeared to be a 

disadvantage. Because of their limited sensitivity conversions 

lower than 3% could not readily be measured. 

III.4 CALCULATION PROCEDURES 

As is said in the previous paragraph it was not possible 

to perform the kinetic experiments ~nder differential conditions. 

For this reason in the calculations of the kinetic parameters 
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Table 2 Identification of paraffinic, olefinic, aromatic and oxygen con

taining compounds as found after dimethyl ether conversion 

Id. No* Compound(s) Id. No.* Compound ( s) 

01 water 10 3-methyl-1-butene 

11 ? 
02 dimethyl ether 

12 2-methylbutane 
03 methanol 

13 1-pentene 

A1 benzene 14 2-methyl-1-butene 

A2 toluene 15 n-pentane + trans-2-pentene 

A3 ethylbenzene 16 cis-2-pentene 

A4 p-xylene 17 2-methyl-2-butene 

AS m-xylene 18 4-methyl-1-pentene + 

A6 o-xylene 3-methyl-1-pentene 

A7 1-ethyl-4-methylbenzene 19 4-methyl-2-pentene + 

AS 1-ethyl-3-methylbenzene 2.3-dimethyl-2-butene 

A9 1-ethyl-2-methylbenzene 20 2,3-dimethylbutane + 

A10 propylbenzene 2-methylpentane 

All 1,3,5-trimethylbenzene 21 2-methyl-1-pentene + 

A12 1,2,4-trimethylbenzene 1-hexene 

A13 1,4-diethylbenzene 22 3-methylpentane 

A14 1,2,3-trimethylbenzene 23 3-hexene 

A15 1,2,4,5-tetramethylbenzene 24 n-hexane + 2-hexene + 

cis-3-methyl-2-pentene 
1 ethene 25 2-methyl-2-pentene 
2 ethane 26 trans-3-methyl-2-pentene 
3 propene 27 2,3-dimethyl-2-butene 
4 propane 28 methylcyclopentane 

5 isobutane 29 1-methylcyclopentene 
6 isobutene + 1-butene 30 3-methylhexane + 

7 n-butane 2,3-dimethylpentane 

8 trans-2-butene 33 methylcyclohexane 

9 cis-2-butene 34 3-methylheptane + 

c clohexene 

*Identification number, notation as is used in the figures 3 to 6. 
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corrections had to be made for volume contraction/expansion and 

temperature effects. 

In this paragraph equations will be derived for determina

tion of the reaction order and the Arrhenius energy of activation 

for a zero order and a first order reaction (based on (7, 8)). 

7~0~~~6~~~~3~o~~~~2~0~~~~~-2~o~x~ 

t mln-

Fig. 4 A typical chromatogram of the aromatics analysis on 

3% ETHCP + 7% Bentone 34/Chromosorb P 70/80 mesh 

Dimethyl ether conversion on H-ZSM-5 at 586 K 

WHSV(DME) = 4,52 hr- 1, P(DME) = 50.6 kPa 

1 
6 m x if' SS 

Peak identification as in table 2 

For an idealized fixed bed reactor in a stationary state 

(dc/dt = 0) we can derive 

dvs(x)P(x) 
dx III .1 

For determination of the reaction order we use the assumptions: 

dP {x) 
~ 

-
V s 

Li.P 
L 

(l +a') 
2 vsi III.2 

III-3 
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in which the correction factor for the volume changes is 

defined as: 

V = ct'V sE si 

Substitution of eq. III.2 and III.3 in eq. III.l results in 

the relation 

ln D = n ln P1 

with 

a 

20 15 

b 

.. 
" 

III.4 

Fig. 5 The elution of the 5 m x ·s"' ss, 10% TCEP/Chromosorb WAW 80/120 mesh. 

a. A full sample elution, b. the TGEP elution after separation with 

the selection valve 

Dimethyl ether + water conversion at 623 K. 

WHSV(DME) = 4.52 hr-1, WHSV(H
2
0) = 0.44 hr-l, P(DME) 50.6 kPa. 

peak identification as in table 2. 

For determination of the Arrhenius activation energy and the 

frequency factor we use the following approximations: 
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III.5 

III.6 

Substitution of eq. III.5 and III.6 in eq. III.1 and subsequent 

integration results for a zero order rate equation in: 

III. 7 

2 a' is close to 1 so that the factor (1 - a') is very small 

and consequently may be neglected. 

The gas flow was measured at 293 K, so a temperature 

correction in the vsi was needed because of the volume expansion: 

TR 
vs(TR) = 293 vs(293) 

After substitution of eq. III.8 and the Arrhenius equation 

in eq. III.7 the following result can be derived: 

ln B = ln Q.A - ~ • ~ 

in which B 
PI - PE (a' - 1) 

R.293 lna' 

L Q = 
VSI 

3 (mol.m ) 

(sec) 

III.8 

III.9 

with this relation the apparent activation energy (J.mol- 1) 
-3 -1 and the frequency factor A (mol.m .sec ) are calculated. 

In an anologous way for a first order rate equation a 

relation similar to eq. III.9 can be derived: 

ln c ln Q.A - E 1 III. 10 = R . T 

PI ' TR 
in which c (lna' - ln -) 

PE 293 
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and Q 

-1 
The apparent activation energy (J.mol ) and the frequency 

factor A (sec- 1 ) are easily calculated with this equation. 

T 363 K 

12 

20 

22 

50 40 30 20 I 10 I 0 
--t min 8x 2x 

I Fig. 6 GC-analysis of paraffins and olefins on 6 m x 8' SS, 20% 

Squalane/Chromosorb WAW, 80/120 mesh. 

Dimethyl ether conversion on H-ZSM-5 at 586 K. 

WHSV(DME) = 4.52 hr- 1, P(DME) = 50.6 kPa 

identification of the compounds as given in table 2. 

Constants and variables 

~uperficial gas velocity (m3/sec.m2 m/sec.) 

reaction rate {mol/m3 sec.) 

bulk density of the catalyst= 0.67 . 10 3 kg/m3 

length of the catalyst bed= 14.2 . 10-3 m 

gas constant = 8.314 J/mol.K ; 8.314 m3 .Pa/mol.K 

a correction factor for volume changes in the hydrocarbon 

fraction of the gas mixture 

a' correction factor for volume changes in the total gas 

mixture {hydrocarbons + vector gas) 

aPI + Pv 
a' = 

PI + Pv 
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Pv pressure of the vector gas at the reaction inlet (Pa) 

PI = pressure of the reactant at the reactor inlet (Pa) 

pressure of the reactant at the end of the catalyst bed (Pa) 

mole fraction of the reactant in the gas mixture {the vector 

gas excluded) at the end of the catalyst bed. 

p = 
E 
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CHAPTER IV 

REACTIONS OF OLEFINS ON PARTIALLY HYDRATED 

ZEOLITE H-ZSM- 5 

IV.l INTRODUCTION 

The reaction scheme for the methanol to gasoline con

version on zeolite H-ZSM-5, as it has been proposed before (1-3), 
indicates that ethene is one of the primary formed olefins. 

Recently (4) this proposal was supported by experimental results 

of conversions of ethanol and dimethyl ether, and it was in

dicated that also propene can be considered as a primary formed 
olefin. A prerequisite for this model is that ethene and propene 

can be readily converted to higher hydrocarbons over zeolite 

H-ZSM-9. Other investigators (5, 6) found a relatively low 
re~ctivity of ethene and so they doubted our model. IR 13c NMR 

and Thermogravimetric (TG) studies recently reported by us (7}, 
concerning the adsorption,activation and reaction of ethene near 

room temperature on H-ZSM-5, have shown that under these con

ditions ethene can be readily protonated on the Bronsted acid 
sites, forming carbocations that initiate a polymerization 

reaction. We have also shown that at these low temperatures water 
inhibits this reaction. Analogous results have been reported by 

Novakova et al. (8) based on IR experiments. In this chapter 

new experimental data will be presented on the adsorption and 
reaction of small olefins at room temperature on H-ZSM-5, measured 
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by thermogravimetry. A comparison 

reactivity of ethene, propene and 

will be given to the influence of 

will made between the 

isobutene. Special attention 

preadsorbed water on the 

reaction of ethene. Furthermore a preliminary High Resolution 

Solid State (HRSS) 13c NMR experiment will be reported to support 

the statement that already at room temperature ethene polymerizes 

on H-ZSM-5. 

IV.2 EXPERIMENTAL 

Materials: two H-ZSM-5 samples, BII and GII (9) , have 

been used in these experiments. Ethene, propene and isobutene 

were high purity reagents (99+%) and were dried by molsieve 

before use. The vector gas Helium was purified by passing it 

successively over a BTS, carbosorb and molsieve column. For 

the HRSS 13c NMR experiment we used 90% enriched (1,2-13c) 
ethene from Stohler Isotope Chemicals. 

1:, 40 
1:11 
E 

~ 
{l 30 
Ill 

.:!! 
+ 
Ill 
0 

~~ 

tmin-

Fig. 1 Measurement of the chemisorption of ethene. 

Thermogravimetric (TG) experiments: a Cahn-RG-Electro

balance, fitted with an Eurotherm Temperature Programmer, was 

used for these experiments. Prior to each experiment the H-ZSM-5 

catalyst (BII) was calcined at 873 K, rehydrated in air at room 

temperature and next dehydrated to the desired water content by 

purging it with He (80 ml/min) at the appropriate temperature 

(see text). The reaction mixtures were made by adding the olefin 
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to the He-flow in the ratio of olefin:He = 1:4. Especially in the 

case of ethene the observed weight increase is mainly caused by 

physisorbed ethene. To eliminate this contribution the following 

procedure has been followed (fig. 1): first, the H-ZSM-5 sample 

is contacted with the ethene/He mixture during a certain time 

interval 8t1• Then the ethene addition is stopped and the sample 

is purged with pure He for about 15 minutes to reach a more 

or less constant weight. Then again ethene is added to the gas 

stream for another time interval, 8t2 , and so on. Finally, 

the amount of chemisorbed ethene is obtained as a function of 

the total time of adsorption, Z8t .. 
i 1 

High Resolution Solid State 13c NMR experiment: the HRSS-
13 

C NMR spectrum was recorded on a 180 Me Double Resonance 
13 Spectrometer { C-frequency 45.267 MHz) with dipolar decoupling 

and magic angle spinning in a Kel, F sample holder. The rotation 

rate employed was larger than 3kHz. 90° pulses were given with 

a waiting time of 5 sec. 

The H-ZSM-5 sample (GII) was dehydrated at 573 K and 0.1 Pa. 

Next (1,2-
13c) ethene was added at 193 K until an equilibrium 

pressure of 13.3 kPa was reached. The ~pectrum was recorded at 

room temperature after 24 hours. 

-A 

273 373 473 SH 7H 873 

T/K ~ 

Fig. 2 Thermogravimetric TPD curve of the dehydration and dehydroxylation of 

zeolite H-ZSM-5. 
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IV.3 RESULTS AND DISCUSSION 

IV.3.1 The dehydration of H-ZSM-5 

Fig. 2 shows the change of weight of a H-ZSM-5 sample 

when it is purged with He at the temperature indicated. A con

tinuous loss of adsorbed water is observed at temperatures up 

to about 550 K. Then there is a region of constant weight followed 

by a small but significant loss of weight above about 700 K. 

Obviously, the first loss of weight represents the dehydration 

of the hydrated Bronsted acid sites, resulting in a completely 

dehydrated zeolite after purging at 550-650 K. At still higher 

temperatures dehydroxylation occurs generating Lewis acid sites. 

IV.3.2 Adsorption and reaction of small olefins on H-ZSM-5 at 

room temperature. 

The adsorption curves of ethene, propene, isobutene and 

n-butane on a dehydrated H-ZSM-5 at room temperature are presented 

in fig. 3. This figure shows a great difference between the 

rate of adsorption of ethene on one hand and of propene and 
isobutene on the other. For propene and isobutene 

maximum adsorption is reached within 20 minutes, while 
it takes over 60 hours for ethene. Desorption experiments sub

sequent to the adsorption show that propene and isobutene are 

chemisorbed readily whereas, even at equilibrium, part of the 

ethene adsorption always is weakly physisorbed (table 1) . If 

we assume that the number of active sites is equal to the number 

of Al-atoms, which seems justified because of the very low alkali 

cation content of this zeolite sample, it is possible to 

calculate the average number of olefin molecules that is 

chemisorbed per active site (column 4, table 1). 
The fact that this number is larger than 1, together with the 

shape of the adsorption curves (especially the one of ethene) 

supports our suggestion (7) that the chemisorption of olefins 

on H-ZSM-5 actually is a oligomerization reaction. Based on this 

model it is possible to calculate the average C-number of the 

oligomers formed. With the help of an estimated density of 

0.75 g/ml also the volume occupied by the oligomers {column 

5 and 6, table 1, respectively) can be calculated. These data 
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Table l Adsorption of small olefins on H-ZSM-5 

Total ads. chemisorbed Ra) n 
b) 

mg/g mg/g 

C2H4 87 76 4.3 8.6 

C3H6 102 102 3.8 11.4 

i-C4H8 102 103 2.8 11.5 

n-C4Hl0 91 pore volume: 

a)R = average number of molecules chemisorbed per site 

b)n = average c number of oligomer 

c)volume filled with oligomers (m1/g) 

volume c) 

0.11 

0.14 
0.14 

0.151 

show that the products of propene and isobutene oligomerization 

better fill the pores than the product of ethene oligomerization. 

IV.3.3 The oligomerization of ethene on partly hydrated H-ZSM-5 

The results of the oligomerization of ethene on partly 

hydrated H-ZSM-5 are presented in fig. 4. The water content of 

the zeolites in the experiments a, b, c, d, d' and e are in-

dicated in . 2. From this figure it appears that in the 

experiments a, b, c, d and d' only Bronsted acid sites are de

hydrated and no Lewis acid sites are created. Fig. 4 shows that 

in all these oligomerization of ethene at room 
temperature occurs. Combination of these establishments provides 

further evidence that in zeolite H-ZSM-5 ethene is oligomerized 

at room temperature on Bronsted acid sites. Experiment e (the 

zeolite dehydroxylated at 873 K in a He/02-flow) shows that the 

presence of Lewis acid sites enhances the rate of oligomerization. 

This effect of the presence of Lewis acid sites is in 
agreement with the results of Kubelkova et aZ. (10) on H-Mor. 

Furthermore, it is observed that independent of the water 

content of the zeolite in all the experiments a to e finally 

the same maximum of chemisorbed ethene wasreached. This indic~tes 

that the presence of water decreases the rate of oligomerization 
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iC4 c= t 100 c= 3 

nc4 

=iC34 Fig. 3 Thermogravimetric adsorption 

curves of ethene, propene, iso

butene and n-butane on dehydrated 

H-ZSM-5 (purged at 573 K) 

50 

I 
I 
I 
I 
I 
I 
I 
I 

C2 I 

10 20 30 40 ·~ 
t min-

C2 

whereas no significant change of the intracrystalline volume, 

accessible for reactant molecules, is observed. 

In fig. 5 the initial rate of oligomerization (r.), 
~ 

derived from fig. 4, is plotted versus the amount of adsorbed 

water. When we express this amount in molecules per active 

site (eav) a linear relation between ri and eav is shown in 

the interval 0.1 < eav < 0.8 (fig. 5). 

At the low temperature, used in these experiments, the 

adsorption equilibrium of water will be shifted far to the site 

of the adsorbed complex. Thus at the low coverage in these 

experiments it may be assumed that only one molecule is adsorbed 

per active site. Furthermore a homogeneous distribution of acid 
strength of the Bronsted acid site is assumed. With these 

assumptions the observed linear relation between ri and eav 
indicates that the rate of oiigomeriz~tion is determined by the 

number of dehydrated Bronsted acid sites. In the range e < 0.1 av 
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t 1.4 

~ 1.2 
E 
~ 1.0 

0.8 

0.6 

10 20 30 40 50 60 70 
t min-

Fig. 4 The chemisorption of ethene on partially hydrated H-ZSM-5 

CS = chemisorption 

Tads = 300 K 
The water content of the zeolite samples in the experiments a, b, c, 

d, d' and e is indicated in fig. 2 

apparently stronger acid sites are dehydrated, whereas for 

eav > 0.8 the assumption that only one molecule of water is 
adsorbed per active site is no longer valid. The latter is 

supported by IR experiments (11) in which dehydrated Bronsted 

acid sites were detected on a H-ZSM-5 sample while still an 

amount of water corresponding with eav = 1.3 was left on the 
zeolite. 

The conclusion that the rate·of oligomerization of ethene 

is determined by the number of dehydrated Bronsted acid sites 
implies that the adsorption of one molecule of water poisons 

this site for chemisorption of ethene, thus inhibiting the 
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oligomerization of ethene. This can be readily understood as it 

is to be expected that the heat of adsorption of water is much 

larger than that of ethene. 

t 
c 0.08 
·e \ 
.J?!· I 

0 \ 
E I 

E 0.06 \ 
I 
I 
\ 
\ 

0.04 \~ 
·~ 

0.02 ·, 

9av-

0.2 OA 0.6 0.8 1.0 

0:1 0:2 0.3 0:4 o.5 0.6 0.7 
H20 ads mmol/9 --... 

Fig. 5 The initial rate of oligomeri

zation on partially hydrated 

zeolite H-ZSM-5 

Tads "' 300 K 
e (mmol H20/g.zeolite)/0.64 

av 

13 IV.3.4 The HRSS · C NMR experiment 

High resolution 13c NMR experiments, recently reported (7), 

showed that after adsorption of 13c enriched ethene at room 

temperature on dehydrated H-ZSM-5, initially the characteristic 

resonance of ethene is recorded. However, in course of time at 

room temperature the signal intensity decreased and finally the 
signal completely disappeared, indicating a conversion of ethene 

to non-detectable products. These compounds or their decom

position products could be observed only after thermal 

desorption above 473 K (7, 11, 12). 

