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PREFACE 

Since the previous national conference on zeolite catalysis in 
Szeged, Hungary, in September 1978, the intense research that has 
characterized activity in the zeolite field in recent decades has not 
lost its momentum. This is vividly seen from the fact that two sym-
posia were held in our immediate neighbourhood in 1984, the first in 
Prague in May, the,second in Portorose in September, both being real 
successes as regards the scientific levels of the papers submitted 
and also the number of participants. The initial successful steps of 
Hungarian zeolite research, which led to the first national symposium 
in Szeged, have now inspired the organization of the second one, this 
time in Siófok, at Lake Balaton, with the unchanged topic: "zeolite 
catalysis"„ 

From among the more than 120 submitted papers, the Paper Se-
lecting Committee accepted roughly 60 for oral presentation, the in-
vited papers included, and another 22 as posters. The Organizing Com-
mittee decided that both types of manuscripts should be included in 
the Symposium Volume. The prerequisites for the acceptance of papers 
were originality, a satisfactory level of English, and their presen-
tation in camera-ready form. In a few cases the last two conditions 
were not fulfilled, but the rejection of otherwise excellent papers 
would have been unfounded. In these cases we decided to accept the 
papers for oral or poster presentation but to withhold their publi-
cation. The resulting Symposium Volume is an impressive tome, with 
some 700 pages. 

-400 copies will appear in paperback form, folded specially as 
preprints of the symposium,, .while another...400 -will-comprisean. ex- -
traordinary issue of Acta Chimica et Physica Szegediensis, intended 
to be distributed on an exchange basis. 

As far as the papers are concerned, it is not an easy task to 
summarize their contents. The authors of the invited papers have 
presented overviews of the "state of the art" in the different 
fields of research. The Organizing Committee is indebted to all 
these persons, specifically, P. A. Jacobs, Kh. Ma Minachev, Y. Ben 
Taarit, W. 0. Haag, G. Schulz-Ekloff, H. Bremer, J. Weitkamp and 



K. K. Steinberg, for their generosity in having accepted the request 
of the Organizing Committee to cope with the plenary lectures. 

Thanks are also due to the members of the International Scien-
tific Advisory Board for their participation in the preparatory work 
of the symposium, and for their help in the solving of some of the 
scientific and technical difficulties. 

As concerns the scope of the symposium, the most interesting 
and numerous contributions deal with questions of the structures and 
modifications of zeolites. The pentasil-type zeolites have remained 
at the centre of interest. A wide variety of transformations are 
considered from the conversion of methanol into hydrocarbons to the 
alkylation of aromatics. This interest is fully warranted by the 
simplicity of their syntheses, as well as by their excellent stabil-
ities and adaptability. Further subsessions are devoted to the prob-
lems of alkylation, transformation of alkyl aromatics, cracking, 
hydroisomerization and the conversion of methanol to hydrocarbons. 
The subsession dealing with metal and metal-complex containing zeo-
lites presents novel trends through the introduction of inclusion 
compounds into the repertoire of promising catalysts. 

This wide pattern of topics is supplemented with lectures on 
the dehydrogenation, oxidation, synthesis and decomposition of organ-
ic compounds containing heteroatoms, CO hydrogénation and coke forma-
tion. This last subsession seems to be a very important one, for de-
activation through coke formation is a major disadvantage of the use 
of nearly all zeolitic materials in the petroleum industry„ 

In conclusion, we sincerely hope that the work of the Paper 
Selecting Commitee will enable the participants of the ZEOCAT sym-
posium to acquire a realistic picture about the different fields of 
current zeolite research and thereby to benefit from the contents of 
this volume. 

February 1985. 
P. Fejes 

Applied Chemistry Department, 
Jôzsef Attila University, Szeged 

D. Kallô 
Central Research Institute, 
Hung. Acad. Sci., Budapest 
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ART1/043 

ISOMORPHIC SUBSTITUTION IN ZEOLITES : ITS POTENTIAL CATALYTIC IMPLICATIONS 

M. Tielen, M. Geelen, P.A. JACOBS 

Laboratorium voor Oppervlaktechemie, Katholieke Universiteit Leuven 
Leuven, Belgium. 

I. INTRODUCTION 

Isomorphic substitution in high-alumina zeolites : the first generation materials 
The replacement of isomorphous elements in a crystalline lattice, i.e. of 

elements with similar cationic radii and coordination requirements, has also been 
reported for the class of synthetic zeolites. When the term isomorphic 
substitution is used for these compounds, it refers to replacements of T-atoms, 
i.e. atoms tetrahedrally coordinated to oxygen atoms. Commonly encountered T-atoms 
are silicon and aluminum. In the early literature, reviewed by Breck [Y] , as 

3+ 
potential candidates are described for substitution in tetrahedral sites : Ga , 
P5+, Ge^+ and Fe3+. The existence of Zr-, Ti- and Cr-silicate "zeolites" has been 
claimed as well. By the same author it was stated that " at this stage boron 
incorporation in a zeolite had not been achieved". All this work refers to 
substitution in so-called first-generation zeolites with low silicon content. The 
main arguments that proof the existence of the replacement of T-atoms by isomorphic 
ions are : 

i) the change of the unit cell dimensions with the degree of substitution. 
In faujasite-type zeolites, the contraction of the cubic unit cell seems to be 
correlated linearly to the degree of substitution of A1 for Si [2] . The same kind 
of relation was shown to hold when in an A-type aluminosilicate structure, 
phosphorus was incorporated : at increasing degree of P incorporation, the unit 
cell was also found to contract [jj] . 

ii) the gradual shifts of the lattice vibrations with the degree of 
substitution. This correlation has been established by Flanigen [V] for faujasites 
with different Si/Al ratios. Depending on the particular nature of the normal 
vibration, the susceptibility of its frequency to shifts is different. 

The existence of a general equation, describing the unit cell parameters as a 
function of the A1 content of the framework has been discussed. Indeed, Dempsey et 
al. [22] have reported discontinuities in this relation at 80,64 and 52 A1 atoms 
per unit cell. Smith [23] argued about the statistical reliability and accuracy of 

1 



the chemical analysis of the data of Dempsey et al. [223 • Kühl, ¡J2A] , however, 
reported the synthesis of gallosilicate faujasites with no aluminum and with a 
number of gallium ions per unit cell varying between 49 and 80, approximately. 
With the larger gallium ion (compared to aluminum) even more distinct breaks are 
observed in the relationship. The lattice parameters of the high-silica faujasites 
(less than 54 Ga/U.C.) deviate from this relation, as a result possibly of the 
presence of amorphous silica. In a recent publication Beyer et al. [25] showed 
that when the Breck-Flanigen equation is extrapolated to low Al contents, the 
regression line is parallel to their equation used to fit the a^ - Al content data 
for SiCl.-treated NaY : 

4 

a. = 8.68 10"4 N.. + 2.425 0 Al 

in which N ^ is the number of Al atoms per unit cell and a^, the cubic lattice 
constant in nm. 

These substitutions have all been realized during synthesis, and in case of 
the replacement of Al for Si, the degree of substitution is rather limited. For 
other metallosilicates, as zirconium and titanosilicates, the degree of 
substitution of Al was complete but in agreement with Breck [l] we believe that 
their characterization was insufficient to proof univocally that the claimed 
material was also obtained in reality. The isomorphic replacement of silicon by 
germanium is another reported and proved example in which the substitution was 
complete and the characterization sufficient [5-7] . Materials with different 
structure but low silicon content were obtained (faujasite and philipsite). It 
should be stressed that only the germanium equivalent of zeolite X has been 
synthesized but never a material with enhanced germanium content, equivalent to 
Y-zeolite could be made. 

A third example of isomorphic replacement consists in the synthesis of 
aluminoberyllosilicates. Such materials have been reported with the faujasite [26^ 
as well as the mordenite [27J structure. In Fig. 1 the contraction of the cubic 
unit cell of faujasite is plotted for such samples, at two different Al/Be ratios. 
This figure shows that the regression lines for the two families of materials 
change in an almost parallel way with the Al content. The effect of the Be content 

2+ 4+ 
of the faujasite is much less pronounced. This is not unusual since Be and Si 
have similar ionic radii (see later). Possible substitution mechanisms are [26] : 

2(A102)" = (BeSi04)2-

(A102)" = |BeO(OH)|~ 



FIG. 1. Unit cell contraction of aluminoberyllosilicates with faujasite 
structure with different A1 and Be concentrations. The open points refer to 
samples with BeO/Al^ s 0.40, the full points to BeO/Al^ ratios of 0.20, 
approximately. The experimental data are from ref. 26, exs. 1-5, the dashed 
line corresponds to the Breck and Flanigen correlation [2] for 
alumino8ilicates with faujasite structure. 

Arguments which point to the incorporation of Be in the faujasite lattice are : 
i. the different a^ values obtained for alumino- and aluminoberyllosilicates 

with the same structure (Fig. 1), the a^ value being lowest for the Be-containing 
zeolite. 

ii. the possibility to synthesize easily faujasites with high Si/Al ratio in 
presence of Be. Values above the critical BeO^/Al^O^ ratio of 6 can be obtained in 
the Be-Al-Si-system [26] . 

Recently, Beyer and Belenykaya [jBj were able to show that by the following 
solid state replacement reaction, faujasite structures with Si/Al ratios varying 
between 2.5 and infinity could be obtained easily : 

Na (A10„) (SiO.) + SiCl. • Na . (SiO,) .. + NaAlCl. x 2 x 2 y 4 x—1 2 y+1 4 

The contraction was again described by a regression line parallel to the ones given 
in Fig. 1 [25] . Preparation of aluminum-deficient faujasites and mordenites can be 
achieved by a wide variety of methods, giving materials with variable properties, 
as far as crystallinity, and concentration of defect sites is considered. This 
particular matter has been the subject of a recent review jjf] 

3. 



Only in case of SiCl QiJ and (NH ) SiF aqueous solutions QcT] , the substituting 
4 4 2 6 

element is of extra-lattice origin. All the classical dealumination methods, such 
as hydrothermal treatment of NH^Y Ql], reaction with chelating agents £l2] , acids 
|_13j or treatment with F^ gas or combinations of these methods, in a first 
step seem to form defect sites, consisting of hydroxyl nests. In suitable reaction 
conditions these holes, have to be filled up with silicon atoms originating from 
amorphous parts of the zeolite lattice. In this way defectuous structures have to 
be formed, mainly characterized by the occurrence of a secondary porosity and the 
generation of a bidisperse pore size distribution [l53 . 

Isomorphic substitutions in high silica-medium pore zeolites : the second 
generation materials. 

In this new generation of zeolites with medium pore size and high silica 
content, extensive substitution of aluminum for silicon seems also possible. The 
existence of a series of ZSM-5 zeolites with continuously varying Si/Al ratios in 
the framework structure has been proven and gives the so-called ZSM-5 
substitutional series [16̂  . Even the aluminum-free structure types, can be 
synthesized and give rise to the existence of crystalline silica polymorphs with a 
zeolitic structure type. Silicalite 1 £l7] , silicalite 2 Q.8J and TEA-silicate 
£isi] belong to this family of new materials. They all can be obtained by direct 
synthesis. Further variation of their composition can occur by the classical 
dealumination methods as steaming. Realumination of such structures with aluminum 
halides seems to be possible via an aluminum insertion during a high-temperature 
gas-solid reaction [20,2l] , at least to a limited extent [2i] . The opposite 
reaction of this alumination was shown to be possible with fluorosilicate solutions 
as driving force Q.o}. 

In the recent patent literature a whole variety of metallosilicates with 
medium pore size and high silica content has been claimed. A non-exhaustive 
enumeration of such materials is given in Table 1. 

Table 1 shows that apparently numerous possible substitutions can occur in 
these high silica structures with medium pore sizes. Generally speaking these new 
materials are claimed based upon their novel chemical composition or XRD spectrum 
or both. This novelty doesnot necessarily mean that the new materials contain the 
new element, or at least part of it, substituted in the zeolite framework. As far 
as we* are aware, only in the case of boron substitution sound proof is available 
for its presence in the zeolite lattice : 

i. the unit cell volume of these zeolitic borosilicates was found to decrease 
monotonously with the degree of B-substitution [44J . The phenomenon can be 
described by the following theoretical regression line [44] : 

VB • VSi - Si Ci-(V'si>3 x] 



TABLE 1 
Survey of different metallosilicates claimed in patent literature 

NATURE OF SILICATE Si/Me Si/Al REMARKS REF. 

AMS-1B borosilicate 
ZBH borosilicate zeolite 
Boroaluminosilicate 
Boralite 
Gallosilicate 
Chromesilicate zeolite 
TRS-27 : beryliumsilicate 
TRS-66 : zincsilicate 
TRS-64 : titaniumsilicate 
TRS-48 : vanadiumsilicate 
Titanoaluminosilicate 
Zirconoaluminosilicate 
AMS-1 Cr chromosilicate 
Zincosilicate 
Zincaluminumsilicate 
Arsenesilicate 
Organosilicate containing tin 
Iron-silicate 
Iron-alumino-silicates 

52.3 
48.8 
4.5 

120.0 

68.3 
86 .8 

12.0 

15 
3 
17 
21.3 
28.6 

32.6 
0.8 
13.4 
207.3 
7.6 

200 

23.0 

1410 

1667 

275.1 

Specific XRD 
Pentasil-type 
Offretite-type 
Various structures 
THETA-1 
MFI 

87.0 
76.9 

1515.2 

94.5 
375.2 
1787.0 

0.0 
163.1 

MFI 
MFI 
AMS 
Zeolite A 

Zeolite structure 
Zeolite 
Zeolitic 
MFI 

28,ex.1 
29,ex.1 
30,ex.1 
31,ex.1 
32,ex.1 
33,ex.1 
34,ex.1 
34,ex.3 
34,ex.6 
34,ex.7 
35,ex.1 
36,ex.1 
37,ex.4 
38,ex.2 
39,ex.1 
40,ex.1 
41,ex.1 
42,ex.7 
43,ex.1 

5. 



in which V„. and V„ stand for the unit cell volume of the silicate and B bi B 
substituted form, respectively and x corresponds to the B fraction of the T-atoms. 

ii. a discrete boron NMR signal is found in such materials and has been 

Third generation molecular sieve zeolites. 
The recent discovery of a new family of zeolites shows that isomorphic 

substitution in the (Six A1 sy s t e m possible over a very wide range 
[47,48] . They are denoted as SAPO-n in which n refers to a particular 
structure-type. Up to 13 tridimensional microporous frameworks have been reported 
till now [48] . In contrast to these SAPO's, the A1P0 family of aluminophosphate 
molecular sieves &9,50] consist of tridimensional (A1-P)0. frameworks. As a 

3+ 5+ 
result of the valency of the cations (A1 , P ) , these materials do not contain 
any excess of negative charge in tetrahedral coordination with oxygen. These 
materials have therefore no exchange capacity and have to be classified as 
molecular sieves instead of as zeolites. SAP0 zeolite structures are considered to 
be derived from the corresponding aluminophosphate framework by substitution of 
silicon for phosphorus or by simultaneous substitution of 2 silicons for one 
aluminum and one phosphorus [48] . v 

After this short review of the state of the art in matters of isomorphic 
substitution in zeolites, an attempt will be made to predict the . effect of this 
substitution on catalyst activity and selectivity, using general and basic chemical 
principles more in particular the MFI-structure type will be considered and the 
general rules will eventually be illustrated with literature or new experimental 
data. 