Fig. 6 shows the HRSS lJC NMR spectrum, recorded after 

the reaction of 13c-enriched ethene on dehydrated H-ZSM-5 was 

completed at room temperature. In t~e spectrum resonances appear 

at 28.8 and 13.5 ppm (from TMS) representative for aliphatic 

-CH 2- and -CH3 groups, respectively. Both signals are strongly 
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broadened because of carbon-carbon coupling interactions. In the 

next chapter it will be shown that, because of these dipolar 

coupling effects, we must be very cautious with interpretations 

based on intensity ratios of the resonances in this spectrum. 

Furthermore, the broadening may be due to the presence of 

inequivalent C-atoms in the reaction products or to a variable 

interaction with the zeolite (e.g. because of differences in 

acid strength). Nevertheless, the HRSS 13c NMR spectrum shows 

that indeed ethene is oligomerized at room temperature and 

furthermore that the oligomerization products mainly consist 

of linear aliphatics. From the fact that the products are non

detectable with conventional high resolution 13c NMR spectroscopy 

we may conclude that the oligomers are strongly adsorbed on the 

intracrystalline zeolite surface. 

-ppm 

Fig. 6 High Resolution Solid State 13c NMR 

spectrum of the product of the 

oligomerization of (J,z- 13c) ethene 

on H-ZSM-5. 

Reaction temperature 300 K. 

By combination of the TG and 13c NMR data we now observe 

that: firstly, the oligomerization of propene and isobutene at 

room temperature is much faster than that of ethene; secondly, 

the oligomerization products of propene and isobutene better 

fill the pore volume than the products of the oligomerization 

of ethene and thirdly that in the oligomerization of ethene 

mainly linear aliphatics are formed. 

The difference in the rate of reaction can be easily 

understood because propene and isobutene react via secondary 

and tertiary carbenium ions, respectively, whereas the oligomer!-
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zation of ethene proceeds via primary cations. 

By combination of the second and the third point it is 

tempting to conclude that the linear aliphatics, formed after 

oligomerization of ethene not effectively fill the pore volume. 

In the oligomerization of propene and isobutene apparently 

branched aliphatics are formed which do effectively fill the 

intracrystalline pores. Recent results, obtained with HRSS 13c 
NMR experiments, however, have shown that this conclusion is 

not correct (13). In the next chapter this will be further 
discussed. 

IV. 4 CONCLUSIONS 

The thermogravimetric and HRSS 13c NMR experiments have 

clearly shown that ethene, as well as other olefins, can be 

oligomerized on the Bronsted acid sites in zeolite H-ZSM-5 

at room temperature. The rate of oligomerization is determined 

by the stability of the carbocations to be formed upon protonation 

of the olefins. Furthermore, the experiments with water have 

shown that adsorption of water on the Bronsted acid sites in

hibits the chemisorption and subsequent oligomerization of ethene. 

The rate of oligomerization of ethene is determined by the actual 

number of dehydrated Bronsted acid sites. 

Extrapolation of these resuts to the reaction temperatures 

used in the conversion of methanol to gasoline, 500-650 K, 

indicates that ethene, when it is formed as a primary reaction 

product will be easily converted to higher hydrocarbons. In the 

presence of water the rate of reaction of ethene will be strongly 

dependent on the position of the adsorption equilibrium of water 

on the Bronsted acid sites. As at temperatures above 550 K this 

equilibrium will be shifted far to the desorption site it can 

be concluded that also for this reason ethene can readily act 

as a primary reaction product. 
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CHAPTER V 

OLIGOMERIZATION OF OLEFINS 

AN INVESTIGATION WITH HIGH RESOLUTION SOLID STATE 

13c NMR SPECTROSCOPY 

V.1 INTRODUCTION 

In a recent paper we proposed a reaction mechanism for 

the conversion of methanol into olefins, paraffins and aromatics 

on zeolite H-ZSM-5 (1). In this mechanism ethene and propene 

are expected to be the primary formed olefins. 

The reactivity of these small olefins on zeolite H-ZSM-5 has 

been extensively studied (2-5). It has been shown that these 

olefins are readily converted; even ethene can be oligomerized 

at 300 K. Until recently it was difficult to investigate the 

type of products formed by these oligomerization reactions. 

IR experiments have provided some evidence that oligomerization 
of ethene leads to linear molecules. It was impossible to detect 

these species (2, 4) with conventional High Resolution 13c NMR 

because the strong adsorption of the oligomerization products 

causes line broadening beyond detection limits. 

Application of High Resolution Solid State (HRSS) 13c NMR 

spectroscopy however has recently provided evidence for the 

linear oligomerization of ethene on zeolite H-ZSM-5 at rpom 

temperature (3). 

On the other hand IR-experiments on partially dehydroxylated Na, 

H-Y zeolite (6, 7) showed that highly branched oligomers were 

formed: 

-1 -1 
VCH (2955 cm )/VCH (2930 cm ) ~ 1.1 

3 2 

IR experiments on the ethen~ oligomerization on H-Mordenite 

at 370 K (8) have also indicated the' formation of branched 

oligomers: vCH /vCH ~ 1. 
3 2 
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These data show that linear oligomerization of ethene is specific 

for zeolite H-Z$M-5 possibly due to its pore dimensions of 

0.54 x 0.56 nm. In this report these preliminary conclusions 

will be further discussed. 

Based on Thermogravimetric data it was suggested in 

previous reports (2, 3) that reactions of propene and isobutene 

at room temperature lead to the formation of branched oligomers. 

New HRSS 13c NMR experiments have been carried out to check 

this proposition. These data will be compared to some analogous 

experiments on zeolite H~mordenite. A reaction scheme will be 

presented to explain the experimental data. 

IV.2 EXPERIMENTAL 

Materials: the H-ZSM-5 samples were prepared according to 

previously described procedures (9) and were characterized by 

chemical analysis, X-ray diffraction and ~-c4 adsorption. 

The H-Mordenite was Norton zeolon (lot n.: BD 18). 

Prior to each experiment the zeolites were calcined in air at 

823 K during 1 hr. Results are given in Table 1. 

Table I Chemical composition and pore volume of the zeolite samples used 

Samples Sio2 Al
2
o

3 
Na

2
o K

2
0 Si0/Al2o 3 

No H+-sites* 

(wt%) {wt%) (wt%) {wt%) lliOle ratio (mmol/gl 

H-ZSM-5: 

B-II 94.2 3.17 0.07 0.11 50.5 0.59 

D-II 93.8 3.34 0.26 0.55 47.7 0.38 

G-II 88.3 4.48 0.37 0.37 33.5 0.70 

DX-II 92.1 2.50 0.56 0.45 62.6 0.22 

H-Mord. 81.0 10.35 0.36 0.45 13.3 1.93 

* No of H-r sites a mmol Al/g - [mmol Na -r /g + mmol K + /g] 

** determined at RT by n-c
4 

adsorption (P/P
0 

= 0.2) 

50 

Pore volume** 

(ml/g) 

0.151 

0.160 

0.126 

0.116 

0.099 



The vector gas He was purified by passing it successively 

over BTS, carbosorb and molsieve columns. In the 13c NMR 

experimentp (1- 13c) ethene, 90% enriched, from Stohler Isotope 

Chemicals was used and before use diluted to 10% enrichment. 

Propene, isobutene and 2-methyl-1-butene were high purity 

reagents (99+%) used without further purification. The same holds 

for n-hexane and 2-.methylpentane used in the Differential Scanning 

Calorimetry experiments. 
13 HRSS C NMR experiments: The spectra were obtained at room 

temperature using a Bruker CXP-300 spectrometer (7.05 T magnetic 

field, 13c frequency 75.45 MHz}. The probe has a modified magic 

angle adjustment (10}. The hollow rotors used in this investiga

tion are made from coated boron nitride, which yields no 

background signals in the spectrum. 

Rotation rates between 2.5 and 4.5 kHz were used. We employed 

single cross-polarization contacts with contact times of 2 ms. 

Recycle times between acquisitions were 5 s; the acquisition time 

was 100 ms using a sweepwidth of 20 kHz. The B1 field strength 

was 10 G and 40 G for the proton and carbon channels, 

respectively. 

In all experiments the number of scans was smaller than 1000, 

unless otherwise stated. Chemical shifts are given with respect 

to an external sample of liquid TMS. The sample to sample shifts 

are accurate to within + 1.0 ppm, while the internal shifts 

within a spectrum are expected to be accurate to better than 

± 0.1 ppm. 

Prior to measurement the samples were evacuated (0.13 Pa) 

at 573 K during 2 hr. After this the adsorptions were performed 

at the temperatures and pressures as given in table 2 and 

subsequently stored overnight at room temperature. 

DSC experiments: a Du Pont 810 Differential Scanning Calorimeter 

System with a Du Pont 990 Thermal Analyzer was used. Before 

adsorption the H-ZSM-5 sample (BII) was evacuated (~ 100 Pa) at 

573 K for 1.5 hr. The adsorption was performed isothermally at 

323 K by saturation of a N2-flow (40 ml/min} with ~-hexane and 

2-methylpentane, respectively, at room temperature. 
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Table 2 Adsorption conditions for the HRSS 
13c NMR experiments 

Adsorbence 

{1- 13c) ethene 

propene 

isobutene 

H-ZSM-5 

sample 

G-II 

D-II 

D-II 

2-methyl-1-butene DX-II 

(l-13c) ethene (10%) DX-II 

(1- 13c) ethene (10%} H-Mordenite 

Adsorption 

temperature (K) 

200 -+ 300* 

300 

300 

300 

373 

373 

' 

p (kPa) 
eq 

13.3 

13.3 

8.9 

25.3 

15.5 

30.4 

*First adsorption of ethene at 200 K. Afterwards the sample was 

slowly warmed up to room temperature. 

V .3 RESULTS 

The HRSS 13c NMR spectrum of the oligomerization product 

of ethene, strongly adsorbed on zeolite H-ZSM-5, reported before, 

(3} has clearly shown that under these conditions linear 

paraffins are formed. In that experiment we used (1,2- 13c) ethene, 

90% enriched without any dilution. This resulted in very broad 

lines, almost certainly because 13c- 13c (homonuclear) dipolar 

coupling is a homogeneous interaction and requires rotation 

rates far in excess of those employed (11). 

We now performed the same experiment with (l-
13

c} ethene 

diluted to 10% enrichment (fig. la). This spectrum clearly shows 

more narrow lines. In addition there are differences in intensity 

ratios and chemical shifts. Experiments in which we used different 

ZSM-5 samples with different Si02/A1
2
o

3 
ratio's resulted in near

ly identical HRSS 13c NMR spectra. We beiieve that the discrepan

dies between the experiments in which (1,2-13c} ethene (90%) and 

(l- 13c} ethene (10%) were used can be mainly ascribed to dif

ferences in 13c-enrichment, i.e. 13c- 13c dipolar coupling effects. 

In£ig. 1b, le and 1d the HRSS 13c NMR spectra are shown 

of the strongly adsorbed products formed upon oligomerization 

52 



Fig. I 

a 

100 
-ppm 

b 

c 

I 

I~ 
0 100 

----.ppm 

d 

13 High Resolution Solid State C NMR spectra of small olefins 

adsorbed on zeolite H-ZSM-5 at 300 K. 

a. (l-
13

c) ethene (10% enriched) adsorbed on sample GII 

b. Propene adsorbed on sample DII 

c. isobutene adsorbed on sample DXII 

d. 2-methyl-1-butene adsorbed on sample DXII 

of propene, isobutene and 2-methyl-1-butene at room temperature. 

The chemical shifts of the distinct resonances are 

presented in table 3 and compared to some literature data ob

tained from HRSS 13c NMR spectra of Silanized Silica Surfaces 

(12, 13) and crystalline polypropene (14). To compare the values 

of the spectra shown in fig. la, lb, le and ld the chemical 

shifts within each spectrum are normalized with respect to the 

-cH3 resonance being+ 13.5 ppm. Comparison of the HRSS 13c NMR 

spectra of long linear aliphatic chains (c18 ), (12, 13), with 

our spectra (fig. la-ld) shows that in all these experiments 
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linear oligomers have been formed (table 3). The differences 

in the relative intensities of the peaks a, b, c and d (table 3) 

indicate a decreasing average chain length in the series 

ethene » propene > isobutene > 2-methyl-.I_-butene. Comparison 

with the spectrum of polypropene (14) shows that in the spectra 

of the products of propene, isobutene and 2-methyl-1-butene 

small amounts of branched hydrocarbons also appear. 

Fig. 2 

100 0 ·20 
--- ppm 

13 13 High Resolution Solid State C NMR spectrum of (1- C) ethene 

(10% enricbted) adsorbed at 373 K on zeolite H-ZSM-5 (sample DXII) 

no. scans: 12.977. 

Oligomerization of ethene at 373 K (fig. 2) results 

in a product with an average linear chain length comparable to 

that of the oligomerization product of 2-methyl-1-butene formed 

at RT. Furthermore a significant amount of branched hydrocarbons 

is formed, based on the appearence of signals at 10.5, 21.5 and 

38.4 ppm. To check the influence of the zeolite structure on 

this oligomerization we also performed oligomerization of ethene 

on zeolite H-Mordenite at 373 K (fig. 3). As shown in table 3 

this experiment resulted in the formation of highly branched 

oligomers. 
13 It is important to note that in all these C NMR spectra 

only saturated hydrocarbon resonances appear. We recorded all 

our spectra from 0 to 200 ppm; comparison with HRSS 13c NMR 
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(J1 
U1 

Table 3 

Chemical shifts*> of oligomers of small olefins adsorbed on zeolite H-ZSM-5 

*) in ppm with respect to liquid TMS 

ads. on H-ZSM-5: 

C
2

H
4 

(RT) 40.2 32.2 

C3H6 (RI') tr. tr. 38.3 31.5 28.5 

i-C
4

H
8 

(RI' tr. 41.2 39.1 32.6 29.6 

2-Me-C
4

H
7
-1 (RT) tr. 42.5 39.7 31.4 

c
2

H
4 

(373 K) tr. tr. 38.4 31.6 29.3 

ads. on H-Mordenite 

c
2

H
4 

(373 K) 47.0 38.6 33.3 30.4 

cr3 y b a X 

-0-Si-CH -(CH ) -CH -CH -CH 
1 2 2 n 2 2 3 

CH
3 

a b c d 

n = 4 (12) 33.4 30.7 

n = 14 (12) 33.4 31.4 

n = 14 ( 13) 31.0 

c c z 
I I 

c-c-c-c-c 

X y 

isotactic (14) 
44.5 39.6 

26.5 

syndiotactic 48.3 26.8 

24.2 13.5 "10.0 

23.5 13.5 

24.3 13.5 

23.5 13.5 

23.4 21.4 13.5 10.5 

22.8 
24.4 18.4 10.6 

c z d 

23.8 13.5 

23.8 13.8 

23.5 13.7 

22.5 

21.0 



0 ·20 

13 13 Fig. 3 High Resolution Solid State C NMR spectrum of (1- C) ethene 

(10 % enriched) adsorbed at 373 K on zeolite H-Mordenite. 

no. scans: 50.850. 

spectra of silica surfaces covered with olefinic (~ 140 ppm} 

and aromatic (125-130 ppml groups proves that none of these (12) 

are present 

we expanded 
13 C signal. 

in our systems. In the case of the ethene oligomer 

our sweepwidth up to 400 ppm but did not observe any 

HRSS 13c NMR spectra of carbocations show that 

R
3
c+ carbon atoms give resonances in the region of 160 to 250 ppm 

with respect to liquid TMS (15, 16). It can be concluded that 

in our oligomers this type of species is not present in any 

significant concentration. Also Eberly (17} reported that upon 

a~sorption of 1-hexene on zeolite H-Y at 366 K only paraffinic 

IR-adsorption bands were detected. 

V. 4 DISCUSSION 

The HRSS 13c NMR experiments clearly show that ethene, 

propene, isobutene and 2-methyl-1-butene all are linearly 

oligomerized in reactions at room temperature on zeolite H-ZSM-5. 

We have previously suggested (3) that propene and isobutene would 

result in branched oligomers at room temperature, this because 
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TG-experiments showed that more propene or isobutene than ethene 

was adsorbed. 
13 In the C NMR spectra differences can be observed 

between the ethene-oligomer on one hand and the oligomers of 

propene, isobutene and 2-methyl-1-butene on the other: the 

ratio of the intensities of the resonances a, b, c and d (table 3) 

indicate for the ethene oligomer an average chain length of 

approximately 25 carbon atoms while for the other oligomers this 

chain length is near to c8 to c12 . These numbers may well 

explain the TG experiments because shorter oligomers will fill 

the pore volume more effectively. Furthermore, it was observed 

in TG-experiments that the rate of oligomerization of ethene 

was much slower than that of propene and isobutene. This can be 

easily understood because it is easier to protonate the lat.ter 

olefins, forming secondary or tertiary cations than to form the 

primary cations required in the oligomerization of ethene. 

The same explanation may be valid for the difference in average 

chain length of the oligomers formed: apparently only the 

strongest Bronsted-acid sites participate in the oligomerization 

of ethene so less chains can be formed and the average chain 
length will be longer. Furthermore the kinetics of the oligomeriza

tion may be different for ethene compared to propene and iso

butene: the initiation step in the reaction of ethene may be a 

difficult one compared to the propagation step, thus favouring 

the formation of longer chains, while the rate of both steps 

may be more or less equal in the case of oligomerization of 

propene and isobutene. The oligomerization of ethene on zeolite 

H-ZSM-5 at 373 K was performed in order to check this suggestion: 

TG experiments, to be discussed elsewhere (18), show that under 

these conditions the oligomerization of ethene becomes very 

fast so that now many more, if not all the Bronsted-acid sites 

may participate in the oligomerization. 

Fig. 2 indeed shows that the average linear chain length is 

comparable to the oligomerization product of 2-methyl-1-butene 

formed at RT. This supports the suggestions mentioned above. 

The branched hydrocarbons observed in this spectrum may be due 

to fast reactions on the outer surface of the crystallites and 

will be further discussed in the context of TG-experiments 

at intermediate temperatures (18). 
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Table 4 Heat of adsorption of paraffins on zeolite H-ZSM-5 

L'IH (kJ/mol) 

n-hexane 67.2 (this work) 

67-75 (20) 

2-methyl-pentane 44.5 (this work) 

determined at 323 K; P(n-c
6

) 26.7 kPa, P(i-C 6 ) 33.5 kPa 

Two intriguing conclusions arise from these experiments: 

i. even ethene is readily oligomerized at room temperature on 

zeolite H-ZSM-5, which indicates a very high activity of 

the Bronsted acid sites in this type of zeolites, as 

compared to the Na, H-Y zeolite (6, 7) and H-Mordenite (8) 

ii. on zeolite H-ZSM-5 at room temperature only linear oligomers 

have been observed. Possibly the relatively small dimensions 

of the intracrystalline pores in zeolite ZSM-5, 0.54 x 0.56 nm 

(19) are responsible for this behaviour. An ethene oligomeri

zation on zeolite H-Mordenite at 373 K, pore dimensions 

0.67 x 0.70 nm (19), resulted in highly branched oligomers 

(fig. 3). 

DSC experiments on the adsorption of n-hexane and 

2-methyl-pentane on zeolite H-ZSM-5 indicate that the adsorption 

of the linear chain is preferred over that of the branched 

chain, the differences being about 23 kJ/mol (table 4). 

+yH2-CH3 
6-

---11-~ 
1 67 80 KJ/mol 

C ( ) 120 KJ/mollj 
2H4 g + I 
+H:oz 

\ --r -
38 KJ/mol 

58 

Fig. 4 Energy diagram for the 

chemisorption of ethene on 

the zeolite surface 
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Cant and Hall (21) have described the adsorption of ethene on 

zeolite H-Y and reported an apparent activation energy for the 

formation of the ethyl cation (scheme 1, I) of 67-80 kJ/mol. 

The precursor for this intermediate, however, is the hydrogen

bonded complex (B) visualized in fig. 4, with a heat of 

adsorption of about 38 kJ/mol (21). The true activation energy 

for the formation of the ethyl cation must therefore be in 

the order of 120 kJ/mol. Once this ethyl cation is formed 

the consecutive reactions with gas phase ethene , forming the 

primary n-butyl cation (II), will be relatively easy and result 

in a linear oligomer. The equilibrium II ~ III, however will 

be far to the right, nH being 45-55 kJ/mol (22) . 

+ + 

+ 
- + 

ZO --- CH2-ca:3 
ca

2
-cH

2
-cH

2
-cH

3 
~ CH 3-CH-CH2-CH3 

H-OZ 0 
I z 

I II III 

A consecutive reaction of III with a gas phase ethene molecule 

now results in the branched oligomer IV, as shown in scheme 2, 

which will readily isomerize to the tertiary carbenium ion V, 

AH ~ 90 - 110 kJ/mol (22). Note that although III is much 

more abundant than II the energy of activation for the con

secutive reaction with a gas phase ethene molecule is much 

higher when starting with III compared to starting with II, 

because every oligomerization step in ethene oligomerization 

proceeds via a primary carbenium ion. 

Based on these thermodynamic data initially linear as 

well as branched oligomers may be formed; the ratio of linear 
to branched oligomers will be determined by the steric con

straints at the site: at the channel.intersections there is more 
space so the energetically more stable branched oligomer will 

be mainly formed while in 'the straight parts the formation of 

linear oligomers may be favoured. ~n 13c NMR spectra only linear 
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Scheme 2 

+ 
ca3-ca-cH2-cH3 

0 
I z 

III 

0 
I 
z 

IV 

0 
I z 

V 

oligomers are observed (24}, which indicates that the branched 

oligomers are stretched by isomerization reactions involving 

a protonated cyclopropane ring (scheme 3) • It is important to 

note that in this type of reaction no primary cations are in

volved resulting in an energy of activation of only 70-80 kJ/mol 

(23}, so it may be expected that the rearrangements, depicted 

in scheme 3, are relatively fast compared to the oligomerization 

reaction. 

Scheme 3 

0 
I z 

V 

9 9 
z z 

VI VII 

CH2 a+ 

+ I 't-
ea -CH-CB -eH -ea -CH ~ CH -CH- CH -CH -CH 3 2 2 2 3 3 2 3 

9 z 
IX VIII 

The initial steps in the oligomerization of propene are 

shown in scheme 4. In analogy with fig. 4 the true activation 

energy for the formation of the propyl cation (X) must be in 

the order of 70-80 kJ/mol (21, 22). According to scheme 4 
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+ + YH3 fH3 
CH =CH-CH (g) --"" CH -CH-CH 

2 3 ...-- 3 3 CH3-cH-CH2-CH-CH
3 

,;;;:::::::: CH3-cH2-cH2-c+cH
3 

+ 0 
I 

H-OZ z 
0 
I z 

X XI XII 

oligomerization of propene always results in branched oligomers. 

Stretching reactions, as shown in scheme 3, must explain that 

also in oligomerization of propene, isobutene and 2-methyl-1-
butene at room temperature on zeolite H-ZSM-5 only linear 

oligomers are formed. 

Two points to be considered are: 

i. The difference in rate of oligomerization between ethene 

on one hand and of propene, isobutene and 2-methyl-1-butene 
on the other can be explained by considering that in 

ethene oligomerization a primary cation is involved in 

every consecutive oligomerization step while in propene, 

isobutene and 2-methyl-1-butene oligomerization, linear 

paraffins can be formed by consecutive oligomerization and 

stretching reactions involving only secondary and tertiary 

carbenium ions, which are at least 45-55 kJ/mol or 

90-110 kJ/mol lower in heat of formation then the primary 

cations mentioned above. 

ii. In going from a branched to a linear carbocation the energy 

of activation is about 70-80 kJ/mol. The difference in heat 

of adsorption between n-hexane and isohexane of 23 kJ/mol 

(table 4) indicates that the adsorption of linear molecules 

on zeolite H-ZSM-5 is favoured over adsorption of branched 

molecules. This may provide the driving force for the 
stretching reaction to occur as it may cause a shift of the 

equilibria, depicted in scheme 3, towards the linear carbo

cation IX. In this context it is important to note that the 

values for the energy of' activation, reported in literature, 

are mostly measured in solution. It may well be that in the 

zeolite pores the energy of activation of the rearrangement 
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reactions (as well as the oligomerization reactions) is 

decreased due to a strong interaction of polar and/or 

ionic intermediate species with the strong electrostatic 

field, thus facilitating the described rearrangements. 

Indeed Cant and Hall (21) reported that the energy of 

activation for the formation of the ethyl cation on zeolite 

H-Y was low compared to literature data obtained in solution. 

V.S CONCLUSIONS 

High resolution solid state 13c NMR experiments clearly 

show that low temperature oligomerizations of small olefins on 

zeolite H-ZSM-5 result in formation of linear paraffins. 
At higher temperatures some branching is observed. The narrow 

pores in this zeolite are responsible for an increased heat of 

adsorption of linear paraffins compared to branched ones and 

obviously cause a decrease of the energy of activation of the 

stretching reaction of branched hydrocarbons. 

High Resolution Solid State NMR spectroscopy has been 

demonstrated to be an excellent technique to obtain information 

on strongly adsorbed reaction intermediates and reaction products. 
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CHAPTER VI 

A THERMOGRAVIMETRIC STUDY OF REACTIONS OF OLEFINS 

VI.l INTRODUCTION 

In the reaction mechanism for the conversion of methanol 

into paraffins, olefins and aromatics on zeolite H-ZSM-5, as 

we recently proposed (1), ethene and propene are expected to 

be the primary formed olefins. The consecutive reactions of 

these olefins have been the subject of several investigations, 

using conversion measurements (2, 3), thermogravimetry (4, 5), 

IR-spectroscopy (4) and 13c NMR spectroscopy (4-8). 

Important points of discussion that arise from these studies are: 

i. the type of active site, 

ii. the observed differences in reactivity towards ethene, 

propene and isobutene, 

iii. the formation of linear or branched oligomers at low and 

medium temperature reactions of small olefins. 

Ad i In order to explain the differences in the reactivity 

towards ethene Rayadhyaksha and Anderson (9) proposed 

that H-ZSM-5 samples, prepared by HCl treatment, contain 

active sites different from those in samples prepared 

by NH 4No3 exchange. According to them upon HCl treatment 

specific sites, obviously strong Lewis acid sites, are 

created by dealumi~ation of the crystal lattice. However, 

our data on ethene conversions on H-ZSM-5 samples obtained 

by HCl, HC1-NH4Cl and NH4No3 treatment do not show 
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significant differences with respect to the reactivity 

towards ethene. 

Nevertheless Lewis acid sites are important in low 

temperature reactions of olefins. Kubelkove et al. 

(10, 11) have shown that on H, Na-Y ethene can be 

oligomerized at 310 K only when strong Lewis acid si·tes 

have been formed by dehydroxylation. On the other hand, 

propene can be oligomerized on Bronsted acid sites. 

Karge (12) has shown that on zeolite H-Mordenite (a sample 

that certainly contains no Lewis acid sites) ethene can 

be oligomerized only at 370 K and above on Bronsted 
acid sites. Recently we reported data (5) that show 

that already at room temperature ethene can be 

oligomerized on Bronsted acid sites in H-ZSM-5. When 

however also Lewis acid sites are present the rate of 

oligomerization is enhanced. 
Novakova et al. (13) also report that on zeolite H-ZSM-5 

ethene can be oligomerized on Bronsted acid sites at 

room temperature. 

Ad ii. In conversion experiments on zeolite H-ZSM-5 in which 

a poor reactivity towards ethene was reported (6, 14) 

propene and other small olefins could be readily con

verted. Also our data show (5) that at 300 K ethene 

oligomerizes slowly on zeolite H-ZSM-5, whereas propene 

and isobutene react very fast until the pore volume 

is almost completely filled with reaction products. In 
this paper new TG experiments will be presented in order 

to elucidate the temperature dependence of these 

oligomerization reactions. Furthermore the differences 

in rate of oligomerization of the olefins mentioned 

will be studied and their consequences for the transport 

of reactant and product molecules through the intra

crystalline pores. 
Ad iii. In chapter V we report new results obtained by High 

Resolution Solid State 13c NMR spectroscopy on the 

oligomerization of ethene, propene, isobutene and 
2-methyl-1-butene on zeolite H-ZSM-5 (8). 

These data give strong evidence that at 300 K in all 
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cases only linear oligomers are formed. This result is 

unique for H-ZSM-5 when compared to the results of 

analugous oligomerization reactions on H-Y (10, 11) 

and H-Mordenite (12). After oligomerization of ethene 

on H-ZSM-5 at 373 K some branched hydrocarbons were 
observed. 

This result, together with the results of some 

desorption experiments of adsorbed oligomers will be 

discussed in the context of the TG experiments 

mentioned above. 

VI.2 EXPERIMENTAL 

Materials: the H-ZSM-5 samples have been prepared 

according to previously described procedures (15) and were 

characterized by chemical analysis, X-ray diffraction and 

n-c4 adsorption (5). Prior to each experiment the zeolites 

were calcined in air at 823 K during 1 hr. The data are given 
in Table 1. 

Table I Chemical composition and pore volume of H-ZSM-5 samples 

Sample Sio2 A12o 3 Na2o K20 Si02/Al 2o3 No. B-sites pV 

(wt%) (wt%) (wt%) (wt%) mole ratio mmol/g ml/g 

BII 94.2 3.17 0.07 0 .ll 50.5 0.59 0.15 

GII 88.3 4.48 0.37 0.37 
I 

33.5 0.70 0.12 

Ethene, propene and isobutene, used in TG experiments, 

were high purity reagents (99+%), dried by molsieve before use. 

The vector gas He was purified by passing it successively over 

a BTS, carbosorb and molsieve column. 
13 . 13 In the C NMR exper1ments (1- C} ethene (90% enriched ) from 

Stohler Isotope Chemicals was used. 

1 

6 

TG-experiments: a Cahn-RG-Electrobalance, fitted with an 
Eurotherm Temperature Programmer, was used. Prior to each experi-
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ment the zeolite samples were dehydrated at 673 K in a He flow; 

at the same time the He flow was decreased proportionally to 

obtain a constant total gas flow (200 ml/min). In all experiments 

only chemisorption data are compared, i.e. after adsorption the 

sample is flushed in a He flow at reaction temperature in order 

to desorb the physisorbed material. 
13c NMR experiments: the spectra were obtained at ambient tempera

ture in special designed 10 mm sample tube at 22.6 MHz with a 

Bruker HX-90R spectrometer, interfaced with a Digilab FTS-3 NMR 

Pulsing and Data System. The bandwith was 5000 Hz; 2H6-acetone was 

used as an external reference. 

Prior to adsorption the zeolites were evacuated (0.13 Pa) 

at 573 K during 1 hr. Ethene was adsorbed at 200 K and stored 

overnight at RT. After the c2H4 resonance in the spectrum had 

completely disappeared (4, 7) the sample tube was evacuated 

at 30d K. Consecutively the sample tube was closed and the 

desorption was performed at the temperatures given in the text 

during 15 minutes. 

c 

475K h I 

430K 

320

1·'----~~~-'---L-aLs~o~K~~~~~~ .... I I 3~0K ,I 
100 50 0 

--time min 
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Fig. I Thermogravimetric curve of the 

temperature programmed adsorption of ethene 

on zeolite H-ZSM-5 

a. physisorption + slow chemisorption 

at 300 K 

b. desorption of physisorbed ethene 

c. fast chemisorption (oligomerization) 

d. start of cracking of the oligomers 

e. fast cracking of oligomers 



VI.3 RESULTS AND DISCUSSION 

It is known (5) that at 300 K ethene can be slowly 

oligomerized on zeolite H-ZSM-5 while propene and isobutene 

react much faster under these conditions. A temperature 

programmed adsorption of ethene (fig. 1) shows that at slightly 

Table 2 Maximum chemisorption of small olefins* on zeolite H-ZSM-5** 

Ads. Temp. (K) c2H4 (mg/g) c3H6 {mg/g) isobutene (mg/g) 

293 76 (9. 2) 102 (12.3) 103 (12.5) 
323 94 (11.4) 

373 81.3 ( 9. 8) 81.2 ( 9 . 8) 59.7 (7.2) 

*The number between brackets represents the average C-number 
- + of chemisorbed oligomer per ZO H site; 

calculated as: 

**Sample BII 

2 x (C2H4)ads (mol/g) 

Al-sites (m01 /g) 

higher temperatures also the oligomerization of ethene becomes 

faster. 

In table 2 TG data are presented of adsorptions of several small 

olefins on zeolite H-ZSM-5 (sample BII) at different tempera

tures. At 293 K more propene and isobutene is adsorbed and 

oligomerized (about 95% of the pore volume is filled with 

oligomers) than ethene (only about 75% of the pore volume is 

filled) . High Resolution Solid State (HRSS) 13c NMR spectra of 

the oligomerization products of ethene, propene and isobutene 

on zeolite H-ZSM-5 obtained at room temperature, reported in 

another paper (8), show that in case of ethene oligomerization 

linear paraffins are formed with a high average chain length 

(about c25 ), while upon oligomerization of propene and isobutene 

the average chain length was near to c8 to c12 . Two points 

arise from these data: 

i. shorter chains are more effective in filling the pore volume, 
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ii. the difference in average chain length obtained after 

oligomerization at room temperature of ethene on one hand 

and propene and isobutene on the other indicates that in 

ethene oligomerization only a small number of sites is 

active,apparently the most acid ones, while in propene and 

isobutene oligomerization more, if not all sites may 

participate under these conditions. 
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Fig. 2 Adsorption of small olefins at 373 K on zeolite H-ZSM-5 and 

Temperature Programmed Desorption in a He flow. 

In fig. 2 the adsorption curves of ethene, propene 
and isobutene at 373 K, as well as the temperature 

programmed desorption curves of the products formed, are 

depicted. It is shown that the rate. of oligomerization as well 

as the products formed in these three experiments are similar; 

This indicates that the differences between ethene oligomeriza

tion and the oligomerization of propene and isobutene, observed 
at 298 K, do not occur anymore at 373 K, i.e. at 373 K also 

in ethene oligomerization all sites are active. It can be con

cluded now that the increase of the rate of oligomerization of 

ethene at increasing temperatures observed in fig. 1 is not only 

due to an increase of the rate constant but also to an increase 
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of the number of sites that participate in the reaction. 

The HRSS 
13c NMR spectrum recorded after adsorption of 

c2H4 at 373 K shows that the average chain length has become 

comparable to the chain length observed upon oligomerization of 

isobutene at 293 K (8). These results support the suggestion 

that under these conditions all Bronsted sites participate in 

the oligomerization reactions. 

The chemisorption data (table 2) however show also that 

at increased adsorption temperatures the pore volume is less 

effectively filled by the formed oligomers. Moreover in the 

HRSS 13c NMR spectrum of the ethene oligomer, formed at 373 K, 

some branched products are observed. This suggests that at 

increased adsorption temperatures fast oligomerization and 

isomerization reactions on the outer surface become increasingly 

important, such that more branched products are formed, but 

also - and this is even more important - that the transport of 

reactant molecules through the intracrystalline pores may become 

hindered because of pore-mouth blocking. The data of table 2 

indicate that at higher temperatures (373 K} the effect of pore

mouth blocking becomes increasingly important in going from 

ethene to isobutene. This may be due to the fact that in the 

case of isobutene the initial tertiary carbenium ion can be 

formed more easily than the initial primary cation in the case 

of ethene. Especially for isobutene this may result in an 

increased rate of oligomerization at the weakly acidic sites on 

the outer surface of the zeolite crystallites. 

The TPA curve of ethene on zeolite H-ZSM-5 (fig. 1) shows 

that at about 400 K cracking of the initially formed oligomers 

starts (bending point) . At about 440 K the point is reached 

where the rate of cracking becomes equal to the rate of 

oligomerization. At this point the amount of chemisorbed ethene 

becomes maximal. These facts are in agreement with the 

conclusions of Derouane et al. (7) that the cracking of the 

oligomers starts at 413 K. GLC analysis of products desorbed 

at 493 K showed mainly linear paraffins although amounts of 

branched paraffins were present in the mixture. Only small 

amounts of olefins could be detected. 
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Fig. 3 High Resolution 13c NMR spectra of decomposition products after 

cracking of the ethene oligomer. 

a. desorption temperature: 493 K; b. desorption temperature: 573 K. 

ppm values compared to TMS 
2 

l. a6-Acetone; 2. -CH2-; 3. -CH
3

• 

High Resolution 13c NMR spectra of the gaseous products, 

desorbed at 493 K and 573 K presented in fig. 3a and 3b 

respectively, show that: i. only paraffins can be detected and 

ii. at 493 K linear and branched paraffins are desorbed with an 

average chain of c 4_6 (cH 2/CH3 ~ 1.7) while at 573 K only 

very short and highly branched paraffins (CH2/CH 3 "' 0 .3) are 

desorbed. The GLC analysis data as well as the 13c NMR data of 

the products desorbed at 493 K indicate that olefins, initially 

formed in the cracking of the oligomerization products, are 

immediately hydrogenated or reoligomerized. 