II. ATTEMPT TO PREDICT THE CATALYTIC IMPLICATIONS OF ISOMORPHIC SUBSTITUTIONS IN 
ZEOLITES USING GENERAL CHEMICAL PRINCIPLES 

Possible types of isomorphic substitutions 
When in a crystalline microporous silica polymorph with zeolite framework, 

ions of different valency state are substituted, the following possibilities 
exist : 

i. for a substitution with a tetravalent ion the framework remains 
electrically neutral; 

ii. for every trivalent ion incorporated in such a structure, a negative 
charge will have to be compensated for; 

ill. with the incorporation of a bivalent ion, the creation of two negative 
charges is associated if tetrahedral coordination is strictly obeyed; otherwise 
oxygen defect sites will make the lattice electroneutral; 

assigned to tetrahedrally coordinated boron in the structure 
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iiii. when a pentavalent ion is incorporated an excess positive charge 
exists. In order to behave as a cation exchanger, T-atoms with formal charge of 2 
or lower, have to be present at the same time. Potential sites formed in this 
way, with protons as charge compensating ions, can be schematically represented as 
follows : 

H H 

o '
 xo d' No o' \> o"

 so o"
 No o' xo 

i i i i i i i i i i ¡J i i i 
H 

0 o o"
 so o" No o' xo o' No 

1 I I I I lij I I I I I 

H H H i i v 
" S i ' "Be' " S i ' V - H 2 0 ' " S i + "Be" " Si " 
o' so o' No o' No — " o' so o' so o' No I I I iv I I I I I I v I I I 

chemical bond; : formai coordination link 

The scheme shows that incorporation of Me forms two silanol groups in close 
proximity (iv), which are expected to be very susceptible to dehydroxylation (v) 
and result possibly in elemination of Me-Ox and structural rearrangements. 
Incorporation of pentavalent ions generates a SAPO-type structure with a relatively 
high A1 and low proton content. 

3+ Substitution with Me T-atoms gives an increased number of Br^nsted sites 
4+ 

(i), the strength of which can be varied by substitution with Me of different 
nature (ii). These qualitative considerations already suggest that SAPO-type 
materials for an identical number of Br^nsted sites will contain a lower Si/Al 
ratio than the corresponding aluminosillcate and since Br^nsted acid strength 
decreases with increasing aluminum content [5Q , they will show lower Br^nsted 
activity. This is also experimentally observed in the cracking of n-butane [48] . 
The effect of the nature of the T4+-atom on the Br^nsted acid site strength was 
confirmed for the silicon- and germanium analogues of zeolite X : in the 
dehydration of tertiary-butanol, the former material - all other factors remaining 
the same - was by far the more active [52]. In some particular reactions, because 
of the low uniform Br^nsted acidity, secondary reactions and coke formation are 
suppressed on the germanium-substituted faujasite [52]. 
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Requirements for tetrahedral coordination 
Stable tetrahedral coordination of the substituting elements will be 

determined by the size of the T-atoms. A possible measure for this can be the 
ionic radius. Ionic radii from several literature sources for pertinent ions are 
given in Table 2. 

TABLE 2 
Ionic radii of elements susceptible for substitution in a zeolite framework 

and their minimum radius ratio "R", in a Me-0 matrix 

ION PAULING8 GOLDSCHMIDTb SCHANNON0 Re 

< 1 J Ge d 
0.41 
0.53 

0.38 
0.54 

0.40 
0.53 

0.37 
0.43 

Cr4+ - - 0.55 -

Ti4+ 0.68 0.60 0.56 0.55 
Sn4+ 0.71 0.71 0.69 0.55 
Zr4+ 0.80 0.77 0.73 0.62 
Hf4+ 

- - 0.72 -

B 3 + d 0.20 0.2 0.25 0.20 
A l 3 + d 0.50 0.45 0.53 0.41 
Fe3+ - 0.53 0.63 0.45 
Cr3+ 

- 0.55 - -

G a 3 + d 0.62 0.60 0.61 0.46 
„ 2+ d Be 0.31 0.30 0.41 0.25 
Mg2+ 0.65 0.65 0.71 0.47 
Zn2+ 0.74 0.69 0.74 0.50 
A S 5 + - _ 0.475 0.40 
p 5 + d - - 0.31 0.34 
V 5 + - - 0.495 0.50 
Cr5+ _ _ 0.485 _ 

a, ref. 53; b, ref. 54; c, ref. 55; d, for these ions there exists firm 
experimental evidence that they can be incorporated in a zeolite matrix (see 
introduction); a, radii in octahedral and c, in tetrahedral coordination; e, 
derived from ref. 53. 
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Based on this table and the evidence mentioned in the introduction, elements 
with ionic radii between 0.020 and 0.061 nm are potential candidates for 
incorporation into a framework, and most of the claimed elements possibly fit as 
T-atom in a zeolite matrix. 

A more accurate estimate of the potential of given cation to be tetrahedrally 
coordinated in an oxygen matrix of anions is available. Pauling defined for this 
the concept of minimum radius ratio, R, which determines the stability of various 
coordination polyhedra or the preferred ligancy of a cation [56j . According to 
Pauling stable tetrahedral coordination can be formed for 0.225 < R < 0.414. Using 

3+ 
this criterion it is obvious that B will prefer trigonal coordination in a 
zeolite matrix. It follows that the B-analogue of species i will be relatively 
unstable. B-substitution may therefore give rise easily to the formation of defect 
sites in which trigonal coordination is favoured. 

Using the minimum radius rate concept, it can be understood that upon 
substitution of P for Si the unit cell volume of zeolite A decreases £3] , as well 
as when Si is substituted for A1 in faujasite frameworks [2] . It also explains 
that boralites show a decreased unit cell volume when boron is incorporated in a 
silicious zeolite [44] . Neglecting the contribution of differences in T-O-T bond 
angles upon substitution, the unit cell contraction of a given structure will be 
determined by R. In Fig. 2 are shown the change of the unit cell volume when 
elements with suitable R are substituted in the framework of a silica polymorph. 

HETERO ATOMS/ U.C. 

Fig. 2 Schematic representation of the changes in the unit cell volume of a 
silica polymorph upon isomorphic substitution of Si for one (A) or two 
different (B) elements. 
The slope of the lines is proportional to Q - R^ Q). 



Fig. 2 further shows that a wide range of changes in the volume of a unit 
cell may be achieved when judiciously selected elements are incorporated. It 
explains why AMS-1B zeolites show high p-xylene yields [57] in alkylation or 
isomerization reactions. The absolute value of these contractions is expected to 
be dependent on the structure type but it is clear that even subtle changes in the 
effective size of medium pore zeolites may induce pronounced changes in reaction 
selectivity. Typical examples of such effects are reported when the MFI-structure 
type is changed for the MEL-structure type [58] . 

In conclusion, it may be stated that many elements which on pure chemical 
grounds are claimed to be occluded in medium pore silica zeolites, are susceptible 
for being substituted in such frameworks as can be derived from the argumentation 
of this paragraph. Substitution of selected elements can also induce predictable 
changes in the unit cell dimensions and affect reaction selectivity. 

Isomorphic substitution and changes in Br^nsted acid strength 
" Changes in Br<5nsted acidity upon isomorphic substitution in aluminosilicates 

can be rationalised in terms of the average Sanderson electronegativity Q>lJ . In 
fact, in this picture the acid strength of an OH group vibrating in a zeolite pore 
is then determined by the chemical composition of the environment. This relation 
holds only for an homologous series of materials, as e.g. a silica polymorph with 
the MFI structure in which different elements are substituted. In Fig. 3 is shown, 
therefore, the change of the average Sanderson electronegativity, S, when different 
elements are incorporated, which according to the coordination requirements are 
susceptible to substitution. 

Fig. 3 Change of the Sanderson electronegativity, S, of a silicon polymorph 
with a MFI-structure in which foreign elements are substituted to different 
extents. 
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The figure shows that depending on the nature of the substituent and its amount 
incorporated, the Sanderson electronegativity and consequently the overall Br«(nsted 
acidity of such a material which contains protons, can be varied over a wide range. 
It follows also that given their higher S values, boron and galliumsilicates should 
exhibit stronger acidity than the corresponding aluminumsilicates. There is at 
least one example in literature which experimentally indicates an opposite trend : 
the boralite family of zeolites in the decomposition of methyltertiary butylether 
(MTBE) is found to be less acidic than ZSM-5 [44] . 

Since most reactants to prepare silica polymorphs contain impurity elements, 
as e.g. Al, changes in S were also calculated for the case of a silica polymorph 
with MFI structure containing 5 heteroatoms as well as for a material containing 5 
aluminum next to 5 heteroatoms. The effect of these substitutions in MFI can be 
followed in Fig. 4. 

Be 

Cr Fe 

5AI«5Me/U.C 

Ge 

As 

Ti 

Ga 

AI 

Ti 

Cr Fe 

Be 
j 

AI 

5 M e / U £ 

Ga B 

4.18 4.20 4.22 4.24 

FIG. 4. Effect on the average Sanderson electronegativity, of isomorphic 
substitution in a silica polymorph with a MFI-unit cell : A, incorporation of 
5 heteroatoms per unit cell; B, substitution of 5 Al next to other 
heteroatoms. 

When two kinds of heteroatoms are present, the average S now decreases from 
the aluminosilicate to the aluminoborosilicate system. This is in line with the. 
res.ults obtained from the MTBE reaction [44] . From a selection of the literature 
on heteroatom incorporation into such systems [22-44] , it is evident that each 
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material has residual Brj5nsted catalytic activity. However, no systematic 
comparison has been made of the effects of these substitutions. 

We decided to synthesize therefore several MFI-type metallosilicates 
containing the following heteroatoms : Al, A1 + B, Al + Fe, and A1 + Be, covering 
in this way a relatively wide change in S, as well as in unit cell contraction. 
The .changes in catalytic properties of these solids were followed in the n-decane 
isomerisation-hydrocracking reaction. The activity of a catalyst in this reaction 
can be rationalised in terms of its S value [5Q and the selectivity is affected by 
minor changes in the pore sizes and void structure [}>9] • 

III. n-DECANE HYDROCONVERSION OVER MFI ZEOLITES WITH VARIOUS HETEROATOMS 

The experimental procedure to follow the n-decane isomerization-hydrocracking 
reaction has been described in extenso [59] . ZSM-5-type zeolites were synthesized 
according to the diluted method described by Von Ballmoos [60] . Al, Be, Fe were 
added as nitrates, B as H^BO^. Changes in the OH /SiO^ ratio provoked this way 
were compensated with NaOH. The samples contained each 0.20 + 0.08 Al atoms per 
unit cell. The Me content measured after washing and NH^-exchange was 1.6 + 0.2 Me 
atoms, assuming that they all are substituted in the framework. The conversion of 
these NH^-(Me)-ZSM-5 zeolites into bifunctional catalysts containing 1 % Pt is also 
described in earlier work [59,60] . The samples will be further denoted by the 
nature of the heteroatoms followed by their concentration in the solid as possible 
heteroatoms per unit cell. The crystals in each case have an hexagonal shape of 
6 x 10 pm, approximately. 

Influence of substitution on the activity 
The overall activity of the Al, ,, B, , - Al. Fe. , - Al. „ and Be, , -i.o 1.0 u.z i.o u.z l.b 

Alp ^ samples is given in Fig. 5A, together with that of an A1Q ^ sample. A series 
of parallel curves is obtained, displaced with respect to each other on the 
temperature ascis. The data allow to make two general statements : 

i. there has been incorporation of B, Fe or Be in the MFI—structure. Indeed, 
the overall activity is definitely higher than due to the presence of residual 
aluminum. 

il. the activity sequence : 

Al > B > Fe > Be 

is the one predicted by the Sanderson electronegativity of such systems (Fig. 4). 
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Another proof for the incorporation of these elements in the structure and 
for their relative stabilizing such environment can be derived from the change in 
catalytic activity after high temperature calcination of the samples (Fig. 5B). 

Fig. 5. Overall hydroconversion of n-decane on Me-containing zeolites of the 
MFI-structure type. A, samples precalcined at 823 K and B at 973 K : a, 
A11.6; b' B1.6 " A10.2; c' Fe1.6 ~ A10.2' d' Be1.6 " A10.2 and e' A10.2-

After calcination at 973 K, the activity of the Be-sample has decreased to the 
level of the reference Al-sample. This probably Indicates that under such severe 
conditions all lattice Be has been removed. When the behaviour of the B, Be and Fe 
samples is compared, it can be derived that the stability of the respective ions in 
the tetrahedral coordination of the MFI-structure should decrease as follows : 

Fe > B > Be 

This same sequence could have been derived using the general concepts on which has 
been elaborated in previous section. 

The overall isomerisation-hydrocracking selectivity in the bifunctional 
conversion of n-decane is also governed by acid strength [~5l] . All other factors, 
as competitive sorption-desorption, remaining equal, the Br^nsted acid strength 
will determine the life-time of the carbocation intermediates. For longer 



life-times, caused by stronger acidity, the probability for cracking will increase 
with respect to isomerization. The selectivity towards feed isomerization is 
therefore expected to increase as follows (Fig. A) : 

Al > B > Fe > Be 

That this is observed in actual reaction conditions is illustrated in Fig. 6 
for the two extremes of this series of materials. 

Fig. 6. Isomerisation-hydrocracking selectivity in the conversion of n-decane 
over Al. , and Be. , - Al- - substituted MFI-structure types. 

Effect of isomorphic substitution on product selectivity 
It has been shown that hydrocracked products are formed via a consecutive 

B-scission reaction on multibranched isomers [6l] . Central cracking is most 
probable on highly branched isomers, preferentially with branchings in a,a,y 
-positions. It follows that in case of n-decane, the amount of isopentane formed 
will be strongly dependent on the nature of the intermediate isomers in the inner 
void structure in a particular zeolite. These isomers not necessarily desorb. 
Therefore the absolute yield of isopentane formed will be very susceptible to small 



changes in the zeolite pore size ¡J59] . In the present case, this yield is expected 
to decrease when lattice contraction occurs. The data of Fig. 7 confirm this again 
with experimental data. 

Fig. 7. Absolute yield of isopentane formed from n-decane at increasing 
hydrocracking conversion : a, Al. , and b, Be1 , - Al. . samples. 

The decreased isopentane yield on the Be^ ^ - A1Q ^ sample compared to the 
Al. , ZSM-5 zeolite, can be Interpreted as a decrease in unit cell volume upon 1. o 
replacement of Si by Be, just as predicted by the general considerations developed 
earlier. 

IV. CONCLUSIONS 

Literature as well as new experimental data confirm the conclusions on 
isomorphic substitution of foreign elements in zeolite aluminosilicates. Based on 
general principles the nature of the ions which are potential candidates for 
substitution has been determined. Such replacement has consequences for the size 
of the unit cell of a zeolite and for the strength of Br^nsted acid sites. This 
has implications for both catalytic activity and selectivity. A judicious 
selection of several elements for substitution in zeolite frameworks may give a 
zeolite with a tailor-made porosity and acid site strength. Much remains to be 
done in the area before it will be possible to advance further generalization. 
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NATURE AND PROPERTIES OP ACIDIC SITES IN ZEOLITES REVEALED 3Y 
QUANTUM CHEMICAL A3 INITIO CALCULATIONS 

J. SAUER 
Central Institute of Physical Chemistry, Academy of Sciences, 
DDR-1199 Berlin, German Democratic Republic 

ABSTRACT 
Molecular models for Bronsted and Lewis sites are proposed. 