VI. 4 CONCLUSIONS 

Combination of the data reported in thischapter and 

elsewhere (4, 5, 7, 8) shows that small olefins are very 

reactive towards zeolite H-ZSM-5. In order to understand the 

temperature dependence of this activity we have to distinguish 

three temperature regions: 
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i. T < 300 K. 

Ethene is slowly oligomerized while propene and isobutene 

are converted rapidly. Only part of the active sites 

participate in the oligomerization of ethene. The reactions 

mainly occur inside the intracrystalline pores and 

consequently only linear oligomers are observed. The 

oligomerization products are very strongly adsorbed. 

ii. 300 K < T < 500 K 

The rate of oligomerization per site (TON) increases for 

all reactants. Reactions on the most accessible sites, 
i.e. sites on the outer surface of the crystallites, 

are of increasing importance because the intracrystalline 

transport of reactant molecules may become hindered by 

pore-mouth blocking. This results in a decreasing maximum 

chemisorption with increasing temperature. The oligomeriza

tion reactions occur for a relatively increasing part 

on the outer surface of the crystallites resulting in the 

observation of some branched oligomers. Although cracking 

of the oligomers occurs at T > 400 K the residence time 

of the oligomerization products on the zeolite surface 
is long. 

iii. T > 500 K 

At these temperatures the rate of cracking of the oligomeri

zation products becomes faster than the rate of oligomeriza

tion. Because of this pore mouth blocking by oligomers does 

not occur anymore and the transport of reactant molecules 

is no longer hindered. The residence time of the products 

in the zeolite becomes considerably shorter. In fact, 

starting with this temperature, zeolite H-ZSM-5 becomes 
a dynamic catalytic operating system in the conversion of 

small olefins. 
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CHAPTER VII 

THE CONVERSION OF DIMETHYL ETHER 

THE REACTION MECHANISM 

VII.l INTRODUCTION 

For the methanol to gasoline conversion we described a 

reaction network in which ethene is the primarily formed 
olefin (1, 2). However several authors until now have doubted 

this model as they found ethene relatively unreactive in their 

experiments with zeolite H-ZSM-5 and other acid catalysts 

(3-6). We therefore have extensively studied the reactivity of 

ethene on zeolite H-ZSM-5 (7). Our experiments have shown that 

ethene is readily oligomerized on zeolite H-ZSM-5 at room 

temperature. This indicates that ethene indeed can act as a 
reaction intermediate in the conversion of methanol to hydro

carbons. 
To check this tentative conclusion experimental data will 

be reported on: 
i, conversions of dimethyl ether and ethanol, 

ii. conversion of ethene in the presence of water. 

Based on the results of these experiments a new mechanism 

for the formation of the first c-c bond will be presented. 
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VII.2 EXPERIMENTAL 

Materials: the H-ZSM-5 samplesB-IVand CX-IV (8) were 

used in these experiments. Prior to each experiment the catalyst 
was calcined at 830 K in air during 1 hr. 

Dimethyl ether and ethene were high purity reagents (99+%). 

Ethene was dried over a molsieve column before use. 

Apparatus and procedure: a fixed bed continuous flow micro
reactor was used with on-line GLC analysis, as described in 

chapter III. Helium was used as a vector gas (WHSV given in the 

tables) . Gaseous feeds were added to the He flow (partial 

pressure= 50.7 kPa). Water was charged as liquid at the pre

heated input of the reactor using a Sage Model 355 displacement 

pump. 

VII.3 RESULTS AND DISCUSSION 

VII.3.1 The primary olefins: for the conversion of dimethyl ether 
a typical product distribution is given in the second column of 

table 1. These data are in good agreement with the results of 

Chang and Silvestry (9). The product distribution as a function 

of the reaction temperature is shown in fig. 1. From this figure 

it is clear that hydrocarbon formation starts at about 480 K; 

below 573 K mainly c2-c5 olefins are formed, while at higher 

temperatures significant amounts of paraffins and aromatics 

appear. 

A more detailed picture of the product distribution 

at temperatures below 573 K is given in figure 2. This figure 

shows that at these temperatures mainly ethene and propene are 

formed while c4 and c5 hydrocarbons are present only in small 

concentrations. This is strong evidence that ethene and propene 

are not formed as cracking products, but must be considered 

as primarily formed olefins. The remarkable course of the 

overall conversion of dimethyl ether and the resulting product 

distribution in the temperature range between 500-510 K (in 

the figures 1 and 2 indicated by the shaded area) will be 

discussed in chapter VIII. 
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Table l Conversion of oxygen containing compounds and ethene on zeolite H-ZSM-5 

Feed DME C
2

H
5

0H C2H4 C2H4 C2H4-

Temp(K) 583 583 581 583 583 

WHSV DME (hr- 1 ) 0.72 

c
2

H
5

0H 1.0 

C2H4 0.55 0.55 0.55 
H2o 0.0 0.35 0. 7l 

He 0.171 0.086 0.086 0.086 0.086 

Time on stream (min) 28 35 25 31 34 

Conversion (%C) 99.0 100.0 98.5 94.7 94.1 

Product Distribution (wt%) 

Ethanol - o.o 
Dimethyl ether 0.2 

Methanol 0.0 -
H

2
0 39.0 39.1 

Hydrocarbons 60.8 60.9 

Hydrocarbon distribution (wt%) 

C2: ethene 15.8 5.2 1.5 5.3 5.9 

ethane - - 0.3 0.1 0.1 

C3: propene 6.9 2.7 2.0 3.8 4.1 

propane 11.1 10.8 15.3 13.1 11.3 

C4: isobutane 8.6 17.9 15.6 14.8 19.2 

isobutene/1-butene 5.3 5.0 2.3 4.1 3.9 

n-butane 4.3 5.9 8.8 7.7 6.9 

trans-2-butene 3.6 0.7 0.2 0.6 0.6 

ci.s-2-butene 1.1 0.9 0.5 0.8 l.O 

cs' 3-methyl-1-butene 0.3 0. 1 0.1 0.1 0.1 

2-methylbutane 7.8 9.7 8.0 7.5 9.7 

2-methyl-1-butene 0.7 o.s 0.3 0.7 0.6 

n-pentane/2-pentene 2.3 4.4 3.9 3.2 2.9 

2-methyl-2-butene 3.5 3.6 1.2 2.0 1.6 

c6+' paraffins + olefins 17.2 12.2 8.8 8.3 9.0 

Aromatics: 

benzene 0.3 0.5 0.9 0.6 0.4 

toluene 1.2 3.5 7.0 5.5 4.9 

ethylbenzene 0.3 2.3 3.8 3. 1 2.2 

p-xylene 5.4 3.7 5.2 5.4 4.9 

m-xylene 0.9 0.4 1.0 0. 7 0.8 

o-xylene 0.3 0.1 0.4 0.2 0.3 

1.4-methylethylbenzene 1.5 5.2 6.3 6.7 5.5 

1.3-methylethylbenzene 0.1 2.2 3.7 2.9 2.2 

1.3.5-trimethylbenzene 1.4 1.3 1.3 1.2 

1.2.4-trimetylbenzene 1.3 0.4 0.4 0.4 0.2 

1.4-diethylbenzene 0.8 1.2 1.1 0.6 

dimethylethylbenzenes 0 .1 0.1 

1.2.4.5-tetramethylbenzene 0.5 

Total aromatics 11.8 20.4 31.3 27.9 23.2 
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Fig. I Dimethyl ether conversion. Product distribution vs. reaction 

temperature. 
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DME feed, WHSV = 0.72 hr ; He-flow, WHSV = 0.171 hr 

In figure 3a and 3b changes in the product distributions 

with increasing time on stream of the conversion of dimethyl 

ether on one hand and ethanol on the otqer at 583 K are compared 

(detailed product distributions for the initial conversions are 

given in the second and third column of table 1). These figures 

show that the first step in the conversion of ethanol, the de

hydration to ethene is relatively easy (under these conditions 

there is always 100% conversion) while the conversion of 

dimethyl ether to ethene is more difficult (conversion after 

100 min. on stream is decreased to less then 70%), apparently 

because in this reaction c-c bonds must be formed. 

Furthermore it is shown that in the conversion of di

methyl ether propene is produced in quantities comparable with 

those of ethene, while in the conv~rsion of ethanol propene is 

produced in much smaller quantities. This supports our previous 

conclusion that propene is mainly formed either as a primary 
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Fig. 2 Conversion of dimethyl ether. Product distribution of small 

hydrocarbons vs. reaction temperature. 

Conditions as in fig. I 

product in the conversion of dimethyl ether or by a fast methyla

tion of ethene and not by cracking of oligomerization products 

of ethene. If cracking reactions were dominant much larger 

quantities of propene would be formed in the conversion of 

ethanol at 310 K. We stress, however, that these conclusions hold 

for the reaction conditions mentioned. At temperatures below 

530 K other effects become dominant as will be discussed in the 

next chapter. 

These observations confirm that in the dehydration of 
dimethyl ether both ethene and propene are primarily formed 
products. The subsequent formation of higher hydrocarbons and 

aromatics can be explained by reactions well known in carbenium 
ion chemistry (6). 
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-1 a. Conversion of dimethyl ether, WHSV = 0.72 hr , He flow, 

WHSV = 0.086 hr-l 
-1 -1 b. Conversion of ethene , WHSV = 1.0 hr ; He-flow, WHSV = 0.086 hr 

VII.3.2 The effect of water: a typical product distribution for 
the conversion of ethene (10) is given in the fourth column of 

table 1. Characteristi.c is a very high initial selectivity for 

aromatics at rather low reaction temperatures. The catalyst 

deactivates rapidly. The conversion of ethene thus differs 

significantly from that of dimethyl ether. In order to find 

whether these differences are caused by the presence of water, 

a number of experiments is reported in which water is added 

to the ethene feed. Typical product distributions are given in 

the last two columns of table 1. The effect of water 

on the deactivation is depicted in fig. 4. 

Fig. 4a shows the ethene conversion as a function of time on 

stream for ethene and ethene/water mixtures while in fig. 4b 

the conversion after 30 and 90 minutes on stream as a function 

of the water/ethene mole ratio is plotted. From these figures 
it can be concluded that the presence of water in the feed reduces 

slightly the initial acti~ity, while the rate of deactivation is 
significantly decreased. The main effect of the presence of water 
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Fig. 4 Conversion of ethene at 583 K 

a. Conversion vs. time on stream 

b. Conversion after 30 and 90 min. on stream vs H20/C2H
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mole 
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in all experiments c2H4 , WHSV = 0.60 hr- 1 and 

-I 
He, WHSV = 0.086 hr . 

in the feed on the product distribution is a change in aromatics 

selectivity. This is depicted in fig. 5. Fig. Sa shows the 

aromatics selectivity as a function of time on stream for ethene 

and ethenefwater mixtures while in fig. 5b the aromatics 

selectivity as a function of the water/ethene mole ratio in the 

feed is shown after 30 and 90 minutes on stream. These figures 

show that although initially the aromatics selectivity decreases 

with increasing water content of the feeds, after 90 minutes on 

stream the inverse effect can be noted. These results are in 

agreement with the data presented by Garwood et al. (11) on the 

conversion of propene in the presence of water and the results 

of Vedrine et al. (12). 

The effect of water on the rate of deactivation of the 

catalyst and on the product selectivity towards aromatics can 

be explained mainly as an interference of water with certain 

stages in the process of coke formation: Hall et al. (13) have 
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Conditions as in fig. 4. 

reported that coke formation will be faster on Lewis acid sites 

than on Bronsted acid sites. As Vedrine et at. (14) have reported 

on zeolite H-ZSM-5 the dehydroxylation of the Bronsted acid 

sites to Lewis acid sites starts at about 573 K. It therefore 

can be expected that after pretreatment at 840 K, as used in our 

experiments, a considerable fraction of the Bronsted acid sites 

will be transformed to Lewis acid sites. Addition of water to 

the ethene feed will shift the dehydroxylation equilibrium: 

Bronsted acid site Lewis acid site + H2o 

to the left and decrease the number of Lewis acid sites. 

Consequently the rate of coke formation will decrease. 

Furthermore, as Walsh and Rollman pointed out, aromatics 

are important precursors for coke formation, possibly because of 

a selective adsorption on active sites. In the case of zeolite 

H-ZSM-5 about 50% of the coke deposits formed comes from 

aromatics (15, 16). Our results suggest that water interferes 

with the selective adsorption of aromatics, which results in a 

partial inhibition of coke formation. Thus more Bronsted acid 

sites, active in aromatization reactions, are formed and smaller 

quantities of aromatics will be lost in coke deposits. An increase 
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of the aromatics selectivity after addition of water to the feed 

is thus explained. 

However, fig. 5b indicates a decrease of the initial 

product selectivity towards aromatics with increasing amounts 

of water in the feed. To understand this behaviour it has to be 

realised that the suggested interference of water with the 

selective adsorption of aromatics on the active sites also occurs 

in the adsorption of olefins. Thus as a consequence, after 

additionofwater to the feed the rate of formation of aromatics 

is decreased, resulting in a decreased aromatics selectivity. 

Our results, depicted in fig. 5a and Sb indicate that initially 

the latter effect is dominant, while after some time on stream 

the fact that simultaneously the rate of coke formation is 

decreased becomes dominant resulting in an inverse of the 

dependence of the aromatics selectivity on the amount of water 

in the feed after 90 min. on stream. 

VII.3.3The Reaction Mechanism: from our results on the conversions 

of dimethyl ether and ethanol it can be concluded that ethene 

as well as propene are primarily formed olefins. Because of 

our results of experiments on the conversion of ethene on zeolite 

H-ZSM-5 at low temperatures (7) as well as at high temperature 

in the presence of water therq is no reason for any doubt 

that ethene can act as a real reaction intermediate in the con

version of methanol to hydrocarbons. The main question that 

remains is how to understand the c-c bond formation starting 

from dimethyl ether. 

In their study of the formation of stilbenes by the 

reaction of phenylmethanethiol over 13X and 4A zeolites Venuto 

and Landis (17) proposed a carbene intermediate, generated by 

an a-elimination process and stabilized by the electrostatic 

field of the zeolite lattice. Also Swabb and Gates (18) propose 

a carbene intermediate in the dehydration of methanol over 

H-Mordenite. They suggest that the carbene is generated in the 

narrow pores of the zeolite by a cooperative action of an 

acidic and a basic site. Although in this model the intermediate 

free carbene may be stabilized by the electrostatic field of 

the zeolite lattice still a high energy barrier is to be expected. 
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To solve this problem Chang and Silvestri (9) proposed a con

certed bimolecular reaction of a methylene donor and acceptor. 

Even though this model seems more reasonable an objection still 

must be made with respect to the rather difficult formation and 

poor stabilization of the carbenoid species in the transition 

state. For a radical mechanism, proposed by Zatorski and 

Krzyanowski (19), there are few, if not none at all, arguments 

that support it. 

In agreement with a great number of proposed mechanisms 

for hydrocarbon reactions, catalyzed by zeolites (especially in 

the H-form) e.g. alcohol dehydration and isomerization, 

oligomerization and cyclization reactions of hydrocarbons 

(20, 21) which are believed to proceed via carbenium ions, we 

prefer to rationalize the formation of the primary olefins from 

dimethyl ether also via positively charged species. 

Scheme 1 

I II III 

Chang and Silvestri (9) argued against such a carbenium 

ion mechanism because in their opinion methyl cations would be 

needed, which, if present should cause the formation ofconsiderable 

quantities of methane. Only minute amounts of methane are 

measured after conversion of methanol or dimethyl ether. 

Indeed, as the methyl cation is unstable it is not a likely 

reaction intermediate, though it was proposed by Ono et al. (22). 

To account for these considerations the following mechanism 

is proposed ( l): 
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After methanol is dehydrated to dimethyl ether a dimethyl ether 

molecule reacts with a Bronsted acid site to form a dimethyl

oxonium ion (scheme 1, I). Now the next step can be an Eley Rideal 

type attack on I, as described by Jacobs (20, p. 102), by a second 

dimethyl ether molecule to form II as a transition state. By 

elimination of methanol II can rearrange to the stable trimethyl

oxonium ion III, as described by Pearst (23). As the essential 

step in our mechanism we propose an intramolecular rearrangement 

of the trimethyloxonium ion III similar to the so called Stevens

rearrangements described for tetraalkylammonium and trialkyl

sulfonium ions (24-26). 

Scheme 2 
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In these base catalyzed reactions a C-H bond is broken, or at 

least polarized, thus generating a negative charge density on 

a carbon atom adjacent the nitrogen or sulfur atom. The 

subsequent step then is an alkyl shift from the nitrogen or the 

sulfur to the adjacent carbon atom. 

Analogous reactions of trialkylamines are very difficult 

compared to the reactions on tetraalkylammonium ions. Wittig 

has studied 1,2-electrophilic rearrangements on ethers (24). 

From his experiments it appears that these rearrangements on 

ethers are more difficult than those on the tetraalkylammonium 

ions but much easier than on the trialkylamines. So it may be 

expected that a Stevens type rearrangement on trialkyloxonium 

ions proceeds easier than on tetraalkylammonium ions. 
Assuming that the conjugate basic sites in H-ZSM-5 

zeolite, left over after deprotonation of the Bronsted acid 

sites, are strong enough to generate a polarization of a C-H 

bond in the trimethyloxonium ion III the transition state IV 

may be formed. Next a methyl shift is possible from the oxygen 

to the negative charged carbon atom as is visualized in scheme 2 
an IV is rearranged to the methyl-ethyloxonium ion V. 

Once I has been formed several consecutive reaction steps 

are possible (scheme 3): 

i. a fragmentation reaction resulting in the ethyl cation and 

methanol and consecutively in the formation of ethene. 

Because of the primary cation to be formed, other routes 

may be competitive although Cormerais et al. (5) have shown 

that conversion of methyl ethyl ether on amorphous silica

alumina at 623 K mainly results in the formation of ethene. 
ii. reaction with water, present in the reaction mixture. 

Attack may occur on the relatively positively charged carbon 

atoms 1 or 2 by the oxygen lonepairs of the water molecule. 

As is shown both reactions result in the formation of ethene, 

through the ethyl cation intermediate. 

iii. reaction with methanol, a reaction which is quite analogous 

to the reaction with water, directly results in ethene 

formation after attack on carbon atom 1 

iv. reaction with dimethyl ether results in ethene formation 

after attack on carbon atom 1 . Attack on atom 2 results 
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in the intermediate VIII which, after a 'Stevens type' 

rearrangement, may transform in the methylpropyloxoniurn 

ion IX. this reaction formation of propene as a primarily 

formed olefin can be understood. It may be clear that in 

the reactions, depicted in scheme 2 and 3 the primary c-c 
bond formation appears in the formation of an ethyl group. 

By route IV in scheme 3 it is shown that subsequent reactions 

and rearrangements of the oxonium ion intermediates may 

result in the formation of a propyl group before desorption 

as product olefins occurs. In this sense both ethene and 

propene can be considered as primarily formed olefins. 

We note that the reaction mechanism, now proposed, is 

very close to the proposal of Kaeding and Butter (27). Only in 

the step of C-C bond formation, we suggest an intramolecular 

Stevens type rearrangement of a trimethyloxonium ion, whereas 

Kaeding and Butter propose an intermolecular methyl shift from 

a methyl donor to a methyl acceptor. 

Quantum mechanical calculations on the oxonium ylide 

(CH 3) 2o+cH;, as it is expected to be formed in situ in our 

proposal (VI, scheme 2), show that a strong charge delocalisation 

occurs in this species, thus reducing the heat of formation (28). 

In this respect this intermediate may be considered as a carbene 

strongly stabilized by a dimethyl ether molecule. The subsequent 

c-c bond formation may then be understood as a cis insertion of 

the carbenoid group in an adjacent C-0 bond (VII, scheme 2). 

In this description it can be shown that the objections to the 

carbene mechanism, proposed by Chang and Silvestry (9), are solved 

in our reaction mechanism because the carbene is strongly 

stabilized now. 

Our reaction scheme explains experimental data available 

until now: 

i. the formation of ethene and propene as primarily formed 

olefins can be well understood, although further research 

is needed to understand the relatively high propene 

selectivity. 

ii. it can explain the relatively small quantities of propene 

formed in ethanol conversions at 583 K, because under these 
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conditions dimethyl ether and methanol are not present in 

the reaction mixture, so no methylation can occur and no 

oxonium ions like IX can be formed. 

iii. Chang, Lang and Smith (29) reported an increasing selectivity 

for propene, and to a minor extent for butenes, upon 

lowering the partial pressure of methanol in experiments on 

the conversion of methanol on zeolite H-ZSM-5. Since 

methanol is first converted to dimethyl ether and water 

and because of the hydrophobic character of the catalyst 

(at 573 K all the water is desorbed from the zeolite (30)) 

under these conditions, the concentration of water in the 

pores will be lowered to a greater extent than the con

centration of dimethyl ether. According to scheme 3 this 

means that the reaction path of V going via VIII and IX 

to propene will be favoured. The direct cleavage of V will 

become more important under these conditions but still 
needs the formation of the less stable primary ethyl cation. 

VII.4 CONCLUSIONS 

The experiments on the conversion of dimethyl ether 

and ethanol show that ethene and propene both have to be con

sidered as primarily formed olefins in the conversion of 

dimethyl ether to hydrocarbons. Furthermore the experiments on 

the conversion of ethene with and without water show that ethene 

can be readily converted, which is in agreement with its function 

as primary intermediate. 

The presence of water results in a decreased rate of 

deactivation, a slightly decreased catalyst activity and a 

decreased initial product selectivity towards aromatics. After 

some time on stream the aromatics selectivity is significantly 

enhanced by the presence of water. These effects can mainly be 

explained by the interference of water with the adsorption of 

olefins and aromatics on the Bronsted acid sites. 

The formation of the primary olefins in the conversion 

of dimethyl ether or methanol to hydrocarbons is proposed to 

proceed via trialkyloxonium ion intermediates which are con-
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verted by intramolecular 'Stevens-type' rearrangements. With this 

reaction mechanism experimental data available up to now can be 

explained. 
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CHAPTER V Ill 

A KINETIC INVESTIGATION OF THE CONVERSION 

OF OLEFINS AND OXYGENATES 

VIII.! INTRODUCTION 

In the preceding chapter a novel mechanism has been 

proposed for the formation of the first c-c bond in the con

version of dimethyl ether to olefins, paraffins and aromatics on 

zeolite H-ZSM-5. In this mechanism the essential steps are the 

formation of trialkyloxonium ions and their rearrangement by a 

Stevens-type mechanism. At the time we presented this model (1) 

also Kaeding and Butter (2) proposed a new mechanism which is 

similar to ours. In this chapter both mechanisms will be compared 

and discussed in relation to new kinetic data. In order to 

explain all these data our tentative mechanism had to be extended. 

Experimental data will be presented to elucidate the 

reaction order in dimethyl ether. Furthermore the temperature 

dependence of the conversion of dimethyl ether, ethene, propene, 

isobutene and 1-butene will be reported. From these data we 

calculated the overall Arrhenius energy of activation. The in

fluence of water was investigated and will be discussed. 
From our proposal (1) it is to be expected that the 

initial c2H4;c3H6 ratio is dependent on the relative concentra

tions of water, methanol and dimet~yl ether in the reaction 

mixture; the product selectivity towards propene should increase 
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with an increasing concentration of dimethyl ether. Experimental 

data will be discussed that support these expectations. 

Finally thermogravimetric (TG) experiments will be reported 

that support the extended part of the reaction mechanism. 

VIII.2 EXPERIMENTAL 

Materials: the H-ZSM-5 sample ex IV (3) was used in the 

conversion experiments. In the TG experiments the B II and CX II 

samples were used. Dimethyl ether, ethene, propene, isobutene 

and 1-butene were high purity reagents (99+%). The olefins were 

dried over a molsieve column before use. 

Conversion experiments: a fixed bed continuous flow 

microreactor was used with on-line GLC product analysis (4). 

Prior to each experiment the catalyst was calcined at 830 K in 
air during 15 min. Helium was used as a vector gas (WHSV given 

t 
~ 150 
> c 
0 
u 100 

50 

493 533 553 573 

T/K-

Fig. I Temperature dependence of the conversion of dimethyl ether, ethene, 

propene and olefins in the presence of water 
-I * a - propene + water WHSV 0.66 hr 

b - propene WHSV= 0.66 hr -I 

c - ethene WHSV 0.43 hr-1 

d - ethene -I * + water WHSV = 0.43 hr 

e - dimethyl ether WHSV = 0.72 hr -I 

*mole ratio water:olefin = 1:1 

in all experiments P = 50.7 kPa. 
X 
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in the text) and was purified over BTS, carbosorb and molsieve 

columns. The gaseous feeds were added to the He-flow (P given in 

the text) . Water was charged as liquid at the preheated input 

of the reactor using a Sage Model 355 displacement pump. 

TG experiments: A Cahn-RG-Electrobalance fitted with an 

Eurotherm Temperature Programmer was used. The catalyst was 

always pretreated at 870 K in a He/02 (80/20) flow during 1 hr. 

Helium was used as a vector gas, purified before use over a 

molsieve, BTS, and carbosorb column and finally over a molsieve 

column at liquid nitrogen temperature. When the consecutive 

adsorption of dimethyl ether and ethene was measured, the sample 

was flushed in He after each adsorption, until constant weight. 

Thus the physisorbed molecules of the adsorbate are removed 

before the adsorption weight was determined and the next adsorbate 

was added. When the gaseous feeds were added to the He-flow 

(P = 20.3 kPa) the He-flow was decreased proportionally so that 
X 

always the total gas flow was constant (200 ml/min.). 

VIII. 3 RESULTS 

As explained before (4) we were not able to perform all 
our kinetic experiments under differential conditions. To 

account for this inconvenience we had to introduce several 

correction terms in our kinetic equations (4). Nevertheless the 

kinetic data obtained are reproducible to within 5%, 

VIII.3.1 The reaction order. In order to determine the reaction 
order in dimethyl ether and ethene a numbe.r of conversion experi

ments have been performed in which the total gas flow was kept 

constant at 20 ml/min while the He/feed ration was varied. 

For calculation of the reaction order we used the equation: 

lnD = n lnP 
X X 

(eq. III. 9) 

as derived in chapter III .. In this equation n represents the 
reaction order and D is an expression for the conversion. 

The results derived from the experimental data are given in the 
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Table I Kinetic parametersa) of the conversion of dimethyl ether and ethene. Pressure Dependence. 

Ethene 573 K Dimethyl etherb) 523K Dimethyl ether 573 K 

Pc) 
PE a' lnP1 lnD ~I PE a' lnP1 

lnD PI PE a' lnPI lnD 
I 

10.1 5.9 0.98 2.31 2.12 25.3 23.9 1.01 3.23 1.03 20.3 6.3 1.04 3.01 3.35 

20.3 11.7 0.95 3.01 2.83 40.5 39.0 1. 0 I 3.70 1.10 30.4 15.9 1.05 3.41 3.39 

30.4 18.0 0.93 3.41 3.18 50.7 49.2 1.01 3.93 1.10 40.5 25.4 1.05 3.70 3.43 

40.5 24.3 0.90 3.70 3.43 101.3 100.0 1.01 4.62 0.96 50.7 37.7 1.05 3.93 3.28 

50.7 30.7 0.87 3.93 3.62 70.9 57.7 1.05 4.26 3.30 

101.3 86.1 1.05 4.62 ,3. 44 

a) Based on eq. III-8 (Ch. III), PI reactant pressure in the feed: PE reactant pressure 

in the product mixture 

b) PI and PE include DME + CH 30H 

cl in kPa 

Total gas flow He + feed 20 ml/min. 

1.0 
0'1 



tables 1 and 2. These data show that the conversion of ethene 

can be described by a first order rate equation while the 

conversion of dimethyl ether at 523 K as well as at 573 K is zero 

order in dimethyl ether. The data measured at 523 K must be 

considered with some caution because of the limited detection 

sensitivity-of the apparatus. Based on these results we have 

made the assumption that all conversion data of small olefins 

can be analized by first order kinetics. 

Table 2 The reaction order of the conversion of dimethyl ether and ethene 

on zeolite H-ZSM-5 

Reaction 

Feed temperature (K) n* 

DME 523 -0.05 + 0.05 

DME 573 0.01 + 0.06 

Ethene 573 0.93 + 0.01 

*n is the overall reaction order in dimethyl ether and ethene 

respectively as defined by eq. III-8. 

VIII.3.2 Determination of the activation energy. In fig. 1 the 

temperature dependence of the conversion of dimethyl ether and 

some olefins is shown. Especially in the dimethyl ether conversion 

a very peculiar temperature dependence is observed: i.e. in the 

temperature range from 533 K to 548 K a decrease of the conversion 

is observed at increasing reaction temperature. In the conversion 

of dry ethene and propene this behaviour does not appear. When 

water is added to ethene, however, the temperature dependence 

of the conversion is altered and becomes analogous to that of 

dimethyl ether while addition of water to propene results in 

minor changes only. 

For determination of the overall Arrhenius energy 

of activation eq. III-12 (Ch. III) is used. 
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+·103 K-1 -

Fig. 2 Arrhenius Plot of the dimethyl 

ether conversion on zeolite 

H-ZSM-5. 
-I 

P = 50.7 kPa; WHSV = 0.72 hr 
X 

In general this equation reduces to 

ln K E 1 
ln Q.A - R • T 

in which K is an expression for the conversion, A is the frequency 

factor and E is the Arrhenius energy of activation. For zero 

order kinetics K is equal to B (eq III-16 and III-17) and for 

first order kinetics K is equal to C (eq. III-20 and III-21}. 

In fig. 2 the Arrhenius plot of the dimethyl ether con

version on H-ZSM-5 is shown. Because of the curious temperature 

dependence in the range from 533 to 548 K the plot has been 

devided in a low temperature part (500 < T < 533 K) and a high 

temperature part (553 < T < 573 K). In the latter temperature 

range the data nicely show a straight line. 

In the low temperature range only two points are considered to 

be significant; so the data obtained in this range must be used 
with caution. The overall energy of activation and frequency 
factor, calculated for both temperature ranges, are given in 

table 3. 

The Arrhenius plots of the conversion of small olefine: 

ethene, propene, isobutene and 1-butene, are shown in fig. 3. 

It can be noted that the data of the propene conversion clearly 

show a straight line while the linear fit of the data of the 
ethene and butene conversions may be qualified as satisfying. 

The Arrhenius plots of the conversion of ethene and propene in 
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Fig. 3 Arrhenius Plot of the conversion of small olefins on H-ZSM-5 

a - isobutene, WHSV 0,88 hr-l 

b - 1-butene, WHSV 0.88 hr-l 

c - ethene, WHSV = 0.43 hr-l 

d - propene, WHSV = 0.66 hr-J 

in all experiments Px 50.7 kPa 

the presence of water are given in fig. 4. Analogous to the 

Arrhenius plot of dimethyl ether conversion also in the case 

of ethene conversion in the presence of water the plot has been 

devided in a low temperature part (500 < T < 523 K) and a high 

temperature part (533 < T < 573 K) • Also here in the low tempera

ture part only two significant measurements are available. The 

results are given in table 3. 

With respect to table 3 it must be noted that except for propene 

the overall energy of activation for the conversion of small 

olefins is lower than that for the conversion of dimethyl ether. 

However, addition of water to ethene causes an increase of the 

activation energy to a value comparable with that of the con

version of dimethyl ether. 
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Fig. 4 Arrhenius Plot of the conversion of 

(,) 1 

= 
ethene and propene in the presence 

0 

-1 

I 
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+·103 K-1 -

of water. 

a: ethene + water 

b: propene + water 

conditions as in fig. 1. 

Table 3 The apparent Arrhenius energy of activation, frequency factor and 

turn over number of the reaction of dimethyl ether and small olefins 

on zeolite H-ZSM-5 a) 

Feed T(K) Ea (kJ/mol) A 

DME 500-533 176 
c) 

1.2 1014 c) d) 

553-573 158 + 14 4.6 1011 

e2H4 500-573 105 .:!:. 7 1.1 109 e) 

e3H6 500-573 181 + 4 3.6 1016 

1-e4H
8 

500-573 115 + 13 1.2 10 10 

iso-e4H8 500-573 71 + 7 9.4 10
5 

-
e2H4 + H20 500-523 134 c) 1.3 1012 

533-573 169 + 13 7.6 1014 
-

e
3

H
6 

+ H
2

0 500-573 205 .:!:. 11 1.2 1019 

a)calculated from the figures 2,3 and 4 

b)TON turn over number (molecule/site.sec.) 

c) 

TON b) 

1.2 10-3 
(520 K) 

4.7 10-3 

3.39 10-2 (520 K) 

2.0 10-2 

5.8 

2.6 10-2 

2.4 10-2 

4.9 10-3 (520 K) 

1.6 10-2 

1.2 10-1 

calculated at T 563 K (unless otherwise stated) and Px = 101.33 kPa 

catalyst: ex IV ex II/Sio2 {50/50): 0.32 mol Al-sites/kg.catalyst 
c) 

only two measurements 

d)mol/l.sec. 
e) -1 

sec 
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The temperature dependence of the rate of reaction of 

dimethyl ether and small olefins, with and without water, as 

calculated for standard conditions (P = 101.3kPa) with the 
X 

data given in table 3, are presented in figs. 5 and 6. Fig. 5 

shows that over the whole temperature range (503-583 K) the 

rate of reaction of dimethyl ether is lower than that of the 

olefins. Only when water is added to ethene at reaction tempera

tures of 530-540 K the rate of reaction becomes slightly lower 
than that of dimethyl ether (fig. 6). 

VIII.3.3 Influence of water on the oroduct distribution; Water has 

been added to dimethyl ether to elucidate its influence on the 

propene/ethene mole ratio in the product. In table 4 it is shown 

that an increasing water concentration in the feed results in 

a decrease of the propene/ethene mole ratio in the product. 

These experiments were performed at much higher space 

velocities than the dimethyl ether conversions reported in fig. 1, 
-1 -1 WHSV = 4.93 hr and 0.73 hr respectively while P(DME) was 

50.7 kPa in both experiments. It is to be noted that at the 

higher space velocity the curious temperature dependence of the 

conversion of dimethyl ether as depicted in fig. 1. is not 

observed. 

/ 
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I ··-··-.. / 

/ 
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/ 
/ 
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/ 
/ 

/ 

Ld/: 
104 ·····~---'----'--.1._--'-~ 503 523 543 563 ... 583 

T/K-

Fig. 5 
The rate of reaction, calcu

lated for standard conditions, 

of dimethyl ether and small 

olefins on zeolite H-ZSM-5. 

P = 101.33 kPa 
X 

a: isobutene 

b: 1-butene 

c: ethene 

d: propene 

e: dimethyl ether 
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The Arrhenius plots of the conversion of the dimethyl ether -

water mixtures are shown in fig. 7. The calculated overall 

Arrhenius energies of activation and frequency factors are 

given in table 5. Firstly it can be observed that the activation 

energy calculated for the conversion of dimethyl ether without 

addition of water is in good agreement with the 'high temperature' 

value reported in table 3. Secondly, it is clearly shown that 

the addition of water results in an increase of the overall 
energy of activation. 

The influence of water on the rate of reaction of di

methyl ether, as calculated for standard conditions with the 

data given in table 5, is shown in fig. 8. From this figure 

it is clear that where the presence of water in the feed result 
in an increase of the apparent overall energy of activation also 

the rate of reaction is increased. Comparison of the 'dry' 

conversions of dimethyl ether at low and high space velocity 

shows good agreement at temperatures 'above 550 K. 