For bond lengths and angles empirically corrected theoretical values 
are used.^To reveal differences between various sites, binding ener-
gies of the H2O molecule on the respective models are considered. 

INTRODUCTION 
There has been continuous interest in the nature and properties 

of acidic sites, both Bronsted and Lewis, of zeolites. Recent stimu-
lation of research in this field came from the development of highly 
efficient catalytic materials such as ZSM-5 zeolites. Nonempirical 
quantum chemical^methods proved to be a valuable tool for making pre-
dictions of local structures and properties of minerals provided that 
suitable molecular models were used 11]. This is also true for active 
sites in zeolites [2-5 3. While in a previous paper [3] local structu-
res, vibrational properties and deprotonation energies of bridging 
and terminal hydroxyls were compared, in this work we construct mole-
cular models that are appropriate for Bronsted and Lewis sites. These 
models are to be used to obtain reliable energies for the interaction 
of adsorbed molecules with active sites. Here, we report first re-
sults for the H2O molecule. Some of them can be compared with the out-
come of a related study by Geerlings et al. [4]. 

SPECIFICATION OP MODELS AND LOCAL STRUCTURES OP ACTIVE SITES 
While there is no doubt that bridging hydroxyls are the source 

of Brbnsted acidity [3], the existence and nature of Lewis sites in 
zeolites is debatable. We investigate in this study the threefold co-
ordinated framework aluminium site and the Al^+ cation as possible 
¿candidates for Lewis sites. However, the A10+ species or thjê  
5Al +̂(HoO) and A10+(Hp0) complexes may be more realistic models than 



the free cation and will be considered in forthcoming studies. 
Figure 1 shows molecular models that we propose for bridging hydro-
xyls (B-0) and threefold coordinated aluminium atoms (L-0). There are 
two possibilities for choosing the geometry parameters: (i) theoreti-
cal results which are obtained by optimization for the particular mo-
lecule serving as model, and (ii) realistic values which are inferred 
from all that is known from theory and experiment for the active 
sites and related molecules. While Geerlings et al. [4] adopt the 
first possibility, we strive for realistic models which reflect as 
closely as possible the local structure of the sites considered. To 
this end, use is made of empirically corrected theoretical geometries 
for bridging and terminal hydroxyls as well as for nonprotonated 
£Si-0-Al®£ framework sites (Table 1), which were taken from previous 
studies [3,7,8]. The results of the quantum chemical calculations 
were corrected for (empirically) known systematic errors and limita-
tions of models. The justification of the procedure is outlined in 
Ref.3. Table 1 shows all the values used in this work. The models T-0 
for terminal hydroxyls and L-0 for Lewis sites (Figure 1) retain the 
values of the B-0 model for the geometry parameters. 

Bridging Hydroxy! (B-0) 

O O 
V 

Lewis site (L-0 ) 

Terminal Hydroxyt ( T-0 IT-1) 

Fig. 1. Molecular models of active sites and values of bond 
lengths (in pm) and angles (in degree). 
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Table 1 
Values of bond lengths and angles for molecular models of 

active sites in zeolites (cf. Figure.1) 

Parameter Value a Source 

(i) models B-0, T^O, and L-0 
Si-O(H) 
(Si)O-Al 
(Si)O-H 
4 Si-O-H 

Si -0 
A l -0 

4. Si-O-Al 

Si-O-H 
4- Al-O-H 

(Si)O-H 
(Al)O-H 

Si-O(H) 
(Si )O-H 
A. s i -o -H 

168 
184 
96 

111.5 
159 

171.5 
145 

145 
145 
95 
96 

} 
) 

Values recommended for 
bridging hydroxyls [3] 

Values recommended for nonprotonated 
rSi-O-Al6^ bridges [3,7] 
Typical value from X-ray results, 
may be subjected to variations 
These are models of Si-O-Si and 
Al-O-Si bridges and, therefore, the 
same value as above is adopted 
ST0-3G results for Si(0H)4 and 
[A1(0H)4] & [7 J , empirically correc-
ted by -3pm (see Tab. IV of Ref. 3) 

(ii) model T-1 

Values recommended for terminal 
hydroxyls [3,8] 

Distances in pm, angles in degree 

CALCULATIONS 
Interaction energies are obtained within the "supermolecule" 

approach by means of ab initio calculations of SCP energies for the 
models M, the HgO molecule and the complexes M-HgO: 

A„SCP _ v , pSCP „SCP » 
A B M - H 2 0 ~ ^ - H g O ( TÎ + % 2 o >' 

Corrections are made for the basis set superposition error. The MINI-1 
basis set is used which proved to be particularly suitable for calcu-
lating complexes, both of hydrogen-bonded and ionic type [6]. It 
yields more reliable absolute values of interaction energies than the 
3-21 G basis set employed in Ref.4. Details of the computational pro-
cedure can be found in Ref. 6. 

2i • - ; 



RESULTS AND DISCUSSION 
Figure 2 shows the approach of the H20 molecule towards the mo-

dels of active sites. It was found by step-by-step optimization of th< 
six intermolecular degrees of freedom. The hydrogen bonds are virtual-
ly linear, and the H.-.0 molecule is within the plane of the ̂ -SiOH 
group. Table 2 shows the optimum distances and binding energies (de-
fined as the negative interaction energy at the optimum structure) 
for the complexes of with different sites. For comparison, the 
results of the hydrogen-bonded 1^0 dimer L6] are included. Note, that 
contributions due to dispersion interaction are not yet considered 

I 
H I H 

\ ¿ 8 Al 
I i 
i 

Si 
\ ...(Al) 

Fig. 2. Structure of complexes of different models with H50 

Table 2 
a b Optimum distances and binding energies , -AE, for complexes of 

Ho0 with different models for active sites in zeolites 

Site (Model) R(pm) a - AE(kJ/mol) 

Bridging hydroxyl (B-0) 259° 58.4 
Terminal hydroxyl (T-0) 288° 16.4 
Siloxan bridge ( (H0)3Si0Si(0H).j )d 325C'd 10.1+0. 3d 

H2O e 288°,e 20.1 
Threefold coordinated Al (L-0) 191f 194 
Al3+ e 176f,e 791® 
a b 
Cf. Fig. 2. SCF energies corrected for the basis set superposi-

tion error. c Linear hydrogen bond (oi =0), R=R(0,0). d Ref. .10. 
e Ref. 6. f R=R(A1,0). 
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and that, therefore, the final values of the binding energy may be 
larger by 5-10 kj/mol. This,, however, will not affect the conclusions 
reached below. 

For bridging hydroxyls a binding energy is obtained which is 
2.9 times-the value of the H20 dimer, while the previous estimate was 
2.0 times this value [4]. In order to understand the substantial dif-
ference between the binding energies of bridging hydroxyls (about 60 
kJ/mol, this work) and terminal hydroxyls (about 2 5 kJ/mol, [9]) the 
T-0 model has been investigated. In this model the ^SiOH group has 
exactly the same geometry as in bridging hydroxyls (B-O model). The 
binding energy for the B-O model is 3.5 times that of the T-0 model 
(Table 2). Two effects may contribute to this result: (i) the addi-
tional direct interaction of the H20 molecule with the A1(0H)^ part 
of the B-O model and (ii) the enhanced acidity of the ^SiOH group 
due to its polarisation by the neighboring A1(0-)^ group. This pola-
rization is reflected (Figure 3) by changes of net charges when pas-
sing from the T-0 (values in parenthesis , Figure 3) to the B-O model. 
Ref. 4 provides a detailed discussion. While we observe the same in-
crease of the negative charge on the oxygen atom as the authors of 
Ref. 4, the increase of the positive charges on the acidic hydrogen 
atom and, in particular, on the silicium atom that we obtain is 
larger. 

{ 0.34) 
азе H \ u Q26 
H ^ \ (-0.67) <0.31> 

О О-0.86 О О-0.87 
\f 7<-о.вб> 

(2-06) \ (_079) / 1 6 5 2.12 Sloes' ...А1̂ 5> 
н о ?"' О н 

(0.34) (-авв) I -О-ве 0.28 
0.37 -087 Н (" 0.86) (0.31) 

(0.31) 
0.39 

Fig. 3. Atomic net charges for the B-O model (bridging hydro-
xyls) compared to those of the T-0 (in parenthesis) and L-0 
models in brakets . 
Siloxan bridges, ;Si-0-Sic» are the constituents of microporous 

silica. The energies of binding for H20 on these groups amount to only 
a fraction of that of bridging hydroxyls. This finding supports the 
view (see, e.g., L11]) that in siliciumrich molecular sieves bridging 



hydroxyls act as hydrophilic sites within an environment of hydropho-
bic siloxan bridges. 

Finally we comment on tentative models of Lewis sites. The huge 
stabilization energy of the Ho0-Al3+ complex makes it very unlikely 

3+ 
that the Al cation exists in noncoordinated form in zeolites. Even 
threefold coordinated framework aluminium sites bind HgO with a three 
times larger energy than bridging hydroxyls do. We conclude that this 
type of sites may act as defect sites which are strongly preferred by 
H2O molecules on adsorption in zeolites. 
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ABSTRACT 
The novel high silica zeolite, Theta-l, is syntheslsed from hydrogel systems 

containing organic 'templates' of the general formula: 
' ' ' *" HX-CH2CH2-Y-ch2CH2-ZH 

where X, Y and Z aré oxygen and/or NH groups. Crystallisation Is carried out at 
150° - 175°C under autogeneous pressure. The formation of Theta-l Is found to be 
primarily dependent on the S^/AJljOj molar ratio, the hydroxyl to water ratio and 
the crystallisation time. 

The zeolite is characterised by X-ray powder diffraction, electron microscopy 
and adsorption measurements. The structure and channel system of Theta-l and the 
shape-selective properties are discussed, the alkylatlon of toluene with methanol is 
used as the test reaction and the results obtained compared with those over ZSM-5. 

INTRODUCTION 
Theta-l is a novel medium-pore high silica zeolite distinguished by its unique 

X-ray diffraction pattern. The structure of Theta-l, which has been published 
elsewhere (1-3), is the first example of a new, topologically distinct, 
structure-type. It has been proposed to designate this new zeolite as TON (1). 

Recently, a number of zeolites (KZ-2 (A), Nu-10 (5), ZSM-22 (6) and ISI-1 (7)) 
have been reported which have X-ray diffraction patterns consistent with that of 
Theta-l. 

Theta-l has been syntheslsed in a pure crystalline form using a number of 
templates. The product was characterised by X-ray powder diffraction and pore volume 
determination. Catalysts prepared from Theta-l were tested for the alkylatlon of 
toluene with methanol and activities and selectivltles compared with those of < 
ZSM-5 type zeolites. 



EXPERIMENTAL 
Synthesis. Zeolite syntheses were generally carried out as described 

previously (2). A clear alumínate solution consisting of sodium alumínate, sodium 
hydroxide and water was prepared. The templatlng agents which had the formula:-

HX-(CH2-CH2)-Y-(CH2-CH2)-ZH 
where-X, Y and Z are oxygen and/or NH groups were added to the alumínate solution 
followed by Ludox AS 40 silica sol (containing 40 per cent by weight silica). The 
addition took ca. 10 - 45 min. The resultant hydrogel was stirred for a further 
10 - 30 mln and then crystallised at 150* to 175°C In a stainless steel pressure 3 
vessel. In the case of a small scale synthesis (ca. 100 g gel), a 200 cm pressure 
vessel was used which was rotated In an oven. The pressure vessel was half filled 
with gel in order to ensure thorough mixing during crystallisation. In the case of a 
large scale synthesis (ca. 2000 g gel), a 3 litre autoclave was used which was rocked 
in a jacket furnace at the required temperature. At the end of the crystallisation 
period the pressure vessel was cooled and the zeolite filtered, washed and then dried 
at 100°C. 

The H-form of the zeolite was prepared by (a) calcining the zeolite at 550°C 
for 60 h (shallow bed ca. 5 mm in depth) to remove organlcs, (b) refluxing the 3 
zeolite in an aqueous solution of ammonium nitrate (1 M) for 4 h (100 cm of 
solutlon/10 g of zeolite), and (c) calcining as in step (a) for 12 h to remove 
ammonia. 

The ZSM-5 zeolite used in comparison was syntheslsed as reported before (8). 
Characterisation. The zeolites were characterised first by X-ray powder 

diffraction using a Philips PW 1050 vertical dlffractometer (9) and CuKa radiation. 
The Si/Ai. ratio was determined by X-ray fluorescence spectroscopy and particle sizes 
estimated by electron microscopy. The pore volumes of the zeolites were determined 
by nitrogen adsorption using the BET method. The relative dlffusivity of ortho- and 
para-xylenes was estimated using an electronic microbalance (C.I. Electronics). 
Samples were degassed under vacuum (10 ^ torr) at 400aC and sorption experiments were 
carried out at 120°C with a xylene partial pressure of 5.8 mbar. Relative 
diffusivities were estimated by measuring increases in sample weight with time. 

Catalyst Preparation and Testing. Catalysts were prepared by mixing the H-form 
of the zeolite with Ludox AS 40 (containing 40 per cent silica; 1 g of zeolite: 2 g 
of Ludox). Water was added to the mixture to form a paste which was mixed thoroughly 
and dried at 60°C. The solid was then broken and sieved to form granules 
(12 - 30 mesh BSS). 

A reactor (10 mm ID) was packed with beads (25 cm^ preheat section) and 
catalyst (5 cm^) which was activated by heating in a flow of air at 650°C for 4 h and 
then purged with nitrogen. A feed of toluene and methanol (2:1 molar) was passed 
over the catalyst at a liquid hourly space velocity (LHSV) of 1 h-1. Liquid products 
were collected over 30 min periods and analysed by gas chromatography. 



RESULTS AND DISCUSSION 
Synthesis. Zeolite Theta-1 was sythesised in a pure crystalline form using the 

templates, diethanolamine, N-(2-aminoethyl)ethanolamine, 2-(2-aminoethoxy)ethanol or 
digol. Some typical hydrogel compositions are given in Table 1. As can be seen, 
Theta-1 can be synthesised using various alkali metals and organic templates, but the 
crystallisation time varies. Optimum time of crystallisation may also be dependent 
on the hydrogel composition (eg SÍO2/AÍ.2O3 ratio, hydroxyl/water ratio, etc). For a 
given gel long times may result in the decline in the quantity of Theta-1 and the 
formation of a-cristobalite. By optimising the time of crystallisation for each gel 
a pure crystalline form of Theta-1 was obtained. 

Characterisation. Figure 1 shows a typical diffraction pattern of zeolite 
Theta-1. A more detailed report on the X-ray powder diffraction analysis of Theta-1 
is being published (9). The unit cell is C-centred orthorhombic with dimensions:-
a - 13.836 ± 0.003, b = 17.415 ± 0.004 and c = 5.042 ± 0.001 A. and the space group of 
CJnc2j • 

The Si/Al ratio of the zeolite produced was generally close to the ratio used 
in the preparation of the hydrogel. The higher the 0H/H20 in the hydrogel, the 
higher was the difference between the Si/AJl ratio of the zeolite and the hydrogel. 
The Si/A1 ratio of the Theta-1 zeolite used In the characteristlon and catalytic 
testing was 32 (atomic). The ZSM-5 zeolite used in comparison tests had a Si/AH 
ratio of 19. 

The electron micrographs of Theta-1 and ZSM-5 are shown in Figure 2. The 
crystals of Theta-1 were rod-like in shape and were approximately 0.5 11m in length as 
compared to 2 - 5 |iin for ZSM-5. 

3 —1 
The pore volume determined for Theta-1 was 0.10 ± 0.01 cm g which is the 

maximum expected based on the structure (1) and Is smaller than that of zeolite ZSM-5 
(0.20 ± 0.01 cm3 g-1). 

The Structure of Theta-1. The framework of Theta-1 along the c-axis is shown 
in Figure 3. The structure can be made entirely from complex 5-1 T secondary 
building units. This places the structure of Theta-1 in the mordenlte group of 
materials (10) which Includes the zeolites: mordenlte, ferrierite, dachiardite, 
epistilbite and blkitaite. It is proposed to designate the new zeolite as TON 
according to the recommendation of IUPAC (11). 

The structure of Theta-1 comprises a zig-zag arrangement of 5-T ring chains 
along the a-direction giving a repeat of 13.8 A (Figure 4). These chains are linked 
by alternating 6-T and 10-T rings giving a repeat of 17.4 A in the b-direction. The 
same structure projection is found in ferrierite, ZSM-5 and ZSM-11 (12), though with 
different lattice parameters and specific topologies. The b-c projection of Theta-1 
(Figure 5) is very similar to the a-b projection In blkitaite which consists of 
interlinking 6-T rings giving ~5 A repeat. Thus in Theta-1 the 10-T ring channel is 
unidimensional along the c-axis. 
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FIG 1 
TYPICAL X-RAY DIFFRACTION PATTERN 

OF THETA-1 ZEOLITE 

(a) 
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FIG 2 ELECTRON MICROGRAPHS 
OF (a) THETA-1 AND 
(b) ZSM-5 CRYSTALS 

FIG 3 THETA-1 FRAMEWORK 
VIEWED DOWN THE c-AXIS, 
SHOWING THE 10-T RING 

UNIDIMENSIONAL CHANNELS 



FIG 4 PROJECTION IN THE a - b PLANE OF 5 - 5 - T AND 6 - T RINGS 
TO SHOW THE ELLIPTICAL 1 0 - T RING CHANNELS IN THE c-DIRECTION 
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FIG 5 THETA-1 FRAMEWORK 
VIEWED DOWN THE a-AXIS. 

SHOWING INTERLINKING 6 - T RINGS 
TO PRODUCE 5 A REPEAT 

ALONG THE c-AXIS. 
THIS PROJECTION IS COMMON 

WITH THE a -c PROJECTION 
IN THE ZEOLITE BIKITAITE 

FIG 6 RELATIVE RATE OF INGRESS OF 
ORTHO-XYLENE OVER THETA-1 

AND ZSM-5 
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Table 1 
Hydrogel compositions and conditions used lo the synthesis of Theta-1 zeolites 

Organic 'Template* (TEH) 

Hydrogel COBposition moles/ 
oole of AljOj 

Ra.O H,0 Tex S10, 

ffocleatlon/ 
crystallisation Appro«l»ate cooposition 

by X-ray powder diffraction 

eop Tloe 
h 

2, .5 - 30 54 720 175 40 Theta-1 
3 .5 - 40 75 990 175 24 Theta-1 

(OHCH 2CH 2) 2m 1. 
3, 
.1 1.4 
.0 -

30 
34 

55 
65 

740 
860 

170 

175 
24 
16 

Theta-1 
Theta-1 

3. .0 - 34 65 860 175 44 Theta-1 + 20Z a-crlstoballte 
1. .1 1.4 36 57 750 170 28 Theta-1 + 20Z a-crlstoballte 

(OBCH2CH2)HH(CH2CH2™2) jJ'J I 36 
90 

8 5 

210 
1840 
4600 

1 7 0 

1 7 0 

7 2 

7 2 

Theta-1 + 301 a-crlstoballte 
Theta-1 + BOX a-crlstoballte 

( 0 R C H 2 C H 2 ) 0 ( C H J C H 2 N H 2 ) 4.9 - 36 85 1840 175 96 Theta-1 

(0HCH2Cfl2>2° 5.1 - 45 105 1860 
6.4 - 60 140 2480 

175 72 Theta-1 
175 72 Theta-1 + 40Z o-crlatoballte 

Table 2 
Product compositions from the alkylatlon of toluene with methanol 

over ZSM-5 (MFI) and 1heta-l (TON) 

Temperature 
TOL/MeOH 
LHSV 
Tlme-on-s tream 

•C 
molar 

550 2/1 1 
0.75 

550 2/1 
1.2 
0.75 

650 2/1 1 
0.75 

650 2/1 
1.2 
0.75 

600 2/1 
4.8 
1.5 

Toluene 
Methanol 

23.9 
100 

3 7 . 9 

100 
2 7 . 2 100 4 6 . 5 

100 
3 1 . 8 

100 

Liquid Product Zwt 

Benzene 0.7 9. .4 1.3 13. ,8 3.4 
Toluene 70.8 56. ,0 67.3 54. 2 67.0 
Para-nylene 10.2 7. .3 12.1 6. .7 11.1 
Meta-xylene 6.5 15. .5 8.4 13. ,9 11.1 
Ortho-xylene 6.0 7. .1 7.4 6. .1 4.6 
1,3,5-t rlmethylbenzene 0.4 1 . .1 0.3 1 . .3 0.2 
1,2,4-trimethylbenzene 4.3 3. .3 3.2 3. ,0 2.4 
1,2,3rtrlmethylbenzene N/D 0. .1 N/D 0. .5 N/D 
Total 98.9 99, .8 100.0 99, .5 99.8 

Xylene Composition 

Para 
Meta 
Ortho 

44.9 
28.6 
16.4 

2 4 . 4 

5 1 . 8 

2 3 . 8 

43.4 
30.1 
26.5 

25.2 
52.0 
22.8 

41.4 
41.4 
18.2 
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Both the pore structures of Theta-1 and.ZSM-5 have sets of straight 10-T 
elliptical channels; however they differ in that ZSM-5 has a second set of sinusoidal 
channels also consisting of 10-T rings intersecting with the straight channels to 
create channel intersections nearly 9 A in diameter (13). Theta-1 has no such 
channel intersections giving it specific structural properties. 

The Shape-Selective Properties of Theta-1. In the last decade, several workers 
have used the alkylation of toluene with methanol as a test reaction for probing the 
shape-selective properties of zeolite catalysts (14-15). An estimate of 
shape-selectivity can be obtained from the observed distribution of xylene isomers 
produced. Catalysts which show no initial shape-selectivity produce xylene isomers 
in a ratio close to that calculated for the equilibrium mixture; p:m:o = 24:52:24 per 
cent weight (14). Materials which show a high degree of shape-selectivity form 
para-xylene in a proportion greater than 24 per cent weight. 

Shabtai (16) has suggested a simple model based on restricted transition-state 
selectivity (17) for predicting selective para-alkylation of monoalkylbenzenes. For 
paia-alkylation to predominate, the main requirement is for a near-cylindrical 
channel with lengthwise orientation of the alkylbenzene along it: 

This alignment is preferred if a>c>a. If such a model applies, then the approach 
of the electrophile to the ortho- and meta-positions of the orientated substrate is 
sterically hindered, while the para-position remains exposed to substitution. 

Theta-l, when used as catalyst gave a high selectivity to p-xylene production 
and it fulfills the requirement of the Shabtai model. Results for the alkylation of 
toluene with methanol are shown in Table 2. The results confirm the above 
observation predictions with the proportion of para-xylene in the xylene fraction 
being significantly in excess of that for the equilibrium mixture. 

Table 2 also shows results for'alkylation over ZSM-5 (Si/AJl = 19) under the 
same conditions. At short times-on-stream (<1 h), ZSM-5 produces xylenes with a 
distribution close to that calculated for the equilibrium mixture. ZSM-5 and Theta-1 
have channels of similar size but differ in that Theta-1 has elliptical channels 
which run in only one direction whereas ZSM-5 has two sets of channels which create 
'cage-like' channel intersections. The presence of channel intersections in ZSM-5 
represents a deviation from the idealised Shabtai model. The larger space available 
at the intersections may facilitate attack of the electrophile at both the ortho- and 
raeta-positions leading to a lower intrinsic shape-selectivity for ZSM-5 compared with 
Theta-1. 

a 

a 

•1 
c 



Kaeding et al (14, 18) have also observed an equilibrium distribution of xylene 
Isomers for unmodified ZSM-5 at short times-on-stream. Kaeding has rationalised this 
result on the basis of rapid secondary isomerisatlon of the outwardly diffusing 
xylene, isomers to produce the equilibrium mixture. The preservation of a high 
proportion of para-xylene over Theta-1 implies that the ratio of the rate of 
alkylation to that for isomerisatlon is greater over Theta-1 than ZSM-5. The lower 
isomerisatlon activity of Theta-1 compared with ZSM-5 has been confirmed In separate 
experiments (19). 

High selectivity to para-xylene can also be due to 'product-selectivity' 
(17). The xylene Isomers formed at sites located within the internal zeolite 
structure can only be observed in the products if they can diffuse out of the crystal 
structure. If the outward diffusivity of the para-isomer is sufficiently greater 
than that of the other isomers, then its relative concentration in the internal 
reaction volume is reduced. Under these circumstances, Isomerisatlon occurs to 
maintain the thermodynamic equilibrium so that para-xylene is formed at the expense 
of the other Isomers. 

The degree of shape-selectivity Introduced by 'product-selectivity' can be 
gauged from measurements of the relative rates of uptake of ortho- and para-xylene. 
Haag et al (20) have shown that the time (^0,30^ taken for ortho-xylene to sorb to 
30 per cent of the equilibrium sorption capacity for para-xylene increases as the 
selectivity of the catalyst to para-xylene production Increases. Figure 6 shows 
a /"t~min ^ plot for ortho-xylene adsorption over unmodified ZSM-5 and Theta-1. The 
time, XQ for ZSM-5 is ca. 25 min as compared with 50 min for Theta-1. The 
sorption results show, therefore, that Theta-1 should be more selective to 
para-xylene than ZSM-5 (see Table 2) and the experimental results confirm this 
observation. 

Although ZSM-5 shows no initial selectivity to para-xylene, there is a 
significant Increase In the proportion of the para-isomer with increased 
time-on-stream as coke is deposited on the catalyst (14, 19). Thus for a sample of 
ZSM-5 coked for 90 min by toluene alkylation at 600°C (coke content 9 per cent w/w; 
Table 2), the time, ̂ o^O' ortho~*yiene uptake is similar to that for pure 
Theta-1 (Figure 5). The proportion of para-isomer produced by the ZSM-5 sample 
modified by a deposit of 9 per cent weight carbon is about 41 per cent (Table 2). 
There is good agreement, therefore, between the observed initial selectivity for 
alkylation over Theta-1 and the calculated selectivity from sorption measurements 
(Table 2). 

The alkylation of toluene with methanol over Theta-1 and ZSM-5 also produces 
trimethylbenzenes. The ratio of 1,2,4-trimethylbenzene/l,3,5-trlmethylbenzene Is 
around 11 for Theta-1 compared with 3 for ZSM-5. This is a further illustration of 
the greater shape-selectivity of Theta-1 compared with ZSM-5. The greater 
selectivity to the 1,2,4 isomer over Theta-1 can be attributed to both restricted 



transition-state selectivity (absence of channel intersections) and enhanced product 
selectivity (the smaller kinetic diameter of the 1,2,4 isomer favours its outward 
diffusion relative to the larger 1,3,5 Isomer). 

In the alkylation of toluene with methanol over ZSM-5 at short times-on-stream 
and at reaction temperatures greater than 500°C there is generally a significant 
amount of benzene In the liquid product (14, 19) (see Table 2). The benzene is 
mainly produced by secondary bimolecular dlsproportionation of toluene which Is 
thought to form via a large 1,1-diphenylalkyl transition-state (18). For zeolites 
with small pore-sizes, bimoleculardlsproportionation is minimised because of 
restricted-transition-state selectivity (21). Since Theta-1 does not contain any of 
the channel Intersections found in ZSM-5 It is reasonable to assume that Theta-1 
would have a lower activity for toluene dlsproportionation than ZSM-5. Reference to 
the product distributions shown In Table 2 are consistent with this assumption. The 
lower dlsproportionation activity of Theta-1 compared with ZSM-5 has been confirmed 
in separate experiments (19). 

CONCLUSIONS 
The synthesis of zeolite Theta-1 from hydrogels containing various organic 

templates has been delineated. Knowledge of the structural and sorptlve properties 
of Theta-1 compared with those of ZSM-5 enables the shape-selective properties to be 
explained. Thus in the alkylation of toluene with methanol, Theta-1 shows greater 
selectivity to para-xylene than Is observed with ZSM-5 and secondary reactions 
(eg, dlsproportionation) are minimised. This enhanced selectivity can be attributed 
to the differences in framework structures and the Increased transition 
state-selectivity of Theta-1. 
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ABSTRACT 
Prom basic, neutral and even weakly acidic solution, amorphous 

sodium aluminosilicates are obtained. During the thermal treatment of 
the corresponding ammonium form, obtained by ion exchange from the 
sodium form, most of the aluminium is removed fromxthe tetrahedral 
positions, accompanied by a strong increase of the condensation 
degree of the silica fragments in the solid. Structure and catalytic 
properties of such silica rich silica-alumina closely resemble those 
of hydrothermally treated zeolites possessing a large amount of extra 
lattice aluminium. 
Silica-alumina samples of equal composition but precipitated at 
different pH values may widely differ in their properties. Under 
certain preparation conditions an alumina rich sample may even reach 
an acidity and catalytic activity as high as that of a silica rich 
sample. 

INTRODUCTION 
Silica-alumina still continues to be of interest as catalyst 

component for the processing of high-boiling petroleum fractions. 
Pripiat et al. concluded /1/ that at low alumina contents ( 30 wt %) 
silica-alumina consists of a zeolite-type network structure. The 
nature of the Bronsted sites at the silica-alumina surface according-
ly should correspond to that of the acidic OH groups in H-zeolites. 
This conception of the silica-alumina structure, however, turned out 
to be incompatible with results obtained by other authors /2-4/. 
Pott /2/ concluded from X-ray phosphorescence studies that the 
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H-form of amorphous aluminosilicates is unstable and that tetra-
hedrally coordinated A1 is probably absent in silica-alumina; his 
experimental evidences, however, did not remain uncontradicted. 
Independently of the sample preparation, a maximum of the catalytic 
activity as a function of sample composition was found /5-7/ at 
about 15-^0 wt % A^O^» Existence and position of this maximum is 
explained /6/ by the isomorphous incorporation of A1 into the silica 
matrix up to 30 wt % A^O^. At higher alumina content, part of the 
A1 is present in separate alumina phases, or bound in mullite-type 
structures /6/. 
The present work is directed on the existence and stability of the 
H-form of X-ray amorphous aluminosilicates. The impact of sample 
preparation and composition on the catalytic properties of silica-
alumina is emphasized. 