VIII.3.4. TPD exeeriments. In order t.o study the adsorption and 
reaction of dimethyl ether on H-ZSM-5 at low and intermediate 
temperatures Temperature Programmed Desorption (TPD) experiments 

were performed after initial adsorption of DME at 300 K. 
The TPD curve (fig. 9a) shows that the initially adsorbed DME 

is completely desorbed at about 535 K. The TPD curve obtained 

in a He/DME flow (fig. 9b) shows a minimum in the temperature 

range from 473 to 540 K followed by a strong increase of weight 

at higher temperature. 
In the experiments, shown in fig. 10, the adsorption of 

olefins is studied after the zeolite has been saturated with 

DME at 300 K (average DME chemisorption = 1.4 mol.DME/Al-site). 

The curves show that after preceding adsorption of DME no 
chemisorption of ethene (fig. lOa) or propene (fig. lOb) occurs. 

Analogous to water at 300 K (5) DME poisons the active sites 

for chemisorption of olefins. 
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6 The influence of water on the rate of reaction of ethene and propene 

on zeolite H-ZSM-5. 

P = 101.33 kPa 
X 

a: propene + water 

b: propene 

c: ethene + water 

d: ethene 

e: dimethyl ether 

When however first ethene is chemisorbed on the catalyst 

(average c 2H4 chemisorption = 1.5 mol.c2H4 per Al-site) and 

dimethyl ether is added thereafter at room temperature ( lla} 

or at 373 K (fig. llb) additional chemisorption of dimethyl 

ether can be observed. Obviously dimethyl ether can react with 

chemisorbed ethene. 
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Scheme 1 

IH3 
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6+/ \ 6-
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Van den Berg, Wolthuizen, van Hooff (1) 

VIII.4 DISCUSSION 

IH3 

/0""' /CH3 
H CH

2 
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Al 

+ 

VIII.4.1 The reaction order of the conversion of dimethyl ether 

on H-ZSM-5 

In our reaction mechanism (1) it is proposed that the 

initial C-C bond formation occurs by an intramolecular rearrange

ment of trimethyloxonium ions (scheme 1). Adsorption and reaction 

steps involved in this c-c bond formation are: 

DMEg + H+ 
ads ::::;;=:=:!0 DMO+ 

ads (1) 

DME,g --- DMEads (2) --
DMEads + DMO:ds - TMO+ + CH30Hads (3) --- ads 
TMO+ ads 

---:;loo MEO+ 
ads (4} 

DME dimethyl ether 
DMO+ dimethyloxonium ion 
TMO+ trimethyloxonium ion 
MEO+ methylethyloxonium ion 

In this sequence of reactions the c-c bond formation (eq. 4} is 

supposed to be the most difficult. The observed zero reaction 

order for dimethyl ether conversion is in agreement with this 

proposal. An important condition for this conclusion is that 

the formation of the adsorbed complexes in the equilibria (1), 

(2) and (3) is strongly favoured and these equilibria thus are 
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shifted to the right. 

In the reaction mechanism proposed by Kaeding and Butter 

(2) the c-c bond formation occurs in an intermolecular reaction 

(scheme 2). The relevant adsorption and reaction steps with 

respect to the c-c bond formation are: 

DMEg 
+ ___,. DMO+ (1) + Hads ----- ads 

DMEg 
___,. 

DMEads (2) .......--

DMO+ 
ads + DMEads - MEO+ 

ads + CH30Hads (5) 

This sequence of reactions shows that on the condition that 

the equilibria (1) and (2) are shifted to the right also this 

model is in agreement with the observed zero reaction order 

in dimethyl ether. 

Scheme 2 

IH3 # 

0 

I 
0 ¥CH2 

H/ "-._CH '--.H+ 
3 

_......a, ....,....o---...._ _ /o'-
'si.......- Al 

Kaeding and Butter (2) . 

VIII. 4. 2 The rate of reaction in dimethyl ether conversion 

Figure 5 shows that the reaction of olefins on zeolite 

H-ZSM-5 is always faster than the reaction of dimethyl ether. 

Even in the presence of water generally the olefins are con

verted at a higher rate (fig. 6). These observations indicate 

that in the conversion of dimethyl ether the formation of the 

first c-c bonds, i.e. the formation of the primary olefins, 

indeed must be the rate determining step. This conclusion implies 
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that the observed overall Arrhenius energy of activation in the 

conversion of dimethyl ether can be ascribed to the reaction 

steps involved in the formation of the first c-c bonds. 

1.7 1.8 1.9 2.0 

+ ·103 K-1 ---

Fig. 7 Arrhenius Plots of the conversion of 

dimethyl ether. The influence of 

water. 

a. dimethyl ether:H2o I: I (mole ratio) 

b. dimethyl ether:H2o 3.5:1 

c. dimethyl ether 
-I 

WHSV(DME) = 4.93 hr ; P(DME) SO. 7 kPa 

VIII.4.3 The temperature dependence of the conversion of dimethyl 

ether 

The curious temperature dependence of the dimethyl ether 

conversion (fig. 1) indicates a change of reaction route in going 

from the low temperature to the high temperature range. 

In paragraph VIII.4.1 it has been concluded that our 

proposal for the reaction mechanism of the c-c bond formation is 

in agreement with the observed zero order in dimethyl ether on 

the condition that in the equi1ibria (1), (2) and (3) the 

formation of the adsorbed complexes is strongly favoured. As a 

consequence the rate of reaction actually is a function of the 

coverage of the zeolite surface with trimethyloxonium ions 
+ 

(TMO ) , 8TMO+. 

Apparently these conditions are satisfied in the tempera

ture range from 500 to 533 K. At increasing temperatures however 

the equilibria (1), (2) and (3) are shifted to the left resulting 

in a decrease of eTMo+· The decrease of the rate of reaction in 

the temperature range from 533 to 548 K thus may be due to a 

decrease of 8TMo+· 

The TPD experiment in a Helium flow after adsorption of 

dimethyl ether at room temperature supports this suggestion. 

This experiment shows a decrease of the chemisorbed dimethyl 

ether to zero at 535 K (fig. 9a). Also the TPD experiment in 
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a He/DME flow shows a minimum chemisorption in the temperature 

range from 473 to 540 K (fig. 9b). 

At temperatures above 548 K again an increase of the 

rate of reaction is observed while kinetics are still zero order. 

Fig. 8 The rate of 

a. dimethyl 

b. dimethyl 

c. dimethyl 

d. dimethyl 
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reaction of dimethyl ether in the presence 

ether:H2o = 1 : 1 WHSV(DME) -1 4.93 hr 
-I ether:H2o = 3.5:1 WHSV(DME) 4.93 hr 
-I 

ether WHSV(DME) = 0. 72 hr 

ether WHSV(DME) 4.93 hr -1 

P(DME) = 50.7 kPa 

of water. 

To explain this result two points have to be considered: 

i. at increasing temperatures the desorption in the equilibria 

(1), (2) and (3) becomes more favoured, so the coverage of 

the surface with oxonium ions is decreased. As a consequence 

the reaction route via the trimethyloxonium ion is less 

favoured under these conditions. 

ii. at low temperatures (T. < 323 K) the chemisorption of small 

olefins, like ethane and propeae, in the presence of oxygen 

containing compounds is inhibited (5); the protonation of 
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t 

dimethyl ether is thermodynamically strongly favoured over 

the physisorption of olefins. Moreover, before these 

physisorbed olefins can react the corresponding carbocations 

have to be formed, a reaction that is relatively slow at 

low temperatures because of high activation energies. 

At higher temperatures, however, the carbocation will be 

readily formed. Once these carbocations have been formed 

consecutive reactions with gas phase molecules will be fast 

because of the high energy of these intermediates. 

a 

~ 16.5 DME 
.... ' • ' ! 

I 
: 

16.0 L. 

ell 
;E 16.5 DME 

; 

__________ / 

10 0 

b 

/ 

/ 
/ 

/ 

30 

/ 
/ 

/. 

60 
t min ..........._ 

/ 
/ 

/' 673 t 
/ ~ 

/ .... 
/ 573 1-

473 

-c323 ' 

min-

Fig. 9 Thermogravimetric 

TPD experiments with 

Dimethyl ether on 

H-ZSM-5 (CX-II) 

a. TPD in He-flow 

b. TPD in He/DME-flow 

This reasoning leads to the suggestion that at increased reaction 

temperatures in the conversion of dimethyl ether a second route 

via alkyl cations becomes possible, while the route via tri
methyloxonium ions becomes less favoured. 
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In agreement with these suggestions the TPD experiment 

in a He/DME flow (fig. 9b) shows above 548 K an increase of 

chemisorption, apparently of reaction products like olefins and 

aromatics. Adsorption experiments of ethene and propene after 

preceding adsorption of dimethyl ether (fig. 10) show that 

under these conditions no additional chemisorption of olefins 

is observed. This strongly supports the suggestion that in the 

'low temperature' range the conversion of dimethyl ether only 

proceeds via trimethyloxonium ions. When, however, first ethene 

is chemisorbed additional chemisorption of dimethyl ether still 

can be observed (fig. 11). This is in agreement with the 

suggestion that once the alkyl cations are formed consecutive 

reactions with gas phase dimethyl ether can readily occur. 

t 
"' E 

i 

t mln-

:Ill: 

573 ;::: 
t 
: 27.0 

i 
26.0 

DME b 

25.0 373 

tmin-

Fig. 10 Thermogravimetric experiments on the adsorption of olefins after 

preadsorption of dimethyl ether at room temperature. 

a. Adsorption of ethene after preadsorption of dimethyl ether 

b. Adsorption of propene after preadsorption of dimethyl ether. 

Nevertheless the formation of the alkyl cations, in 

competition with the protonation of oxygen containing compounds, 

is still thermodynamically unfavoured. So it may be expected 

that in the second route the formation of the alkyl cations is 

rate determining. This suggestion is in agreement with the 

observation that also in the 'high temperature' range zero 
order kinetics is observed for the conversion of dimethyl ether. 
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Because of these experimental data and considerations it 

is proposed that in the temperature range from 500 to 533 K the 

initial c-c bond formation in the conversion of dimethyl ether 

proceeds via the intramolecular rearrangement of trimethyl 

oxonium ions, as was proposed in the preceding chapter {1). 

At increasing temperature, however, the reaction of dimethyl 

ether with alkyl cations becomes more important. In scheme 3 

the proposed reaction mecBanism, with the extended part for the 

'high temperature' route included, is depicted. 

~---

1 • i 

~ 27.0 

i 

a t b DME DME 573 t 
C> 
E 

i 
26.0 

CS CS 

373 
25.0 

tmln- t min ---

Fig. 11 Adsorption of dimethyl ether after preadsorption of ethene at 

room temperature 

a. adsorption of dimethyl ether at 298 K. 

b. adsorption of dimethyl ether at 373 K. 

:.;: ...... 
1-

473 

373 

In the 'high temperature' route the reaction of dimethyl 

ether and the ethyl cation to ethene and propene may be con

sidered as a concerted reaction such that the oxonium ion in 

fact becomes a transition state. Nevertheless it must be noted 

that in all reaction steps, in which actually c-c bond formation 

occurs, intramolecular. rearrangements of alkyloxonium ions are 

involved. 

An implication of the extended mechanism is that when 

conversion experiments of dimethyl ether are performed at 

temperatures above 553 K a difficult start of the reaction is to 

be expected; the first olefins always have to be formed via 
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Scheme 3 
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+ rearrangement of the TMO ion, a reaction which at high tempera-
+ ture is very unfavourable because of a low coverage by TMO • 

Once the first olefins are formed and transferred into carbo
cations the conversion will increase very fast because now 

reactions of dimethyl ether with alkyl cations can occur. This 

expectation is in good agreement with the condlusions of Chen 
and Reagan (6) and Ono et aZ. (7) that in methanol conversion 

on zeolite H-ZSM-5 an autocatalytic effect is observed. 

VIII.4.4 The ethene. and propene selectivities 

In the conversion of dimethyl ether on zeolite'H-ZSM-5 

both ethene and propene must be considered as primarily formed 
olefins (1). In the proposed reaction mechanism (scheme 3) it 

is shown that the methylethyloxonium (MEO+) ion, formed after 

a 'Stevens type' rearrangement of the trimethyloxonium ion, 

can be converted to ethene in several ways and to the dimethyl
ethyloxonium (DMEO+) ion by reaction with dimethyl ether. 

A subsequent 'Stevens-type' rearrangement of the latter oxonium 

ion can finally result in the formation of ethene or propene. 

It is indicated that a high concentration of water in the 

reaction mixture favours the conversion of the MEO+ ion to 

ethene, while a high concentration of dimethyl ether favours 
+ the formation of the DMEO ion and thus the formation of propene. 

Also in the reaction of dimethyl ether via the 'high temperature' 
route the DMEO+ ion is formed. 

Table 4 The dependence of the c;/c; ratio on the water content of the 

feed in dimethyl ether conversions on H-ZSM-5. 
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Feed T(K) c;;c; * 

DME 562 3.2 
DME .+ H20 (3.5:1) 548 2.1 
DME + H2o ( 1: 1) 552 1.1 

*Determined at 5% conversion: (%C) 
-1 WHSV(DME) = 4.93 hr ; P(DME) = 50.7 kPa 



The decrease of the c3H6;c2H4 mole ratio observed in 

conversions of dimethyl ether in the presence of water (table 4) 

supports these suggestions. Some caution is needed because in 

fig. 6 it is shown that the presence of water at the temperatures 

mentioned in table 4, slightly hinders the reactions of ethene 

while the rate of reaction of propene is slightly increased. 

An attentive examination of scheme 3 shows that there 

are many reactions that result in the formation of ethene and 

only one to propene. Nevertheless, the results reported in table 4 

show that initially more propene is formed than ethene. Extra

polation of the data in table 6 indicate that even larger values 

for the c3H6;c2H4 mole ratio may be observed at very short 

contact times. Because of these results it is suggested that 

initially the desorption of propene as a product olefin is 

thermodynamically or kinetically favoured over that of ethene. 

Preliminary results of conversions of ethanol and diethyl 

ether show that in the temperature range from 500 to 533 K 

small amounts of dimethyl ether and propene are formed (8). 

This may indicate that the rearrangement of the DMEO+ ion to 

the DEO+ or MPO+ ion respectively (scheme 3) are to be considered 

as equilibrium reactions. If this appears to be true it may 

contribute to the understanding of the high propene selectivity 

because decomposition of the MPO+ ion via the secondary propyl 

cation is favoured over decomposition of the DEO+ ion via the 

primary ethyl cation. 

Table 5 The influence of the water concentration in the feed on the apparent 

Arrhenius energy of activation. frequency factor and turn over number 

of the reaction of dimethyl ether a) 

Feed T(K) E (kJ/mol) A b) TON c) 
a 

DME 528 - 576 151 + 17 8.4 1010 3.8 10- 3 
-

DME + H2o (3.5:1) 524 - 574 176 + 22 2.9 1013 6.3 10-3 

DME + H20 ( 1: 1) 527 - 563 214 + 39 2.2 1017 1.4 10-2 

a) calculated from fig. 7 

b) mol/l.sec. 

c) molecule/site. sec. calculated as in table 3 

113 



With the model of Kaeding and Butter the high propene 

selectivities cannot easily be explained. In their model the 

initial propene formation only proceeds via reaction of ethene 

with dimethyl ether or methanol, i.e. by a secondary reaction. 

A decrease of the contact time then should result in an in

crease of the ethene selectivity. 

VIII.4.5 The kinetic parameters of the conversion of dimethyl 

ether and small olefins and the influence of water 

By application of the absolute rate theory theoretical 

frequency factors can be calculated for unimolecular (conversion 

of dimethyl ether) and bimolecular (conversion of olefins) 

reactions. With the assumption that the entropy of activation 
is zero these A-values are 3.10 13 sec-1 and 8.10 13 sec-1 res

pectively at T = 563 K. In general the entropy of activation is 

expected to be a negative value so it can be concluded that 

these theoretical A-values are maximum values. 

Comparison of the theoretical values with the calculated 

frequency factors given in the tables 3 and 5 shows that for 

the reaction of propene and the reactions of olefins and dimethyl 

ether in the presence of water too high values of A are calcula

ted. As a consequence the Arrhenius activation energies, 

calculated for these reactions, cannot be considered as true 

activation energies. 

Comparison of the calculated activation energies of the 

reactions of small olefins shows that the difference between 

the values for isobutene and 1-butene is about 44 kJ/mol. 

This is in agreement with the difference in activation energy 

for the formation of a tertiary and secondary carbocation 

(40-45 kJ/mol, (10)). By extrapolation from these values an 

activation energy of 150-160 kJ/mol may be expected for the 

reaction of ethene and for the reaction of propene a value of 

110-120 kJ/mol, this based on the formation of primary and 

secondary carbocations respectively (10). As is shown in table 3 

the actual value for ethene is much lower and that for propene 

is much higher. Until now no valid explanation is available 

for these discrepancies. 
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Table 6 The dependence on the space velocity of the c;;c; ratio in the product 

of the conversion of dimethyl ether. 

WHSV(hr- 1 ) c;;c; * Feed T(K) 

D~ 0.72 503 1.4 

DME 4.93 562 3.2 

*determined at 5% conversion (%C) 

P(D~) = 50.7 kPa 

The influence of water on the activation energy (table 3) 

and the rate of reaction (fig. 6) of ethene and propene is 

peculiar, because both are increased upon addition of water to 

the feed. As is indicated by the high A-values (table 3) the 

calculated Ea-values are only apparent activation energies. 

In table 7 some data, obtained by quantum mechanical calculations 

(11), are given in order to compare the basicity of small olefins 

and oxygen containing compounds. By abstraction of the heat of 

formation of a compound from that of the related ion, the 

following sequence in proton affinity can be derived: 

This sequence is in agreement with the results of Lias et aZ. 

(12), as is shown in the fifth column of table 7. These data 

indicate that the presence water in the olefin feed results in 

a competition for the Bronsted sites7 an effect that may explain 

the increased apparent activation energy of the reaction of 

propene and of ethene at temperatures above 533 K. In the case 

of ethene, however, in the temperature range from 500 to 533 K 

the presence of water may even result in a complete inhibition 

of the formation of ethyl cations. This implies that the con

version of ethene, observed in this temperature range (fig. 6), 

occurs via another reaction mechanism. 