EXPERIMENTAL 
Sample preparation. SiO^AlgO^ samples were prepared by 

continuous precipitation from a sodium aluminate solution wt % 
AI2O3) and water glass (4 wt % Si02)• Tbe pH value of the precipi-
tation suspension was adjusted by adding sulphuric acid. The gels 
were filtered, washed and dried at 390 K. By subsequent ion exchange 
with 1 m aqueous__solution of ammonium sulphate the residual sodium 
content was decreased to 0.02 wt %• 
Sample_series A,_Ba Samples of different composition were obtained 
by varying the flow rate of the partial streams (aluminate, water 
glass, sulphuric acid), the pH value was adjusted to 9 in the series 
A and to 6 in the series B. Thermal activation of the ex-
changed samples was carried out prior to catalytic investigation in 
a stream of oxygen at 780 K. 
Samples I-IV^ Sample Nal (atomic ratio Si/Al = 1.1) was precipitated 
from a solution of the composition 2.3 Si02*1.0 AlgO^O«^ Na20«170 
HgO; the gel was aged under the mother liquor for 6 hrs at 355 K. 
Samples Nail (Si/Al = 2.8), Nalll (Si/Al = 4) and NalV (Si/Al = 4.2) 
were precipitated from a solution of 9 Si02*1.0 Al20^*3.7 Na20*120 
H20, with a pH value of 12 (Nail), 10 (Nalll) and 6 (NalV) being 
adjusted by sulphuric acid. The gels were filtered after 5 min 
stirring. The corresponding H-forms HI-HT7 were obtained by ammonium 
ion exchange and subsequent thermal deammonization. 

Characterization methods used in this work (cumene cracking, 

36. 



IR, DTA, NMR and the molybdate reaction) have been described in 
detail in references /8-10/. 

RESULTS AND DISCUSSION 
Formation and stability of the H-form of X-ray amorphous alumino-
silicates 

The X-ray amorphous precipitates Nal - NalV are true amorphous 
aluminosilicates: the Na/Al atomic ratio is 1, the Na+ ions are 
susceptible to nearly complete and stoichiometric cation exchange, 
and no structure sensitive bands characteristic of zeolites appear 
in the IR spectra. 
The amount of tetrahedrally coordinated A1 (Al^) strongly affects 
the asymmetrical T-0 valence vibration band ({;„„_: T = Si, Al) in gLSJCI 
the IR-spectra. As is evident from Figure 1, nature and magnitude ctf 
this functional relationship between the position of thei) __ band 

TV asym and the amount of Al correspond to the relationship known from 
zeolites /11/. Hence, the amount of Al17 can be determined from the 
position of this band for silica-alumina just as in the case of 
partially dealuminated zeolites. 

• * 

0.1 0.3 — 0.5 
Al 

Al+Si 
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The isomorphous incorporation of A1 into a silica matrix 
decreases the number of directly interconnected SiO^g tetraedra 
that is the condensation degree of the silicate fragments present in 
the solid. As a consequence the reaction rate of the solid with 
molybdate yielding ̂ -dodecamolybdato silicic acid increases. 
Figure 2 presents the reaction curves obtained by the molybdate 
method for samples Nal and Nail. The reaction curves of the mono-
and disilicic acid as well as of a polysilicic acid are added for 
comparison . The slopes of the curves represent the first order re-
action rate constants of the formation of the coloured silico-
molybdato complex. The comparison reveals that sample Nal mainly 
contains monosilicate fragments, whereas in sample NàXI (Si/Al =2.8) 
also fragments of a higher condensation degree exist. A thermal 
treatment at 390 and 780 K scarcely affects the condensation degree 
in the case of the Na-samples; the slight increase (which is 
paralleled by a decrease of the 920 cm band in the IR spectra) is 
caused by condensation of terminal silanol groups. 

By contrast with the Na samples, thermal treatment of NH^+ 
exchanged samples results in a marked increase of the silicate 



condensation degree (cf. Fig. 3b). 

wave number/cm'' t/min 

Pig. 3»IR spectra (a) and molybdate reaction curves (b) of 
samples Nal and NH^I after thermal pretreatment at the 
indicated temperatures. 

After a pretreatment at 770 K the condensation degree is so high 
that the reaction rate with molybdate is scarcely perceptible. New 
Si-O-Si bonds are formed along with changes in the IR spectra (Pig. 
3a), which are in agreement with a removal of A1 from 4-fold coordi-
nated sites: shift of theij „___ band to higher wave numbers, devel-asym 
opment of the </ band at 820 cm at the expense of the 740 cm 
band. 
The information obtained by various methods about the structure of 
sample Nal and the corresponding acidic form are summarized in 
Figure 4. In the Na form (as well as in the uncalcined NIL, form) all 2 7 
A1 is present in tetrahedral sites. In the 'A1 MAS NMR spectrum a 
single signal appears with a chemical shift of 52 ppm due to A1 in 
AlO^g tetrahedra (AlCl^ in aqueous solution as external standard) 
/10/ /12/. Because there are no direct Si-O-Si bonds as derived from 
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the molybdate reaction, and taking into account the sample 
composition (Si/Al^1), the validity of the Loewenstein rule can be 
assumed for this sample. This is in accordance with the appearance 
of only one signal in the 2 % i M R spectrum /13/« The pure H form 
is not obtained. In accordance with the results of the molybdate 
method and IR spectroscopy, 2 % i M R proves the formation of new 
Si-O-Si bonds. In the 2^A1 NMR spectrum, the intensity of the 
52 ppm line is drastically reduced. The amount of A1 remaining in 
tetrehedral sites is small, but still sufficient to account for 
the Bronsted acid sites. The signal at 0 ppm is due to unstrained 
AlO-octahedra. The structure-less broad background signal indicates 
that part of the A1 is present in strained Al-O-polyhedra. 

No I 
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Pig. 4. Results obtained by different methods on the structure of 
samples Nal and HI. 
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Silica-alumina and zeolites 
Si02-ricb. silica-alumina can be regarded as true aluminosilicates 
possessing a highly dealuminated lattice and a large amount of 
extra lattice Al. In this respect, it is comparable to hydro-
thermally ultrastabilized zeolites. This is emphasized by the 27 
resemblance between the 'Al NMR spectra of sample HIV and of a 
zeolite US (w), given in Figure 5a. The US (w), prepared from an 
NH^Y zeolite by a 3 hrs vapor treatment at 1090 K /14/, contains 
90% of the Al in extra lattice positions. Strength (Hj^-16) and 
concentration (-10~^ mequ./m^) of acid sites in both samples are of 
comparible magnitude. Structural acidic OH groups in silica-alumina 
resembling those in silica-rich zeolites have been proved by IE 
/15/. 

(a) 

100 0 -100cf/ppm 

Pig. 5. 27A1 MAS NMR spectra 
b) samples HI (Si/Al = 1.1), 
(Si/Al =4.2). 

100 0 -100<?7ppm 

a) samples HI and US (w) and 
(Si/Al =2.8) and HIV 
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Such OH groups can be formed by dissociative adsorption of water on 
extra lattice A1 /16/, as it is known for zeolites loaded with 
polyvalent cations. This may explain the reversible transformation 
of Lewis into Bronsted sites in silica-alumina upon addition of 
water /17/. The higher Lewis site concentration explains the 
stronger tendency of silica-alumina for coking in hydrocarbon 
conversions. 
The selectivity in some complex reactions, e. g. toluene methyla-
tion, may be considered as typical for highly dealuminated alumino-
silicates /18/. 
Effects of composition and preparation 

Comparison of the ^A1 NMR spectra of samples HI, HII and 
HIV in Figure 5b suggests that the distribution of the* A1 over 
different coordination sites is affected by the Si/Al ratio: In 
samples HIV (Si/Al = 4.2) and HII (Si/Al = 2.8), which are richer 
in Si, the intensity of the 52 ppm line (Al1^) is more strongly 
marked than is sample HI (Si/Al = 1.1) containing less Si. 

The simultaneous effect of composition and preparation on the 
catalytic activity is demonstrated in Figure 6 with the samples of 
series A and B in the cumene cracking. 

Fig. 6. First order 
rate constant k of 
cumene cracking at 
675 K on silica-
alumina of series A 
( | ) and B( X )• 

-J-

I C/i 
To a. 

0.4 

0.2 o £ 

20 40 60 80—100 
l 2°3 wt % AtoO-

At a given composition, samples B exhibit a higher activity than 
samples A. Apart from the maximum at 40 wt J5, a marked local maximum 
appears at 80 wt % AlgO^ in series B. The sequence of activity of 
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the various samples correspond to their sequence of acid site 
concentration, only samples of series B with about 80 wt % AJ^O^ 
are characterized by a particularly high concentration of weakly 
acidic sites /8/. 
Obviously, the interaction between the both components alumina and 
silica is stronger in samples B than in samples A. These differences 
cannot be levelled by subsequent tempering, as is evident from 
different tendencies for mullite formation, considerably more pro-
nounced in samples B /8/. The nature of the amorphous alumina phase 
in the alumina-rich samples of series B appears to be related to 
that of the amorphous oxide phase formed by the extra lattice A1 
on the crystallite surface of zeolites at prolonged hydrothermal 
treatment /14/. This phase is very reaotive, and is rapidly attacked 
by diluted acids, moreover, it appears to play a special role as 
adsorption sites in catalytic hydrocarbon reactions /19/. 

CONCLUSION 
Structure and properties of silica-alumina can be compared to 

those of highly dealuminated zeolites containing a large amount of 
extra lattice aluminium. 
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ABSTRACT 

It has been found that various defects are formed by the Y-irradiation of zeo-

lites, depending on the type of the original zeolite. With the HY and HZSM-5 zeo-

lites, skeletal defects consist of an electron hole on a skeletal oxygen atom 

sharing one Si and one A1 skeletal atom (Si-O-Al), as well as an electron hole de-

localized on several skeletal oxygens (-0-)'. With the A1HY and A1 0 HZSM-5 zeoli-
' n x y 

tes containing extralattice Al, electron holes on oxygen atoms neighbouring two Al 
0 

atoms (A1-0-A1 defects), along with some delocalized (-0-)^ defects, have been de-

tected. These conclusions are based on the ESR spectra measurements and on model 

quantum chemical calculations. A considerable activity of the f-irradiated zeolites 

in the D 2"H2 exchange was observed at room temperature. While the skeletal Si-O-Al 

and (-0-)^ defects are quenched by hydrogen, the A1-0-A1 defects are rather stable. 

For this reason the irradiated zeolites containing extralattice Al exhibit higher 

and very stable activity in the D2-H2 isotopic exchange compared to H-zeolites. 

INTRODUCTION 

Since the appearance of the first paper by Stamires and Turkevich dealing with 

the paramagnetic resonance absorption of 7-irradiated zeolites (1), the structure of 

the defects formed has been studied in detail (2-6). A positive effect of the irra-

diation on zeolite catalytic activity in the cracking reaction and COg methanation 

has also been observed (7,8). 

EPR studies have shown that the low temperature "(-irradiation of HY zeolites is 

connected with the formation of V center type defects and^that the ejected electrons 

are trapped either by H + ions (creating H atoms entrapped within zeolite structure) 

or in the insulator material (5). The V center represents an electron hole localized 

in lone pair orbitals of skeletal oxygen atoms sharing two skeletal silicon atoms 

and/or one silicon and one aluminum skeletal atom. The stability of the centers is 

assumed to be strongly dependent on the electron scavengers. An electron hole lo-



cated on an oxygen atom sharing two aluminum atoms in stabilized Y as well as A1HY 

zeolites was detected (2,3). This result was .taken as evidence that stabilized zeo-

lites contain some dimers of aluminum species which have never been observed in pure 

-irradiated Tf- and r)-alumina. 

Because of a complete lack of the data in literature on the relationship be-

tween the structure of defects in irradiated zeolites and their stability and reac-

tivity this problem is considered here by studying various defects in H- and Al-Y 

and ZSM zeolites. For these purposes ESR spectroscopy, quantum chemical model calcu-

lations and measurements of catalytic activity in D2~ H2 e x c ' i a n 9 e w e r e employed. 

EXPERIMENTAL 

The starting NH 4Y (70 % of exchange) and ZSM-5 zeolites were supplied by the 

Institute for Oil and Hydrocarbon Gases, Czechoslovakia. Prior to the ionic exchange 

of the ZSM-5 zeolite with 0.5 m HN0 3 at 298 K for 24 hours (HZSM-5), the zeolite was 

calcinated in an oxygen stream at 870 K for 6 hours. Extralattice A1 was introduced 

into the HZSM-5 zeolite cavities by supporting an Al(N0.j)3 solution followed by the 

zeolite calcination in an oxygen stream at 770 K for 5 hours. Extralattice A1 was 

incorporated into the NH^Y zeolite by ion exchange with 0.1 m AlCl^ solution at 

pH 4 at 360 K. The composition of the zeolites was determined by AAS after disolu-

tion of the samples (Table 1). 

Table 1 

Composition and Ar sorption capacity of zeolites 

irradiated Si/Al Si/Al 
* 

sorption capacity 

zeolite total latt. (Ar, mmol/g) 

prior irr. after irr. 

HY 2.17 2.17 10.7 10.6 

A1HY 1.86 2.17 9.6 9.7 

HZSM-5 13.6 13.6 5.3 5.5 

A 1 0 HZSM-5 
x y 

5.08 13.6 5.2 5.1 

* 4 
Sorption capacity (1.33.10 Pa of Ar at 80 K) was measured on samples 

evacuated at 670 K and related to 1 g of dry zeolite 

The preservation of the zeolite structures after the introduction of extralattice A1 

as well as after the zeolite irradiation was controlled by testing the sorption ca-

pacity for argon (see Table 1) and using the IR spectra of skeletal vibrations. 

Before jrradiation the zeolites (placed in an EPR tube and/or in a reactor) were 
_3 

treated in a vacuum of 10 Pa at a temperature of 670 K and sealed off. The ESR 

spectra and the reactivity of the zeolites were measured immediately after the 

f -irradiation without exposure to the air. 
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The 7-irradiation of zeolites was performed at 298 K in a Co cell for doses 5 
of about 10 Gy. The X-band ESR spectra were recorded at 80 K on an ERS-220 spectro-

meter (Academy of Sciences, Berlin) with a modulation frequency of 100 kHz. The mag-
2+ 

netic field was measured by proton magnetometer related to a Mn standard. 

The catalytic activity of the irradiated zeolites was tested by measuring the 

rate of isotopic exchange of the mixture of a n c^ H 2 m°l e c ul e s a t r o o m temperature. 

The irradiated zeolite (0.1 g) was allowed to react with 2xl02 Pa of hydrogen isoto-

pes in a static apparatus (volume, 700 cm ). A negligible amount of gases was linked 

directly to a mass spectrometer (MCH 1302, USSR). No exchange between the gaseous 

deuterium and the zeolitic OH groups was observed at this temperature. The exchange 

rate R (atoms g'^min"^) was evaluated using the equation 

N [ H D ] ^ - [HD] 

R = - In : — 
nit [HD]«,- [HD]Q 

where N is the number of gaseous atoms, m zeolite weight (g), and HD . i s concen-oĉ  t )0 
tration of HD molecules at the given time t (min). 

RESULTS AND DISCUSSION 

As the isotopic exchange reaction was measured at a temperature of 298 K, the 

"(•-irradiation of zeolites was also carried out at 298 K to obtain defects sufficient-

ly stable at this temperature. Therefore, H atoms which might be formed by the inter-

action of ejected electrons with H + ions necessarily recombined and were not detected. 

ESR studies on the structure and stability of defects in y-irradiated zeolites 

HY zeolite. The ESR spectrum of zeolite in hydroxylated form (Fig. 1A) exhibits 

a wide signal ofAH=38 G with 7 hyperfine lines. An analogous spectrum has already 

been published with the parameters g 1=2.002, ^=7.5 G, g 2=2.005, c 2=8.0 G, g 3=2.045 

(6). It has been ascribed to skeletal Si-0-Si and Si-0-Al defects, the hyperfine 

splitting (hfs) corresponds to the interaction of the unpaired electron with the A1 

nucleus (I n=5/2), the 7th line is coming from the anisotropic g factor. The assign-

ment of the signal with the hfs to the Si-0-Al defects agrees with our interpretation. 

However, the presence of the localized Si-0-Si defects seems to be unprobable. Theo-

retical consideration supports the assumption of an unpaired electron delocalized 

over the lone pair orbitals of several skeletal oxygens denoted (-O-)p in such a way 

that no hfs interaction of this electron with the A1 nucleus is observed. Interaction 
4 

of zeolite with hydrogen (1.33.10 Pa at 298 K, also for the zeolites described 

below) caused decrease of the complex signal and only a sharp low intensity signal 

close to the free electron value was retained. The latter signal corresponds probably 

to the ejected electron stabilized within the zeolite matrix and is found in all irra-

diated zeolites. Analogous behaviour of defects present in "(-irradiated silica con-

taining A1 impurities with respect to hydrogen was observed by Parijsky et al (9). 

HZSM-5 zeolite. The ESR spectrum of the hydroxylated zeolite exhibits a wide 
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Fig. 1. X-band ESR spectra of Tf-irradiated zeolites at 298 K recorded at 80 K 

A) HY, B) HZSM, C) A1HY, D) A1HY + 1.33.104 Pa of H 2 for 15 minutes, E) A1HY + 

+ 1.33.104 Pa of H 9 for 24 hours, F) A 1 0 HZSM-5 C X y 9 
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signal of AH=38 G with hyperfine splitting of 7 well resolved lines with the parame-

ters given in Fig. IB. This complex signal can be analogously attributed to the ske-

letal Si-O-Al and (-0-)^ defects. The better resolution of the hfs lines for HZSM 

compared to the HY zeolite may be a result of the low amount of A1 in the skeleton of 

the HZSM-5 zeolite, as well as the higher degree of localization of defects arising 

from its lower structural symmetry. After treatment of the zeolite in hydrogen, the 

complex signal vanished and a signal close to g g and a low intensity signal with 12 

lines appeared. The latter signal is likely due to some additional defects on oxygen 

neighbouring extralattice A1 (for comparison, see below) as such A1 has been found in 

trace amounts in HZSM-5 zeolite using the IR spectra of pyridine adsorption (10). 

A1HY zeolite. The zeolite with A1 in the cationic sites (extralattice) and in 

the zeolite skeleton exhibits a broad signal with 12 hyperfine lines. The spectrum 

and its parameters are given in Fig. 1C. Treatment of the zeolite with hydrogen re-

sulted in a decrease in the broad signal and in retention of the signal with 12 hfs 

lines and of the signal close to g g (Fig. ID). The intensity of the signal at g g was 

constant, while the intensity of the splitted signal decreased slowly with time 

(Fig. IE). 

It is, therefore, evident that the' spectrum of the irradiated zeolite consists 

of three particular signals: i) the sharp signal close to the g g value (already men-

tioned), originating from the ejected electrons trapped within the zeolite material; 

ii) the signal with hfs of 12 lines (9.-6'G) corresponding to an electron hole on an 

oxygen atom interacting with two A1 atoms (12 lines being due to uniaxial symmetry 

of the g factor, cf. ref. 3, see.Fig- 1C), iii) the broad signal which originates 

from the skeletal (-O-)p defects already described for H-zeolites. Localized spin 

density on Si-O-Al defects is not present probably because of the easier formation of 

A1-0-A1 defects in which one skeletal and one extralattice A1 atom participate (cf. 

Fig. 2 model C). Then it is quite understandable that there is nearly zero probability 

of the creation of two defects close together. 

A1 0, HZSM-5 zeolite. This zeolite with extralattice A1 in the form of A l 1 1 1 sup-
x y 

ported in the zeolite cavities again exhibits a complex broad signal with 12 well re-

solved hfs lines (10.0 G), indicating that, in addition to skeletal defects, the 

A1-0-A1 defects are formed as a result of zeolite irradiation (Fig. IF). Analogously 

as for the A1HY zeolite, the presence of hydrogen did not cancel the signal with 12 

hfs lines. It can be assumed that in this zeolite, extralattice Al should exhibit va-

rious forms. It may possess a charge-balancing character or it may correspond to alumi-

na species coordinate to the zeolite skeleton (cf. various species e.g. of F e 1 1 1 sup-

•orted in zeolite (11) ). 

As for the stability of the V defects in Y"irradiated zeolites the ESR signal 

»intensity of defects in HY zeolites was stable for several hours at 298 K, while that 
for A1HY and Al 0 HZSM-5 for several weeks. However, the signal intensity for HZSM-5 

x y 
was slightly more stable than that for the HY zeolite. The total number of all 
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defects is of the order of 10 , i.e. it is substantially lower than the number of 

sites available for their formation. This is understandable from the point of view 

of the low stability of these defects as well as of the ejected electrons trapped 

in the zeolite material. The number of the individual defects is difficult to esti-

mate because of the signal overlap. 

Model quantum chemical calculations on defects in Y~irradiated zeolites 

Localization of anunpaired electron in the H- and Al-forms of faujasites was 

also investigated by means of model quantum chemical calculations. The standard 

version of the UHF CNDO/2 method (12) with an s,p base for Si and A1 atoms was em-

ployed (13) in the calculations. The zeolites were then modelled using the following 

cluster models: i) The SigA10g(0H)^2 cluster, representing a six-member zeolitic 

window facing the large cavity (Fig. 2A)i ii) The S i ^ A l ^ O ^ O H ^ N a H " cluster, de-

picting the same wvnd»w with the Na cation coordinated in the Sj cationic position 

and the skeletal hydroxyl group formed by the 0 2 type of oxygen (Fig. 2B); iii) The 

SljAl 06(OH)1ZAT cluster, modelling the same window with an A1 cation again situated 

in the cationic position (Fig. 2C). The models were terminated by H atoms and their 

geometry characteristics were taken from X-ray data (14). 

The values of (X- and (5-spin densities calculated for the clusters studied are 

listed in Fig. 2. From these values it follows that: i) If no cations or protons 

are bonded to the zeolitic skeleton, the unpaired electron is mainly located in the 

lone pair orbital of the skeletal oxygen atom bonded to the A1 and Si atoms. The 

remaining part of the a-spin density is delocalized over the whole cluster. Only, 

a very small amount of (3-spin density is also situated on the Si and A1 atoms adja-

cent to the 0 atom bearing the major part of the unpaired electron, ii) If, in addi-

tion to the Na cation, a proton is bonded to the skeletal 0 2 atom, the a-spin densi-

ty is again located in the lone pair orbital of the skeletal 0 atoms. Simultaneously, 

however, a relatively large amount of the (3-spin density is found on the H atom for-

ming this OH group, iii) When an A1 cation is coordinated in the cationic position, 

the unpaired electron is mainly located on the A1 cation and in the lone pair orbi-

tals of the 0 3 atoms coordinating this cation. A very small amount of the (3-spin 

density is also situated on the skeletal A1 atoms. 

Catalytic activity of defects in the y-irradiated zeolites in DQ'HQ exchange 
The activity of irradiated zeolites can be ascribed to the defects formed by 

their irradiation, as original zeolites listed in Table 2 did not exhibit any Dg-Hg 

exchange activity at 298 K. While the defects formed in the HY zeolite exhibit rela-

tively low activity which completely disappears after the zeolite treatment in hydro-

gen at low pressure, the zeolites with extralattice A1 possess substantially higher 

and very stable activity. The activity of the A1 0 HZSM-5 zeolite was stable even 
5 ^ 

after exposure of the zeolite to 10 Pa of hydrogen for 1 hour. The higher and 

stable activity of ZSM-5 compared to the Y zeolites can be accounted for in terms of 



Table 2 

Rate of the D ?-H ? exchange on irradiated zeolites at 298 K 

Irradiated zeolite HY A1HY HZSM-5 A1 0 HZSM-5 
x y 

-19 
R. 10 0.2 3.9 6.1 19.8 

atom/min.g 

R a10" 1 9 
0 2.4 6.1 19.8 

atom/min.g 

a 19 
after zeolite treatment in 4.10 molecules of hydrogen at 298 K 

for 1 hour 

the structural differences together with the presence of some extralattice A1, which 

is always present in small amounts in the HZSM-5 zeolite (see above and ref. 10). 

CONCLUSIONS 

The results given indicate that y-irradiation of zeolites may produce electron 

holes located at various sites of the zeolite structure, depending on the type of zeo-

lite. With H-zeolites not containing extralattice A1, electron holes are mainly loca-

lized in lone pair orbitals of the skeletal oxygen atoms. A small amount of spin den-

sity is also situated on the adjacent A1 atom. Therefore, they correspond to the skele-

tal Si-O-Al and (-0-)^ defects. On the other hand, if the zeolite contains extralatti-

ce A1 species (either in the cationic form or supported in the zeolite cavities) then, 

in addition to the Si-O-Al and (-0-)^ defects, it exhibits an electron hole on an oxy-

gen atom neighbouring two A1 atoms (A1-0-A1). These defects seem to be formed by a ske-

letal oxygen bonded to one skeletal and one extralattice A1 atom. Moreover, a substan-

tially larger amount of spin density appears to be located on the A1 atoms compared 

to the Al-O-Si defects. Nevertheless, the presence of A1-0-A1 defects formed by two 

extralattice A1 atoms cannot be fully excluded, but their existence seems to be less 

probable as they have never been observed in pure y-irradiated aluminas. Much higher 

stability of the A1-0-A1 defects compared to the remaining observed defects in a hy-i 
drogen atmosphere is understandable, as the latter defects are capable of capturing 

hydrogen and formed OH groups. On the contrary, supposing that the A1-0-A1 defects 

consisted of a skeletal oxygen sharing one skeletal and one extralattice A1 atom, then 

the lone pair orbitals of this oxygen are saturated by the extralattice A1 and, there-

fore, it can bond an additional H atom only with difficulty. 

In this way it is also possible to explain different activities of ^-irradiated 

H- and Al-zeolites in D g - ^ exchange. All irradiated zeolites exhibit very high acti-

vity even at a low temperature at which the original zeolites are quite inactive. 

Particularly the presence of A1-0-A1 defects substantially increases and stabilizes 

the zeolite activity. The reactivity of the A1-0-A1, Al-O-Si and (-0-)' defects in the 



D^-rt^ exchange cannot be simply compared, as the latter two defects are quickly 

annihilated by the interaction with hydrogen. For Si-O-Al defects, this process seems 

to be consistent with the following scheme 

Si-O-Al + H, = Si-O-Al + H + 

t i 
H 

explaining both annihilation of the Si-O-Al defects and limited exchange. 

The delocalized (-0-)^ skeletal defects are probably eliminated in a similar way. 
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INFLUENCE OF BASICITY OF NITROGEN BASES ON THE HEAT OF THEIR 
PROTONATION ON THE SURFACE OF HNaY ZEOLITE 

YU.D. PANKRATIEY. E.A. PAUKSHTIS, V.M. TURKOV, E.N. YURCHENKO 
Institute of Catalysis, Novosibirsk 630090, USSR 

ABSTRACT 
The heats of protonation of ammonia, butylamines, triethyl-

amine, pyridine and a series of its derivatives on JiNaY zeolite 
have been measured by calorimetric method. The heat of protonation 
has been shown to depend primarily on proton affinity of the base 
and on the number and strength of hydrogen bonds between ions and 
oxygen atoms on the zeolite surface. 

INTRODUCTION 
One of the key problems of heterogeneous acid catalysis is 

elucidation of the principles that determine the capability of acid 
centers to protonate probe and reagent molecules. Accumulated numer-
ous experimental data indicate that the interaction of nitrogen 
bases with protic catalytic centers leads to the formation of ions. 
In this work the heats of protonation of ammonia and a series of 
amines that differ in their basicity (primary, secondary and ter-
tiary butylamines, triethylamine, pyridine, 2-chloropyridine, 2,3-
2,5- and 3,5-dimethylpyridines and 2,4,6-trimethylpyridine) on HNaY 
zeolite were measured by calorimetric method. The molecule of ammonia 
as the simplest one of the above molecules was used for the analysis 
of the specificity of the interaction between ions and the surface. 
The use of other bases was necessitated by the elucidation of all 
factors determining the protonation heat, 

EXPERIMENTAL 
The 2.2 wt»% Na zeolite with SiOg/AlgO2=4.8 was used. Prior to 

IR spectroscopic experiments, the zeolite was pressed into tablets p 
(8-12 mg/cm ) and calcined in vacuum at 723 K for 2 hr. Adsorbates 
were dried with the NaA zeolite and outgassed by repeated freezing 
out. Adsorption was performed at room temperature at a pressure of 
saturated vapors (10 mm Hg for ammonia) for 15-30 min. Spectra were 



taken at room temperature (at 77 K for ammonia) using a UR-20 
spectrometer immediately after adsorption, as well as after evacua-
tion at 298, 423, 523, 623 and 723 K for 1 hr. 

Prior to adsorption-calorimetric measurements, the zeolite sam-
ples were treated either in vacuum or in pure helium at 723 K for 3 h, 
The adsorption of ammonia was examined at 423 K in a volumetric sys-
tem. 

The adsorption of organic tases was studied at 373-473 K in 
a flow system containing a gas chromatograph furnished with an integ-
rator (see Pig. 1). Such simple construction provides measurements of 
the quantity of the adsórbate at the inlet and outlet of the calorim-
etric cell filled with a catalyst. The difference between these quan-
tities allows o£ the determination of the adsorption value, provided 
that no blowing out of the adsorbed substance by the carrier-gas oc-
curs. With adsorption heats of 40-80 kJ/mol the blowing out is ob-
served at low surface coverages of the catalyst by the substance un-
der study. 

Pig. 1. Plow-adsorption system: 
1 - vaporizer, 
2 - chromatographic column, 
3 - heat-conducting detector, 
4 - calorimetric cell filled with the catalyst, 
5 - Tian-Calvet-type calorimeter 

Dozing of the adsorbates was made by microsyringe. All parts 
of the system were heated up to 400-423 K to prevent vapor adsorp-



tion on its walls. Purified, helium (content of impurities was no more 
than 1 ppm) was used as carrier-gas, its flow velocity being 30 cnr/ 
min. Adsorption heat measurements were stopped with the first signs 
of blowing out of the adsorbed substance from the catalyst surface. 