The observation that the increase of the apparent activa

tion energy of the reaction of olefins, upon addition of water 
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to the feed, is combined with an increase of the rate of reaction 

• 6), raises intriguing questions, that cannot be answered 

yet. 

From the reaction of dimethyl ether in the temperature 

range from 500-533 K a frequency factor is calculated that is only 

slightly higher than the theoretical value. In paragraph VIII.4.1 

it has been discussed that in this temperature range the adsorp

tion equilibria (1), (2) and (3) are shifted to the right. This 

implies that in these experiments actually the intramolecular 

rearrangement of an adsorbed trimethyloxonium ion is studied. 

For this reaction only a small entropy of activation, and thus 

a frequency factor near to the theoretical value, is to be 

expected. This is in agreement with the calculated data. Although 

the data in this temperature range are uncertain (table 3) it 

may be concluded that the value of 176 kJ/mol is the true 

activation energy of the intramolecular rearrangement of the 

trimethyloxonium ion, depicted in scheme 1. 

In the temperature range from 533 to 573 K it has been 

proposed that in the reaction of dimethyl ether the formation 

of alkyl cations (mainly the ethyl cation) is rate determining. 

This proposal implies that the temperature dependence of the 

rate of reaction in this temperature range is comparable to that 

of the reaction of ethene (and propene} in the presence of water. 

An examination of the data presented in table 3 indeed sfiows 

that the apparent activation energies for both reactions have 

almost the same value. Furthermore the data, presented in table 5 

and fig. 8, show that also in the reaction of dimethyl ether 

at temperatures above 530 K addition of water to the feed results 

in a simultaneous increase of the apparent activation .energy as 

well as of the rate of reaction. These analogies between the 

reaction of dimethyl ether at temperatures above 553 K and 

of ethene in the presence of water give further support to the 

high temperature route for the reaction of dimethyl ether, 

described in paragraph VIII.4.3 (scheme 3). Because of the 

complicated reaction system it appeared to be impossible to 

calculate true activation energies for these reactions. 
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Table 7 Estimation of the energy barriers for the protonation of some 

olefins and oxygen containing compounds 

llH (298) a) 

llHf(R+) -llHf (R) 

Relative llGb) Rel 
f 

iso C4H8 -17.9 

+ 754 0 0 
t-C4H

9 736 

CH 30cH 3 -172 -25 

CH 30H -210 

+ 788 34 -63 
CH

3
0H 2 578 

C3H6 20.5 

+ 824 70 -68 
C3H7 803 

H20 -255 
837 83 -117 

H 0+ 582 3 

C2H4 64 

+ 980 226 
C2H5 916 

all values in kJ/mol 

a)Calculated with the MNDO method (11) 

b)Measured in the reaction MH+ + ca
3

cocH
3 

(12) 
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VIII.5 CONCLUSIONS 

The proposed mechanism for the initial c-c bond formation 

in the reaction of dimethyl ether, the intramolecular rearrange

ment of a trimethyl oxonium ion, is in line with the observed 

zero order kinetics. Comparison of the rate of reaction of di

methyl ether with that of the small olefins shows that the forma

tion of the first c-c bond is the rate determining step. 

The temperature dependence of the rate of reaction of 
dimethyl ether indicates that the mechanism of c-c bond forma

tion in the temperature range from 500 to 533 K is different 

from that at temperatures above 553 K. It has been proposed that 

in the low temperature range c-c bond formation indeed proceeds 

via the intramolecular rearrangement of trimethyloxonium ions. 

For this reaction an activation energy of 176 kJ/mol has been 
calculated. At temperatures above 553 K a second reaction route 

becomes increasingly important. 

Dimethyl ether reacts with alkyl cations to alkyloxonium ions. 

Also in this route C-C bond formation actually occurs via intra
molecular rearrangements of these alkyloxonium ions. The 

formation of the alkyl cations is considered to be the rate 

determining step. This extended reaction mechanism explains an 
autocatalytic effect in the conversion of methanol and dimethyl 

ether on zeolite H-ZSM-5 at temperatures above 553 K. 

A very high propene/ethene mole ratio is observed in the 

reaction product of the conversion of dimethyl ether. The 
observation that this ratio is dependent on the relative con

centrations of water, methanol and dimethyl ether in the 
reaction mixture is in agreement with the proposed mechanism. 

Furthermore it is suggested that the desorption of propene as 

a product olefin is thermodynamically or kinetically favoured. 

The influence of water on the reaction of olefins is 

peculiar because simultaneously the apparen~ activation energy 

and the rate of reaction is increased. The increase of the 

apparent activation energy may be due to a competition between 

water and the olefin for adsorption on the Bronsted acid site. 

The temperature dependence of the rate of reaction of di

methyl ether at temperatures above 553 K is similar to that 
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of ethene in the presence of water. Also in the reaction of di

methyl ether addition of water results in a simultaneous increase 

of the apparent activation energy and the rate of reaction. 

These analogies support the proposal for the high temperature 

route of the reaction of dimethyl ether. 
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CHAPTER IX 

A THEORETICAL EVALUATION OF THE REACTION MECHANISM 

IX.l INTRODUCTION 

In the preceding chapters (1) a reaction mechanism for 

the formation of the first C-C bonds has been proposed. Essential 

features of this proposal are: 

i. it proceeds through alkyloxonium ions as intermediates 

ii. C-C bond formation occurs through [1,2) 'Stevens-type' 

rearrangements of these alkyloxonium ions. 
Formation of alkyloxonium ions (a) as intermediates is 

well known and understood for reactions of alcohols and ethers 

in a strong acidic environment (2, 3). Nevertheless the formation 

of other ionic species is also possible. With respect to the 

reaction mechanism for the C-C bond formation in the conversion 
on dimethyl ether one of these, the carboxonium ions (b) must be 

considered as possible reaction intermediates. 

+ 

a. b. 
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The essential difference between the routes via trialkyloxonium 

ions (route A) and via carboxonium ions (route B) respectively 

is that A starts with a protonation of the alcohol or ether on 

the oxygen atom whereas in route B a hydride is abstracted from 
a carbon atom adjacent to the oxygen (scheme 1). 

Scheme 1 

R1 CH 3 , c2H5 enz. 

R2 H, CH 3 enz. 

oz 

The c-c bond formation via each of these intermediates has been 
drawn in scheme 2. Route A is the route via the alkyloxonium 

ions and route B the route via the carboxonium ions. 

Both routes will be discussed in this chapter. The inter

mediates in either route will be compared with respect to the 

heats of formation (~Hf (298)). These data were available in the 

literature obtained by experimental determination (in the gas 
phase) or by quantum mechanical calculations. For a number of 

intermediate species newly calculated values will be presented. 

For these calculations MIND0/3 programmes have been used (4). 

Finally the influence of the zeolite lattice with respect 

to the stabilization of reaction intermediates will be discussed. 
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Scheme 2 

route A 

IX.2 RESULTS AND DISCUSSION 

route B 

+ 
CH3CHOH 

B3 ! +<:H 30CH 3 
+ 

CH 3cH 20H + CH 30CH 2 

+ 
c 2H4 + H20 + CH 30CH2 

The heats of formation (~Hf (298)) of the reaction inter
mediates (in the gas phase) of either route, depicted in scheme 2, 

are given in table 1. As indicated these values are either taken 

from literature or calculated by ourselves by the MIND0/3 method. 

The data show that the calculated values are in good 
agreement with the experimentally determined values. Based on 
these values overall reaction enthalpies in the gas phase for the 

different reaction steps are calculated and presented in table 2 

(in these calculations mainly the MIND0/3 values given in table 1 

are used). 
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Table I Heats of formation of oxonium ions in the gasphase 

molecule L'>Hf (298) (kJ/mol) method Ref. 

H20 -224 MIND0/3 (5) 

-242 exp. 

CH 30H -210 MIND0/3 (5) 

-201 exp. 

CH 30CH 3 -172 MIND0/3 this work, (5) 

-184 exp. (5) 

c 2H50H -268 MIND0/3 (5) 

-235 exp. 

CH
3

0cH2cH 3 -231 MIND0/3 this work 

(CH 3 ) 
3

0 + 
631 MIND0/3 this work 

+ -(CH 3 ) 20 CH 2 135 MIND0/3 this work 

+ CH
3

0CH2 653 MIND0/3 this work 

657-664 exp. (6) 

+ 
CH 3CHOH 582 exp. (6) 

H+ 1529 exp. ( 7) 

C2H4 80 MIND0/3 {8) 

52 exp. 

+ 578 (9) CH
3

oH2 exp. 
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The data in table 2 show that the first reaction step in 

route A and route B are comparable with respect to ~Hf values in 

the gas phase, reaction Al is only slightly more exothermic. In 

the second step, the formation of the oxygen ylide versus the 

rearrangement of the carboxonium ion, however there appears a 

significant difference in favour of the exothermic reaction B2. 

An examination of the transition state structures shows that the 

activation energy of step A2 is not necessarily higher that that 

of step B2: step A2 is strongly endothermic, so it may be expected 

that the transition state geometry is close to the product 

molecules and thus the energy barrier to be passed will only be 

slightly higher than the overall reaction enthalpy. In case of 

reaction B2, however, ab initio calculations by Nobes et al. (6) 

have shown that although the 1-hydroxyethyl cation is slightly 

more stable than the methoxymethyl cation,both c
2

H5o+ isomers 

are separated by a very high energy barrier: the energy barrier 

for the formation of 0-protonated oxirane (scheme 3) out of the 

methoxymethyl cation is estimated to be 260 kJ/mol, while the 

0-protonated oxirane is only 38 kJ/mol higher in energy than 

the methoxymethyl cation. The second part of this rearrangement 

involves a relative low energy barrier (135 kJ/mol) so that the 

overall energy barrier for reaction B2 can be estimated to be 

260 kJ/mol, as is shown in fig. 1, which is comparable to the 

energy barrier to be expected in reaction A2. 

Scheme 3 

Reaction step A3 is calculated to be a strongly exothermic 

reaction. MIND0/3 calculations by Dewar and Ramsden (10) have 

shown that, in the case of (CH 3) 4N+ as a reagent, once the ylide 

(CH 3) 3N+cH; is formed the Stevens rearrangement to the dimethyl

ethylamine an exothermic reaction (-363 kJ/mol) is. This is in 
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Table 2 Overall reaction enthalpy values* in the gas phase 

Overall reaction ~H(kJ/mol)* 

A1 

A2 

A3 

A4 

AS 

B1 

B2 

B3 

B4 

B5 

2CH
3

0cH
3 

+ H+ 

+ (CH3 ) 30 + CH30H 

+ -(CH3 } 20 CH
2 

CH 30CH2CH
3 

+ 
CH 30H2 + CH 30H 

CH3ocH 3 + 

CH OCH+ 
3 2 

CH
3

CH+OH_+ CH
3

0CH
3 

CH 3CH20H 

+ CH 30CH 2 + H2 

+ 
(CH 3 ) 3o + CH

3
0H 

+ ..;. + 
(CH 3 ) 2o CH2 + CH

3
0H

2 

CH 30CH 2CH3 

CH
3

0H + C2H4 

CH
3

0cH
3 

+ H20 

+ CH
3

ocH
2 

+ H2 

CH
3

CH+OH 

CH 3CH20H 

----~ c2H4 + H2o 
+ CH 3ocH 3 + H 

+ H+ 

-764 

292 

-366 

101 

765 

-704 

-71 

-25 

124 

704 

28 (calc) 

-6 (exp.) 

*Based on ~Hf (298) values obtained by MIND0/3 calculations 

good agreement with our values on the oxygen analogue. Moreover 

this rearrangement proceeds intra-molecularlywith only a very 

low activation energy (17 kJ/mol). Based on these data it is 

to be expected that also in reaction A3 a relatively low 

activation energy appears, so that this reaction will be very 

fast. Although the next reaction step, A4, is endothermic the 

energy of activation will be much lower than that of reaction 

A2, so this step will not be rate determining (fig. 1). 

The conversion of the 1-hydroxyethyl cation, as formed 

in reaction B2, seems to be more difficult. The most probable 

route seems to be reaction B3 which appears to be slightly 
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exothermic. Although a considerable energy barrier may have to 

be passed in this reaction it is not to be expected that reaction 

B3 is rate determining in route B. The same reasoning holds for 

reaction B4, this step will not be rate determining either. 

This comparison of route A and route B shows that reaction 

A2, the formation of the oxonium ylide, and reaction B2, the 

rearrangement of the methoxymethyl cation, are the rate determining 

steps and that the activation energies of both reactions are 

similar. We conclude that discrimination between route A and 

route B is not possible on basis of these calculated ~Hf-values. 

It must be noted that the high energy barrier, calculated for 

reaction A2 is mainly due to the abstraction of a proton from 

the alkyloxonium ion. 

The actual activation energy will therefore be strongly 

influenced by the extent of facilitation of this abstraction 

and the possible stabilization of this proton in the intra

crystalline pores of zeolite H-ZSM-5. An important property of 
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zeolites is that strong electrostatic field gradients are present 

on the intracrystalline surface (11, 12). It has been calculated 

that the electrostatic field gradient can amount to 1-3 v;K 

1-3 10
10

v;m at 2.5-3 K from the surface cations. Due to the 

specific structure of zeolite H-ZSM-5 an even higher value may be 

possible (13-15). The electrostatic field gradient is of great 

importance with respect to the adsorption and stabilization of 

reactant molecules and reaction intermediates, especially if 

these are ionic or polar species. This stabilization can result 

in an appreciable decrease of the energy barriers of distinct 

reaction steps. For example, Dewar and Ramsden (10) have 

estimated that the heat of solvation of the ylide (CH 3 )
3
N+cH; 

in a strong polar solvent may be as high as 125-175 kJ/mol. 

In the pores of a zeolite an even higher value is possible. 

A related aspect of a strong electrostatic field gradient is 

that adsorbed molecules become polarized, thus facilitating 

the formation of ionic species. INDO calculations by Beran and 

Jiru (16) performed to elucidate the changes in a methanol 

molecule, with respect to geometry and charge densities, when in 

interaction with an electrostatic field of increasing strength 
10 (0 - 8.10 V/m) have shown that the oxygen bonded hydrogen atom 

becomes increasingly negatively charged while the methyl-hydrogen 

atoms become increasingly positively charged. One of these three 

hydrogen atoms becomes more positively charged, than the other 

two, while also this C-H bond becomes longer thus facilitating 

H+ abstraction. Comparison of this result whith our reaction 

routes A and B (scheme 2) shows that this effect may facilitate 

the rate determining reaction A2 to a considerable extent, 

whereas route B is only hindered because a hydride ion must be 

abstracted from the methyl group. In conclusion it can be stated 

that the strong electrostatic field gradient on the zeolite 

surface favours route A to a larger extent than route B. 

Another point that must be noted is that in the conversion 

of methanol and dimethyl ether on zeolite H-ZSM-5 also propene 

is formed as a primary olefin. This fact can hardly be explained 

127 



by route B, but can be readily understood by route A (1): the 

methylethyloxonium ylide (scheme 4), that can be formed by a 

proton abstraction from the dimethylethyloxonium ion, can rearrange 

either to the diethyl ether (DEE) or to the methyl propyl ether 

(MPE) (scheme 4). Comparison with nitrogen ylides (17) shows 

that in this reaction there may even be a high selectivity for 

Scheme 4 

DEE 

MPE 

the MPE; compare for example the reaction (17, p. 351): 

N-BuLi 
Me 3ccH 2N+Me

3 
----• 

hexane 
(70%) (3%) 

This can explain at least part of the observed high propene 

selectivity in the conversion of dimethyl ether as discussed in 

chapter VIII. 

Considering, firstly the calculated reaction enthalpies and 

estimated activation energies for gas phase reactions, secondly 

the influence of strong electrostat1c field gradients on the 

polarization of adsorbed molecules and on the stabilization of 

ionic intermediate species and thirdly that formation of propene 

as an initial formed olefin can only be explained by route A, 

in our opinion it must be concluded that the formation of the 

first c-c bond out of dimethyl ether can be best explained the 

route A mechanism. 
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The conclusion that the stability of the intermediate 

ionic species are of great importance for the reaction route 

to be followed and the product distribution to be obtained 

opens interesting perspectives for the investigation of the 

conversion of compounds containing hetero atoms such as N, S, P 

and halogens. A change of the hetero-atom has a very great in

fluence on the stability of the intermediate ylide species 

(17-20). The stability shows a decrease in the series 

P, S > 0 > N > X. Preliminary results on the conversion of 

(CH 3) 2s over H-ZSM-5 show that initially a very high propene 

selectivity is observed, which is in agreement with the expected 
stability of the intermediates to be formed. Based on this type 

of experiments we think to find new experimental evidence for 

the importance of the onium ion and ylide chemistry in the con

version of heterocompounds on zeolite H-ZSM-5. 
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FINAL DISCUSSION 

The main objective of the investigations reported in this 

thesis was the elucidation of the reaction mechanism of the 

conversion of methanol to a mixture of olefins, paraffins and 

aromatics on zeolite H-ZSM-5. As is put forward in chapter I a 

great number of reactions, like dehydration, oligomerization, 

isomerization, cracking, cyclization and hydride transfer con

tribute to this conversion. In this broad spectrum of reactions 

we have focussed our attention on two important problems that 

were not solved yet: 

i. which are the primary formed olefins? 

ii. what is the mechanism of the initial c-c bond formation out 

of methanol or dimethyl ether? 

A number of kinetic experiments on the conversion of di

methyl ether and ethanol (chapter VII) have provided evidence 

that ethene as well as propene must be considered as primary 

formed olefins. Detailed investigations concerning the reactivity 

of these olefins have shown that both are readily converted on 

zeolite H-ZSM-5. Even at room temperature oligomerization of 

ethene was observed (chapter IV and VI) • 

These experiments, furthermore, revealed an extreme 

shape selectivity at room temperature. Oligomerization of several 

small olefins resulted exclusively in the formation of linear 

paraffins (chapter V). Apparently under these conditions there 

is not enough room in the intracrystalline pores to accommodate 
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branched hydrocarbons except at the channel intersections. 