RESULTS AND DISCUSSION 
1. As shown by IR data, during the adsorption of all bases _ A 

used in the work the intensity of the v0H 3640 cm absorption band 
ascribed to OH-groups localized in large cavities of the zeolite 
framework decreases. This decrease is proportional to the quantity 
of the adsorbed base. In the case of ammonia, the intensity of the 
V0H 3550 cm~^ absorption band, corresponding to OH-groups in small 
zeolite cavities, also decreases. The variations in both line inten-
sities were nearly the same. One may suppose that the difference in 
the behavior of OH-groups with respect to ammonia and organic amines 
is due to their different accessibilities. During the course of de-
sorption over the temperature range from 423 to 723 K the line in-
tensities of the adsorbed bases decrease and the line intensities 
of hydroxyl groups are reduced in a similar way. Spectra of amines 
themselves on the HNaY zeolite considerably differ from spectra of 
liquid bases and those physically adsorbed on NaY and silica, as 
well as from spectra of amines on alumina. They are similar to the 
corresponding spectra of hydrochlorides. To our opinion, these facts 
provide a sufficient evidence for the protonation of amines during 
their interaction with the HNaY zeolite surface producing BH+ ions. 

2. Adsorption heats of ammonia, pyridine and its derivatives, 
butylamines and triethylamine on HNaY zeolite at 373» 423 and 473 K 
are shown in Pigs. 2-4. For ammonia, the adsorption heat almost 
linearly falls with a coverage increase at the initial period of 
time, then reaches a minimum (25 kJ/mol) at adsorption about 
2500ju.mol/g and further remains constant. In the region of the ad-
sorption heat constancy the equilibrium pressure of ammonia over 
the sample increases almost linearly with coverage. It is reasonable 
to suppose [1] that this linear region is the part of the Henry iso-
therm of ammonia adsorption, which is characterized by an adsorption 
heat of 25 kJ/mol. Unfortunately we failed to strictly identify 
the nature of these adsorption sites. 

By subtracting the linear component from the total adsorption 
isotherm we have obtained curve 2, which seems to describe the inter-
action of ammonia with the most acidic hydroxyl groups of the zeolite 
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Pig. 2. Equilibrium pressure (1), differential values 
of heat (3), free energy (4) and entropy (5) of ammonia ad-
sorption on HNaY zeolite at 423 K versus adsorption (light 
points - adsorption, filled points - desorption) 



surface. Por the range of surface coverages from 750 to 2000 jumol 
NH^/g HNaY, within which the equilibrium pressure of ammonia in -
creases from 0.017 up to 1.6 hPa, from curve 2 we have calculated 
the dependence of the integral free energy of NH^ protonation 
( AF(a)= -RT In K (a), where K(a)=a/p(amax- a)) and the differential 
free energy (curve 4). As is seen, in contrast to the adsorption 
heat, the free energy of ammonia protonation changes slightly with 
coverage variations, i.e. nearly complete compensation effect occurs. 
The adsorption entropy (curve 5) is close to the total entropy of 
gaseous ammonia at the temperature of experiment when the surface 
coverage does not exceed 1000jumol NH^/g HNaY. This indicates a very-
rigid binding of NH^ molecules to the!zeolite surface at these cov-
erages. The molecules thus lose all translational and rotational 
degrees of freedom. 

Pig. 3 shows the adsorption heats of pyridine and its deriva-
tives on HNaY measured by successive delivery of the substances on 
the same zeolite sample. It is seen that the chemical nature and 
the number of substituents reveal a strong effect on the base adsorp-
tion heat. The adsorption heats of butylamines, triethylamine and 
pyridine measured on different zeolite samples over a wide range of 
surface coverages are presented in Pig. 4. Noticeable dependence of 
the adsorption heats on coverage is observed only for pyridine and 
triethylamine. 

3. The protonation heat of bases on the catalyst surface can 
be defined as a sum of three terms [2J: qg+ = PA® - PAa + qB , where 
PAB and PAa are affinities to proton of the base and acid residue, 
respectively; qB is the energy of BH+ binding to the surface. In 
turn, q^ can be described as a sum: q^ « qx + nq*, where qx in the 
first approximation is the electrostatic component of the bond and 
q* is the energy of the hydrogen bond formation. Por HNaY q^ was 
found to be constant for all bases. Thus, we obtain (Qjj+ - nq') = 
PAB - (PAa - qx), i.e. the protonation heat of bases on HNaY (after 
subtraction of the energy of formation of hydrogen bonds) is lin-
early dependent on their proton affinities. In order to find q', it 
is possible to use a known formula: q' » 1.3( Vjjg - Vjjh - 40)0#5, 
which relates the heat of formation of H-complexes with the shift 
of the NH-bond stretching band [3]. 

Por all studied bases, except for ammonia and butylamines, 
a single hydrogen bond is formed during the adsorption. In the case 
of ammonia and butylamines, the formation of two or even three 
hydrogen bonds seems to be possible. This supposition is supported by 
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Pig. 3. Adsorption heats of pyridine and its derivatives 
on HNaY ¿¡eolite at 473 K: (1) 2,4,6-trimethylpyridine, 
(2) 3,5-dimethylpyridine, (3) 2,3-dimethylpyridine, (4) 
2,5-dimethylpyridine, (5) pyridine, (6) 2-chloropyridine 
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Pig. 4. Adsorption heats of primary butylamine at 423 (1) and 
373 K (2); secondary (3) and tertiary (4) butylamines at 423 K, 
triethylamine at 423 K (5) and 373 K (6), pyridine (7) at 
423 K on HNaY zeolite 

the above data on entropy variations during ammonia adsorption on 
the HNaY zeolite, as well as by the analysis of IR spectra in the re-
gion of deformation vibrations. At 90-100 K in the range 1300-
2000 cm-1 the bands at 1370, 1433 and 1490 cm"1, and also at 1690 and 
1850 cm were observed. The former bands are attributed to the 
splitted components of antisymmetric deformation vibration of the 
free ion, while the latter bands correspond to the splitted com-
ponents of symmetric deformation vibration of the same ion. Accord-
ing to the calculations made by E.B. Burgina, for the ion bound to 
the zeolite surface only via one hydrogen bond one can expect 
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Fig. 5. Comparison of integral heats of protonation of 
bases on the surface of HNaY zeolite (light points) and 
theirfrom calculated values of - nq') (filled points) 
with proton affinity of adsorbed molecules (PAB): (1) am -
monia, (2) 2-chloropyridine, (3) pyridine, (4) primary butyl-
amine, (5) secondary butylamine, (6) tertiary butylamine, 
(7) 3,5-dimethylpyridine, (8). 2,3-dimethylpyridine, (9) 2,5-
dimethylpyridine, (10) 2,4,6-trimethylpyridine, (11) tri-
ethylamine 

the same number of components in the range from 1300 to 2000 cm-1. 
However, the splitting values between them seem to be much smaller. 

A comparison of measured integral heats of protonation of the 
bases on the HNaY zeolite surface and theirfrom calculated values of 
(qH+ - nq') with proton affinities PA is shown in Pig. 5. If one 
assumes that in the case of ammonia and butylamines n=2, i.e. dur-
ing the adsorption of each molecule two hydrogen bonds are formed, 
there is a good correlation between (qjj+ - nq') and PA . Low value 
of the heat of triethylamine protonation may be accounted for by 
steric hindrances during its adsorption on the zeolite [4]. 

61 



REFERENCES 
1. Garrone, E., Ghiotti, G. , Giaraello, E. , Fubini, B., J.C.S. 

Faraday Trans. 1,77, 2613 (1981). 
2. Paukshtis, E.A., Yurchenko, E.N., Usp. Khira. ¿2, 428 (1983). 
3. Iogansen, A.V., Dokl. Akad. Nauk SSSR 184 , 61CK(1965). 
4. Jacobs, P.A., Theng, B.K.G., Uytterhoeven, J.B., J. Cataly-

sis 26,197 (1972). 

62 



FLUORINE MODIFICATION OF ZEOLITE CATALYSTS 

K. A. BECKER3, K. FABIANSKA3, S. KOWALAKb 

Fritz-Haber-Institut der Max-Planck-Gesellschaft, Berlin (West), 
F.R.G. (a) 

A. Mickiewicz University, Poznan, Poland (b) 

ABSTRACT 
The introduction of fluorine into the zeolite phase can signifi-

cantly change the catalytic activity of the zeolite. The dependence of 
the catalytic activity of modified samples on the fluorine content was 
determined for acidic-type reactions. In addition, the acidic centers 
in the fluorinated zeolites were studied using mlcrocalorimetric mea-
surements of the heat of ammonia adsorption. For ZSM 5-type zeolites 
the influence of an assumed ordered center distribution on the activity 
is discussed. 
INTRODUCTION 

Fluorine is often used as a component and a modifier of catalysts 
[1]. During the last few years some fluorine modifications of zeolites 
have been described. 

Araya et al. [2] studied zeolites containing occluded salt mole-
cules, introduced to the inner zeolite structure by means of heating in 
molten salts. They found that unlike samples containing CI and N0^, 
only some of the occluded F could be removed by water elution from the 
zeolite phase. The authors suggested that two different fluoride spe-
cies had been incorporated into the lattice. 

Sariev and coworkers [3-5] reported on their modifications of 
zeolite catalysts with diluted HF aqueous solutions. Normally the ca-
talytic activity of the samples was increased after a mild fluorination. 
However, introduction of larger amounts of fluorine caused a decrease 
in catalytic activity and usually in crystallinity. The authors con-
sidered the possibility of bonding fluorine to the framework Al atoms 
or to the cations present in the zeolite. 

Lok et al. [6, 7] used diluted gaseous fluorine at nearly room 
temperature for zeolite fluorination. They found that the properties of 
the fluorine-modified zeolites can be controlled by the fluorination 



conditions and the post-treatment conditions. Under severe treatment 
conditions zeolites usually showed high dealumination, hydrophobicity 
of the surface, reduction in catalytic activity and changes in crystal-
line structure. Under mild conditions catalytic activity for n-butane 
cracking was significantly enhanced. 

We also found in our earlier investigations a significant influ-
ence of fluorine presence on the catalytic activity of zeolites [8-12]. 
The samples of A1Y zeolites fluorinated using NH^F solution without 
prior calcination showed a considerable increase in catalytic activity 
for cumene cracking. A sample preheated before fluorination showed low 
activity and poor crystallinity. We believe that fluorine reacts mainly 
with Al-bearing cations yielding the catalytically active products 
still present in the inner zeolite structure [8, 9]. 

According to our experiments [10] fluorination of HY zeolite usual-
ly brought about a reduction of both crystallinity and catalytic acti-
vity. HY zeolites modified with A1 cations before fluorination, how-
ever, showed a good crystallinity and high activity for cumene crack-
ing [11]. 

Fluorination of H-mordenite by means of NH^F aqueous solution or 
by treatment with gaseous CHF^ resulted in a significant increase of 
activity for cumene cracking. The maximum increase of activity was ob-
served for the sample containing about 0.4 wt. % of fluorine. A further 
increase of the fluorine content caused a decline of activity. Calori-
metric measurements of the heat of ammonia adsorption showed a genera-
tion of new stronger acidic centers. We believe that during the fluori-
nation some of the acidic OH groups were substituted with fluorine. The 
number of the hydroxy1 groups was reduced, but the strength of the re-
maining ones was enhanced due to the inductive effect of fluorine [12]. 

The aim of the following study is to determine the influence of 
fluorination on the catalytic properties of ZSM 5-type zeolites. The 
samples were prepared by BASF according to its patent [13]. 

The patent authors have found that polyamines as templating agents 
can produce ZSM-type zeolites of well-ordered A1 atom distribution. 
Such a structure can be obtained if the Si02/Al203 ratio has a speci-
fied value dependent on the templating amine used. In these so-called 
"isotactic" forms the distances between the A1 atoms should be similar 
to those of the NH2 groups in the amine molecules. We have some evidence 
that this well-ordered A1 distribution stimulates a "geometric" select-
ivity in catalytic reactions of appropriate molecules. Therefore, it 
seemed interesting to check the influence of fluorination on this kind 
of selectivity. 



EXPERIMENTAL 
Samples of ZSM-5 zeolites, supplied by BASF and labeled as ZBM 

10/4 and ZBM 12/1, were taken as starting materials. 1,6-diaminohexane 
and 1,3-diaminopropane, respectively, were used as templates during the 
preparation. The respective silica to alumina rations of the initial 
samples were 32.2 and 25.3. These values correspond to those of an iso-
tactic structure. 

The samples were calcined at 500° С to remove the remainders of 
the template. Samples labeled ZBM 10/4F1, -F2, -F3, and ZBM 12/1F1, 
-F2, -F3, were modified with fluorine by means of NH^F aqueous solu-
tions. In the case of sample 10/4FG gaseous CHF3 was used for fluorina-
tion [10, 12, 13]. The conditions of the fluorination procedure and 
the properties of the samples under study are summarized in Table 1. 

Table 1 
~ I I 77~~. , „ ,. ,. F-Content Si0o/Alo0, Sample Conditions of Modification 2 2 3 

Weight % Ratio 
10/4 • 0 32. 2 
10/4F1 8g zeolite, 160ml 0.025M NH^F-

solution for 20h at room tem-
perature, 12h at 100 C, 12h 
at 450 C in air stream 

0. 18 34. 5 

10/4F2 8g zeolite, 5x160ml 0.1M NH^F-
solution for 5x12h at room tem-
perature, 12h at 100 C, 12h 
450 C in air stream 

0. 23 36. 4 

10/4F3 8g zeolite, 160ml 0.1M NH^F-
solution for 20h at room tem-
perature, 12h at 100 C, 12h at 
450 C in air stream 

0. 25 36. 5 

10/4FG 8g zeolite, calcined in He-
stream at 450 C, treated with 
500ml CHF, (diluted with He) 
at 260 C for 6h 

0. 30 

12/1 0 25. 3 
12/1F1 as for 10/4F1 0. 18 35. 7 
12/1F2 as for 10/4F2 0. 53 33. 8 
12/1F3 as for 10/4F3 0. 47 36. 7 

The crystallinity of the samples was examined by X-ray diffraction 
The calorimetric measurements of the heat of ammonia adsorption for 
selected samples were carried out with a Calvet microcalorimeter using 
a volumetric method for the estimation of the amount of adsorbed am-
monia. Results are shown in Figure 1. 
I The catalytic properties of the modified samples were examined for 
t hexadiene isomerization and cumene cracking. Both test reactions were 



cerning the strongest sites) 

carried out using pulse microreactors. 20 mg of the catalyst (particles 
of 0.125-0.25 mm in diameter) were activated in a helium stream (300 
ml/min) for 7 h at 4 50°C before the reaction. 1 yl pulses of hexadiene 
isomers (1,3; 1,5 and c1,4) were injected at the reaction temperature 
of 150°C. For the cumene cracking, 10 mg of powder samples were heated 
at 450°C for 1 h prior to reaction in a helium stream (80 ml/min). 
Reaction tests were carried out at 350°C. 10 pulses of 1 yl were in-
jected and in addition pulses at 200° and 250°C were applied. The re-
sults are presented in the Figures 2 and 3. 

Fig. 2. Correlation between cumene cracking and fluorine content of 
catalyst 



content of oatalyst 

RESULTS AND DISCUSSION 
According to the X-ray diffraction data the fluorine introduced 

to the ZSM-type zeolite does not affect significantly the crystalline 
structure. The intensities of the diffraction peaks for the fluorinated 
samples are similar to those of the initial ones. 