At increased temperatures significant amounts of branched hydro

carbons are observed1 at temperatures up to 490 K in the products 

strongly adsorbed on the zeolite surface, at temperatures above 

in the desorbed product hydrocarbons. Apparently under these 

conditions the steric constraints are reduced due to increased 

thermal vibrations of the lattice. 

It is observed that in conversions of hydrocarbons at 

temperatures above 490 K mainly linear and singular branched 

hydrocarbons are formed (chapter VII). In addition there appears 

to be a high selectivity for the 2-methylalkane isomers. 

Thus it is indicated that, although the steric constraints are 

reduced at increased temperatures, the zeolite ZSM-5 still shows 

a significant shape selectivity in the conversion of hydrocarbons. 

A new mechanism is proposed for the initial c-c bond 

formation that accounts for the formation of ethene and propene 

as primary formed olefins (chapter VII) • Essential to this pro

posal is that the c-c bond formation occurs via an intramolecular 

rearrangement of a trialkyloxonium ion. Quantum mechanical 

evaluations have shown that the rearrangement of these oxonium 

ions via alkyloxonium ylides may be favoured by the electrostatic 

field of the zeolite lattice (chapter IX). Furthermore, a kinetic 

study of the conversion of dimethyl ether has revealed that, 

depending on the temperature, two reaction routes have to be 

distinguished (chapter VIII) . 

In the 'low' temperature range (500 < T < 533 K) the reaction 

proceeds via trimethyloxonium ions that are directly formed by 

condensation reactions of dimethyl ether. ·The intramolecular 

rearrangement of this trimethyloxonium ion is expected to be 

rate determining. It is proposed that in the high temperature 

range (T 533 K) the trialkyloxonium ions are formed by a 

reaction of dimethyl ether with alkyl cations. In a subsequent 

rearrangement new c-c bonds are formed. The formation of the 

alkyl cations is expected to be rate determining in this 

case. 
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Several aspects of the conversion of methanol to hydro

carbons can be understood with the proposed reaction mechanism. 

For example, the autocatalytic effects, reported in the litera
ture, can be readily explained. The Mobil Process normally is 

performed at temperatures above 600 K. The first olefins always 

have to be formed via the condensation reactions, described in 

the 'low temperature route'. At these high temperatures, however, 

this route is rather difficult (Ch. VIII}. Thus it will be clear 
that the reaction will start slowly with the formation of the 

first olefins. Once these are formed a fast increase of the rate 

of reaction, now via the 'high temperature route' involving 

carbocations can be easily understood. 

Another, very intriguing point is the observed high 
propene selectivity in the conversion of methanol or dimethyl 

ether. The question is whether this high selectivity is 

kinetically or thermodynamically determined and whether it is 

possible to change this selectivity by variation of the process 

conditions. In chapter VII it is discussed that in the reaction 

route via the trimethyloxonium ion the propene selectivity is 

strongly dependent on the relative concentrations of water, 

methanol and dimethyl ether in the reaction mixture. 

In the second rout~ via alkyl cations, the high propene 
selectivity is less easily understood. Although the experimental 

results indicate that also in this case propene must be con
sidered as a primary formed olefin, in the proposed mechanism 

propene in fact appears as a secondary product. As has been 
suggested in chapter VIII the formation of propene appears to 

be thermodynamically and kinetically favoured. Possible ex
planations to be considered are: 

i. the rate of c-c bond formation via the dimethylalkyl

oxoniumions is strongly dependent on the position of the 

decomposition equilibria of these oxonium ions. At in

creased temperatures these equilibria are shifted to the 

decomposition site. Furthermore one must note that, after 
the trialkyloxonium ion is formed still a high energy 

barrier must be passed before c-c bond formation will 

occur. Because of these considerations it may be expected 
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that the more stable the starting alkyl cation the more 

difficult is the reaction towards c-c bond formation. Thus 
the reaction of the ethyl cation, once formed, to propene 

may be strongly favoured over the reaction of e.g. the 

propyl cation with dimethyl ether. Thus it is indicated 

that ethene once formed, may be rapidly converted to propene 

whereas propene is converted only to a minor extent. 

ii. in the rearrangement of the dimethylethyloxonium ion the 

formation of the methylpropyloxonium ion is favoured with 

respect to the formation of the diethyloxonium ion 

(chapter IX) . 

iii. in the 'Stevens type' rearrangement of alkyloxonium ions 

an alkyloxonium ylide is formed as intermediate. In the 

consecutive reaction there is a competition between the 
rearrangement and an elimination reaction. It may well be 

that when the 'moving' alkyl group is the propyl group the 

elimination is favoured over the rearrangement. 
The observation that propene has to be considered as a 

primary formed olefin implies that these types of consecutive 

reactions, after ethene has been formed, must be fast compared 

to the desorption of the olefins from the zeolite surface. 

Finally these considerations point to the conclusion that the 
observed ethene propene mole ratios are inherent to the 

chemistry of the process and can only partly be influenced by 

changing the process variables. 
A third point to be considered is the influence of water 

on the reactions. In the conversion of olefins it has been shown 

that the presence of water results in a decrease of the rate 

of deactivation (chapter VII) . This can be readily understood 

because water interferes with the adsorption of aromatics, thus 

inhibiting the formation of the precursors of coke. In a similar 

way water also interferes with the chemisorption and reaction of 

olefins: at room temperature the chemisorption of olefins is 
inhibited (chapter IV) while at increased temperatures the 

apparent energy of activation is increased (chapter VIII). 

Simultaneously it was observed that the presence of water 
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increased the rate of reaction. Similar effects appeared when 

water was added to a dimethyl ether feed, this in agreement with 

our proposal in which at temperatures above 553 K the formation 
of alkyl cations is thought to be rate determining. The 

simultaneous appearance of an increased apparent activation 

energy and increased rate of reaction is not well understood yet 

as it is not to be expected that the chemistry of the reactions 

of olefins is changed by the presence of water (except for ethene 
at temperatures below 533 K, chapter VIII), 

Finally, it is interesting to note that in the essential 

steps of c-c bond formation, via intramolecular rearrangements 

of alkyloxonium ions, always alkyloxonium ylides are;formed in 

the transition state. It is said that in these ylides re

arrangement reactions compete with elimination reactions. The 
extent to which one or the other is preferred appears to be 

strongly dependent on the hetero atom in these intermediates and 
on the type of alkyl groups attached to it. By careful balancing 

the rearrangement reaction versus the elimination reactions it 

may be possible to take advantage of the unique shape selectivity 

of zeolite ZSM-5 in the synthesis of special products with high 

selectivities, out of simple, coal derived, compounds. 
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SUMMARY 

The investigations, reported in this thesis, deal with 

the reaction mechanism of the conversion of methanol to hydro

carbons on zeolite H-ZSM-5. From the great number of reactions 

that are part of this conversion the attention has been focussed 

mainly on the formation of the primary olefins and the mechanism 

of c-c bond formation in this step. 

It has been shown that ethene and propene both have to be 

considered as primary formed olefins. Reactions of olefins on 

zeolite H-ZSM-5 at room temperature have indicated that ethene 

as well as propene indeed can act as primary olefins, as they 

are readily oligomerized at this temperature, thus exhibiting 

a high reactivity on zeolite H-ZSM-5. 

High Resolution Solid State 13c NMR experiments on the 

products formed in these low temperature oligomerizations 

revealed an extreme shape selectivity of the catalyst, as only 

linear hydrocarbons were observed. This shape selectivity can 

be ascribed to the specific pore dimensions (0.54 x 0.57 nm) 

of the zeolite. 

For the c-c bond formation a reaction mechanism has been 

described that accounts for the formation of ethene as well as 

propene as primary olefins. In this mechanism firstly trimethyl

oxonium (TMO+) ions are formed via condensation reactions of 

methanol and/or dimethyl ether. Subsequently c-c bond formation 

occurs via a 'Stevens type' rearrangement of the TMO+ ion. 

A consecutive condensation reaction with methanol or dimethyl 

ether followed by a second intramolecular rearrangement may 
result in the formation of a propyl group before desorption 

as a product olefins occurs. 

In this type of intramolecular rearrangements a dialkyl

oxoniumylide is formed in the •transition state'. Quantum 

mechanical calculations have indicated that the formation of 

these dialkyloxoniumylides may be facilitated by the strong 

electrostatic field of the zeolite lattice. 

It has been shown that, depending on the temperature, 

two reaction routes must be distinguished. At temperatures 
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between 500 and 533 K the trialkyloxonium ions are mainly formed 

via condensation reactions of methanol or dimethyl ether, whereas 

at temperatures above 553 K these trialkyloxonium ions mainly are 

formed via reactions of dimethyl ether or methanol with alkyl 

cations. This phenomenon can also explain the autocatalytic 

effect that can be observed in methanol or dimethyl ether con

versions at temperatures above 553 K. 

Kinetic experiments on the conversion of dimethyl ether 

and small olefins have revealed that in the conversion of 

dimethyl ether the c-c bond formation is rate determining. In 

agreement with the proposed mechanism, zero order kinetics was 

observed for this reaction. Because of the observed high propene 

selectivity, it was concluded that in the formation of the 

primary olefins apparently the formation of propene is thermo

dynamically and/or kinetically favoured. Furthermore, it is 

shown that water, when present in the reaction mixture, strongly 

interferes with the adsorption and reaction of olefins and 

aromatics. 
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SAMENVATTING 

Het onderzoek dat in dit proefschrift is beschreven maakt 

deel uit van het energiegelieerd onderzoek en heeft betrekking 

op de bereiding van benzine of specifieke koolwaterstoffen uit 

kool. Een veelbelovende route hiervoor biedt het Mobil Proces, 

een proces waarin methanol met hoge selektiviteit in deze 

produkten wordt omgezet m.b.v. een nieuw type zeolite: 

zeoliet H-ZSM-5. De benodigde methanol kan met behulp van 

bekende technologieen uit het door vergassing van kool verkregen 

synthesegas worden bereid. 

Dit proefschrift nu, handelt over het reactiemechanisme 

van de omzetting van methanol in koolwaterstoffen. Van het grote 

aantal reacties dat deel uitmaakt van deze omzetting is de 

aandacht vooral gericht op de vorming van de primaire olefinen 

en het mechanisme van de hierbij optredende c-c band vorming. 

Het is aangetoond dat etheen en propeen beide als 

primair gevormde olefinen moeten worden beschouwd. Reacties van 

olefinen over zeoliet H-ZSM-5 bij kamertemperatuur laten zien 

dat zowel etheen als propeen als primair gevormde olefinen 

kunnen fungeren, dit omdat beide bij deze temperatuur oligomeri

seren. 

Vaste stof 13c NMR spectra van de produkten, gevormd bij 

deze lage temperatuur oligomerizaties hebben een extreme vorm 

selectiviteit aan het licht gebracht; de produkten bestaan uit

sluitend uit lineaire koolwaterstoffen. Deze vormselectiviteit 

kan warden toegeschreven aan de porieafmetingen (0.54 x 0.57 nm) 

van deze zeoliet. 

Voor de C-C band vorming is een reactiemechanisme opge

steld waarin zowel etheen als propeen als primaire olefinen 

gevormd kunnen worden. In dit mechanisme worden eerst tri

methyloxonium (TMO+) ionen gevormd via condensatiereacties van 

methanol en/of dimethyl ether. Vervolgens vindt C-C band vorming 

plaats via een 'Stevens type'' omlegging van deze TMO+ ionen. 

Een daaropvolgende condensatiereactie met methanol of dimethyl 

ether en een tweede intramoleculaire omlegging kan resulteren 

in de vorming van een propyl groep voordat desorptie van de 
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alkyl groep als produkt-olefine plaatsvindt. 

In dit type intramoleculaire omleggingen wordt in de 

transition state een dialkyloxoniumylide gevormd. Kwantum

mechanische berekeningen hebben laten zien dat de vorming van 

deze dialkyloxoniumylides vergemakkelijkt kan warden door het 

sterk elektrostatische veld van het zeoliet rooster. 

Het is aangetoond dat, afhankelijk van de temperatuur, 

twee reaktieroutes moeten warden onderscheiden. Bij temperaturen 

tussen de 500 en 533 K warden de trialkyloxonium ionen voorname

lijk gevormd via condensatiereakties van methanol of dimethyl

ether terwijl bij temperaturen hoger dan 553 K deze voornamelijk 

warden gevormd via reakties van dimethylether of methanol met 

alkylkationen. Met dit verschijnsel kan ook het autokatalytisch 

effect verklaard warden dat bij temperaturen boven 553 K bij de 

omzetting van methanol of dimethylether kan warden waargenomen. 

Kinetische experimenten betreffende de omzetting van 

dimethylether en kleine olefinen hebben laten zien dat in 

de reaktie van dimethylether de C-C band vorming snelheidsbe

palend is. In overeenstemming met het voorgestelde mechanisme 

is nulde orde kinetiek vastgesteld voor deze reaktie. 

Op basis van de waargenomen hoge selectiviteit voor propeen is 

gekonkludeerd dat bij de vorming van de primaire olefinen, ken

nelijk die van propeen thermodynamisch en/of kinetisch begunstigd 

wordt. Tenslotte is aangetoond dat water, als het aanwezig is 

in het reaktiemengsel, in hoge mate interfereert met de adsorptie 

en reacties van olefinen en aromaten. 
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1. Het felt dat in het door Ono en Mori voorgestelde reactie

mechanisme voor de omzetting van methanol in koolwater

stoffen zowel de initiele c-c band vorming als de propagatie 

verloopt via vorming en reactie van een methyl cation, 

reactie met methanol respectievelijk een olefine, is niet 

in overeensternrning met de waargenomen autokatalytische 

effekten. 

Ono, Y. and Mori, T., J. Chem. Soc. Faraday 

Trans. I, Zl• 2209-2221 (1981). 

2. De door Nijs en Jacobs gevonden invloed van water op de 

initieel gemeten gemiddelde ketenlengte in het product 

van de Fischer-Tropsch reactie duidt op een beinvloeding 

van de verhouding van snelheidsconstantes van de initiatie-, 

propagatie- en terminatiereacties. Een gedeeltelijke ver

klaring hiervoor kan zijn dat water in het carbeen-insertie 

mechanisme, voorgesteld door Biloen et al., de propagatie

reactie vergemakkelijkt door de carbenen te stabiliseren. 

Nijs, H!H. and Jacobs, P.A., J. Catal. 6 401, 

(1981). 

Biloen, P., Helle, J.M. and Sachtler, W.M.H., 

J. Catal. ~. 95-107 (1979). 

3. Een verklaring voor de waargenomen 'strong metal support 

interaction' (SMSI) in gereduceerde Pt/Ti02-katalysatoren 

moet worden gezocht in een interactie tussen de banden

structuur van Pt-deeltjes en de, bij de hoge temperatuur 

reductie gevormde, Ti4o7-fase. 

Baker, R.T., Prestridge, E.B and Garten, R.L. 

J, Catal. ~. 390-406 (1979}. 

Short, D.R., Mansour, A. Cook, J.W., Sayers, D.E. 

and Katzer, J.R., submitted for publication 

Lakkis, S., Schlenker, C., Chakraverty, B.K. 

and Buder, R., Phys. Rev. B (4), 1429-1440 (1976). 



4. De toepassing van 'proton enhanced magnetization' in 

'high resolution• vaste stof NMR spectroscopie heeft in 

het onderzoek van met name zeolitische katalysatorsystemen 

de mogelijkheden in zich om enerzijds specifiek de aktieve 

sites te bestuderen, maar anderzijds vooral ook naar 

'reagerende' segmenten van geadsorbeerde moleculen te kijken. 

Dit laatste kan mogelijk worden gerealiseerd door middel 

van meervoudige overdracht van magnetisatie via daartoe 

geeigende pulse sequenties. 

Maciel, G.E. and Sindorf, D.W., J. Am. Chem. 

Soc. 102, 7607-7608 (1980). 

Veeman, W.S., personal communications. 

s. Het is niet waarschijnlijk dat de door Ichikawa gemeten 

verschillen in productselectiviteiten, in de omzetting 

van CO en H2 in oxyverbindingen met Rh op drager kataly

satoren, afhankelijk van het type cluster waarmee hij 

deze gemaakt heeft, reeel zijn. 

Lars, S., Anderson, T., Watters, K.L. and Howe, 

R.F., J. Catal. 6 212-215 (1981). 

Theolier, A., Smith, A.K., Leconte, M., Basset, 

J .M., Zanderighi, G.M., Psaro, R. and Ugo, R., 

J. Organomet. Chem. 1 I 415-24 (1980). 

Ichikawa, M., Bull. Chem. Soc. Japan, 51 (8), 

2273-2277 (1978). 

6. De kwantitatieve uitwerking van de gegevens, verkregen uit 

temperatuurgeprogrammeerde desorptie van ammoniak, waartoe 

door Tops~e et at. een aanzet is gegeven, dient verder 

ontwikkeld te worden, aangezien dit de kracht van deze 

techniek in de karakterisering van met name zeolietkatalysa

toren in bijzondere mate doet toenemen. 

Tops~e, N.Y., Pedersen, K. and Derouane, E.G., 

J. Catal. ZQ, 41-52 (1981). 



7. In de oxydatie van thiolen, gekatalyseerd door polymeer

gebonden cobaltphthalocyanine, doet zich de vraag voor 
hoe de RS--groep bij het co2+-ion kan komen zonder de 

NH2-co-binding te verbreken. (Het eo is immers door NH2 , 

o2 en de phthalocyanine groep omringd.) 
Een verklaring voor dit fenomeen kan zijn dat de elektronen

overdracht plaatsvindt via de aromatische porphinering 

van de phthalocyanine groep. 

Schutten, J.H., proefschrift T.H. Eindhoven 1981. 

8. Het komt de overheid en industriele ondernemingen ook 

zelf ten goede wanneer zij nieuwe ekonomische, sociale 
en politieke ontwikkelingen niet op voorhand afwijzen, 

maar deze daarentegen grondig analyseren en de wezenlijke 

elementen ervan verwerken in het te voeren beleid. 