The procedure applied for fluorination of ZBM zeolites was very 
similar to that of H-mordenite [12]. The amounts of fluorine intro-
duced, however, are much smaller. The maximum of fluorine content for 
the 12/1 zeolite was about 0.5 %, whereas in the case of 10/4 it was 
only 0.25 % (using NH^F solution for fluorination). The Si/Al ratio of 
10/4 is higher than that of 12/1, but in the case of 12/1 this ratio 
increases during the fluorination process probably due to dealumina-
tion. The comparison of the maximum amounts of fluorine for both ZBM 
zeolites and H-mordenite leads us to the conclusion that a correlation 
exists between the Si/Al ration (which corresponds to the number of OH 
groups in the applied H-forms) and the capability for fluorine incor-
poration. The higher the framework Al content, the larger the amount 
of fluor ine that can be introduced to the zeolite. 

Such a correlation supports our supposition concerning fluorine-
modified H-mordenite and suggests that the fluorine is introduced to 
the zeolite mostly by the substitution of OH groups. In the case of 
ZSM-type zeolites a similar method of fluorine incorporation is very 
likely. However, dealumination observed for the 12/1 series probably 
involves different sites of the zeolites framework for fluorination. 

It may be worthwhile to mention that for fluorination with CHF-. 
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even a temperature as low as 260° C is sufficient to introduce fluo-
rine, although Mc Vicker [14] suggested that the cleavage of a C-F 
bond is only possible at temperatures higher than 400°C. 

The increase of activity is very pronounced in the case of cumene 
cracking, where strong Brtfnsted acid sites are involved. The activity 
of unfluorinated ZBM 12/1 is more than twice as high as that of ZBM 
10/4. This difference can result from the higher content of acidic 0H-
groups in the first sample. Introduction of only 0.18 wt % of fluorine 
results for both zeolites in a strong increase of cumene conversion, 
observed even at low temperatures. The further incorporation of fluo-
rine does not considerably change the activity of modfied samples. In 
the case of ZBM 10/4, however, a very sharp decrease of cumene conver-
sion is seen above 0.25 Wt % of fluorine content whereas the sample 
12/1 is still active above 0.5 % of fluorine. Some decrease in activi-
ty can be seen only at lower reaction temperatures. In our latest ex-
periments, however, we prepared additionally a fluorine modified 
sample, containing more than 1 % of fluorine (a sample of ZBM 12/1F3 
was fluorinated again with NH^F). The decrease of activity for cumene 
cracking was very drastic, similar to the case of the 10/4 series (6 % 
conversion at 300°C, traces at 200°C, and O % at 150°C). Very similar 
catalytic behavior was observed in our investigation of fluorine-modi-
fied H-mordenite [12]. 

It is interesting to compare the catalytic activity of ZBM 10/4 
and ZBM 12/1 for the reaction of 1,3-, 1., 4- and 1 ,5-hexadiene and cu-
mene with regard to the postulated differing distribution of the aci-
dic centers in these zeolites. The comparison relates to the unfluo-
rined forms and samples with the same fluorine content. 

According to the concept of Marosi [13], under "isotactic" syn-
thesis conditions such structures will be formed in which a favored 
arrangement of AlO^ tetrahedra is stimulated by the NH^.-.NH^ dis-
tances of the applied diamines. The corresponding acidic centers with-
in the channel structure should show similar distances. 

Concerning the isotactic 10/4 and 12/1 zeolites, the distances 
between the active centers of ZBM 10/4 are comparable to the distance 
of double bonds in 1,5-hexadiene, whereas for 12/1 a better fitting 
exists with 1,3-hexadiene. The distance between the double bonds in 
1,4-hexadiene is similar to neither the center-to-center distances in 
the 10/4 nor in the 12/1 structure. 

From Figure 4, in which the hydrocarbon conversion for one and the 
same reaction on both types of catalysts is compared, it is eyident 
that for the non-fluorinated samples the ZBM 12/1 prefers the 1,3-con-
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Fig. 4. Comparison of activity of fluorinated and unfluorinated ZSM 5-
type catalysts for hydrocarbon reactions 

version, whereas the ZBM 10/4 favors 1,5-conversion. Isomerization of 
1,4-hexadiene proceeds for both catalysts with about the same yield. 
Since cracking of cumene involves only one acidic center a higher con-
version is achieved with ZBM 12/1 because this type has a higher con-
centration of acidic centers due to its smaller SiO^A^O^ ratio. In 
the case of cumene cracking the distances between centers are incon-
sequential. 

The 10/4 and 12/1 types behave differently upon fluorination. 
Whereas ZBM 10/4 shows the expected increase in activity induced by 
fluorine, a slight decrease in activity occurs with 12/1. Chemical 
analysis of 12/1 and 12/1F1 (see Table 1), however, shows that in this 
case the fluorination is associated with dealumination. This probably 
causes an additional disturbance in the sequence of centers which 
could explain the observed reduction in the catalytic activity for 
12/1. Since cumene cracking is independent of the ordering of the cen-
ters, the influence of the increase in acidity due to the fluorine pre-
sence dominates so that here an increase in activity results for both 
ZBM 10/4F1 and ZBM 12/1F1. 

The increase in the catalytic activity of the fluorinated zeolites 
is more pronounced for cumene cracking th^n for hexadiene isomeriza-
tion. The acidity spectrum presented in Figure 1 shows a generation of 
new, much stronger acidic centers after the fluorination. These newly 
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created centers are involved in catalyzing the cumene cracking, which 
requires strong acidic sites, and for this reason the fluorination 
effect on the catalytic activity for the cumene reaction is markedly 
stronger than that for isomerization. 

The explanation of the nature of fluorine-bearing species intro-
duced to the inner zeolite structure needs more extended investigation, 
including NMR-measurements. 
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MODIFICATION OF ZSM5 TYPE ZEOLITES WITH H-PO 
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ABSTRACT 
The effects of H3PO4 upon the acidic and catalytic properties of ZSM5 

zeolites were investigated. Pyridine and ammonia were found to adsorb on the 
same sites indicating no sterical constraints for the former. Two desorption 
states were observed, denoted as Ot and y . Comparison of t.p.d. and i.r. 
spectra suggests that the first desorption rate maximum is due to pyridine 
(ammonia) desorbing from very weakly acidic sites, the second (% ) is due to 
molecules desorbing from Bronsted acid sites. The strength of the latter sites 
decreased with increasing H^PO^ loading. Strong Bronsted acid sites have been 
found to be indispensable for hydrocarbon formation from methanol. Zeolites 
with 5 and 8 w % H^PO^ did not catalyze hydrocarbon formation at a considerable 
rate. Because the energy of activation for n-hexane cracking increased strongly 
with H^PO^ loading, we concluded that the sites decreased in strength and we 
could exclude diffusional constraints as cause for reduced activity with in-
creasing P-content. 

INTRODUCTION 
According to Sanderson's concept of electronegativity (1), oxides of 

higher intermediate electronegativity should exhibit sites of higher acid 
strength. Therefore one expects to find also with zeolites higher acid strength 
with increasing silicon-to-aluminum ratio. Indeed , Kazanskii et al. (2), 
calculating relative values for the deprotonation energies of bridging hydro-
xyls in models beeing representative for samples of Si/Al ratios from 1 to 4, 
found deprotonation energy to decrease with increasing Si/Al ratio, which 
accords with the results of Jacobs and Mortier (3). These theoretical calcula-
tions and the experiments reported by Jacobs et al. (4) are discussed by 
Mortier et al. (5). Lercher and Noller (6) have shown for silica-alumina-
magnesia mixed oxides that, after acetone was adsorbed, the wavenumber of (non 
Bronsted) terminal hydroxyl groups was displaced the more the higher the inter-
mediate electronegativity of the investigated mixed oxide was. This increase 
indicates increasing acid strength, i.e. increasing electron pair acceptor 
(EPA) strength , in the same order (7). 
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Therefore one would expect that surface treatment of a zeolite with com-
pounds of high electronegativity like H^PO^ would increase the acid strength. 
In contrast, the catalytic experiments reported with phosphorous modified 
zeolites suggested a decrease in acid strength rather than the reverse (8,9). 
Derouane et al. also reported (10) that incorporation of boron into tetrahedral 
sites (substituting Al^+) decreased the acid strength of the resulting zeolite. 

In order to study these effects in some greater detail we have prepared a 
series of ZSM5 zeolite catalysts loaded with increasing amounts of H^PO^. The 
acidic properties of these materials were studied by means of pyridine adsorp-
tion and desorption (i.r transmission-absorption spectroscopy and temperature 
programmed desorption) as well as by reactions with methanol and n-hexane and 
are compared with those of pure ZSM5 and pure AlP0^-5 molecular sieve (11). 

EXPERIMENTAL 
Catalysts and reagents. ZSM5 zeolite (Silicalite, 98.76 w% Si, 1.13 w% Al, 

0.11 w% Na) was obtained from Union Carbide, Linde Division, New York (LOT # 
8496-68). To impregnate the zeolites, 10 g were suspended in 100 ml distilled 
water and the desired amount of H^PO^ was added. This suspension was refluxed 
for 2 hours and then the water was evaporated under reduced pressure. The 
remainder was •. dried at 373 K and tempered at 773 K for 1 hour in air. The 
resulting catalysts contained 1, 2, 5 and 8 % bY weight, denoted as 
ZSM5P1, ZSM5P2, ZSM5P5 and ZSM5P8, respectively in the following. A1P0A~5 
(A1P0) was prepared according to (11). The BET surface areas were 365, 304, 
287, 295, 230 and 290 m2.g_1 for ZSM5, ZSM5P1, ZSM5P2, ZSM5P5, ZSM5P8 and A1P0, 
respectively. The crystallinity of all materials was checked by X-ray diffrac-
tion analysis and no other lines than those characteristic of ZSM5 or A1P0 
were observed. 

Pyridine, methanol and n-hexane have been obtained from Merck (uvasol 
grade). All gases used, had at least 99.995 vol% purity. 

Infrared measurements. The oxides were investigated by means of the trans-
mission - absorption technique. The i.r. cell was constructed to permit all 
sample handlings to be done under vacuum and was described previously. For 
investigation, the zeolites were pressed into thin self supporting wafers 

8 8 —2 1 (p=10 -3.10 Nm ). The spectra were recorded from 4000 - 1000 cm using a 
Perkin Elmer 325 type i.r. spectrophotometer with 3 cm-* resolution at 
3600 cm"1. 

Temperature programmed desorption (t.p.d.) measurements. T.p.d. was carried 
out in vacuum (below 10 Pa) using a temperature increment of 10 K.min-1 in 
the range between 300 K and 1000 K. The reactor was a quartz glass tube con-
nected with a vacuum pump and a Balzers 311 quadrupole mass spectrometer for 
detection of the desorbed species. The mass spectrometer was controlled by a 
Digital MINC computer. For further details see reference (12). The sample (50 



mg) was calcined in the t.p.d. reactor at 873 K for one hour, cooled to ambient 
temperature and contacted with the adsorbent (1.8 kPa pyridine, 2.5 kPa ammo-
nia). Then the sample was evacuated at ambient temperature for 30 to 60 minutes 
and the t.p.d. started subsequently. 

Catalytic measurements. Measurements were carried out in continuous flow 
-3 -1 

mode with methanol at a feed rate of 5.6.10 mol.h and a partial pressure of 
15.4 kPa and with n-hexane at a feed rate of 7.10 mol.h and a partial pres-
sure of 15.9 kPa. The total pressure was 1 bar and 0.1 g catalyst were used. 
The products were kept at 400 K and injected into the G.C. column (Chroraosorb 
102) via a six-port-valve. A Hewlett Packard 5840A gaschromatograph with FID 
was used. For n-hexane cracking the differential method of data analysis was 
employed. 

Fig. 1. Pyridine on ZSM5 Fig.2. Pyridine on ZSM5P5 
(1) 0.001 Pa, 298K, lh, (2) 0.001 Pa, (1) 0.001 Pa, 573K, lh, (2) 0.001 Pa, 
573K, lh, (3) 0.001 Pa, 773K, lh 573K, lh, (3) 0.001 Pa, 773K, lh 

RESULTS 
I.r. adsórbate spectra of pyridine. The wavenumbers of the 8 a,b and 19 a,b 

vibrations of pyridine adsorbed on the zeolites are compiled in table 1. Adsór-
bate spectra with pure ZSM5 and ZSM5P5 can be seen in figure 1 and 2. After 
admission of 1860 Pa pyridine into the i.r. cell at ambient temperature all 
adsórbate spectra exhibited intense 19 b bands around 1438 cm-* indicating weak 
interaction between the surface and the pyridine molecules. Furthermore, it is 
interesting to note that the relative intensity of the 1540 cm-* band (due to 
protonized pyridine molecules) is rather low under these conditions. When the 

_2 
i.r. cell was evacuated (10 Pa) it increased in intensity, while the 19 b 
band (1438 cm *) decreased strongly. This could be observed with all zeolites 
investigated. Two 19 b bands (1450 and 1445 cm-*) were found with pure ZSM5 but 



only one (near 1448 cm with H^PO^ treated molecular sieves. The relative 
intensity of this band decreased with increasing H-jPO^ loading. AlPO^-5 exhi-
bited, however, a rather strong band at this wavenumber. The band at 1540 cm * 
(not observed with AlP0^-5) had a markedly lower stability with ZSM5P5 and 
ZSM5P8 than with the other zeolites (see figure 1 and 2). The wavenumber itself 
showed no significant variation. 

TABLE 1 
Wavenumbers (cm *)of 8a,b and 19a,b bands of pyridine adsorbed on ZSM5 samples 

298K, 1.6kPa 298K, ev. 473K, ev. 673K, ev. 

ZSM5 1640,1595,1585 1640, 1595 1640,1595 1640,1545 
1545,1490,1482 1545, 1490 1545,1490 1490,1450 
1443,1438 1443 1450,1443 1445 

ZSM5P1 1640,1602,1598 1640, 1595 1640 1640 
1585, 1545 1545 1545 1545 
1490,1485,1438 1490, 1448 1490,1448 1490,1448 

ZSM5P2 1640,1602,1598 1640, 1600 1640 1640 
1588,1582,1545 1545, 1545 1545 
1490,1485,1438 1490, 1448 1492,1448 1492,1448 

ZSM5P5 1640,1602,1598 1640 1640 1640 
1585,1545 1545 1545,1490 1490 
1490,1482,1438 1490, 1448 1448 1448 

ZSM5P8 1640,1602,1598 1640 1640 1640 
1585,1545 1545, 1490 1545,1490 1490 
1490,1482,1438 1448 

A1P0 1609,1577 1610, 1577 1620 1620 
1492,1480 1491 1490 1490 
1447,1438 1448 1449 1449 

T.p.d. of pyridine. Pyridine desorbed in two steps causing one desorption 
rate maximum at 373 K and another between 758 K and 778 K. These adsorption 
states are denoted as oc and y peak in the following in accordance with 
(13,14). The maxima are compiled in table 2, the plots can be seen in figure 3. 
While the a peak showed no effect of H^PO^ treatment, the ^ peak shifted gra-
dually to lower temperatures with increasing H^PO^ loading. The lower maximum 
of the rate of desorption indicates a decrease of the energy of activation of 
desorption. 

T.p.d. of ammonia. The temperatures of the maxima of desorption rate are 
collected in table 2, the temperature dependence of the desorption rate is 



plotted in figure 4. The types of adsorption states are identical with those 
found for pyridine, the maxima, however, were found at somewhat lower tempera-
tures and the intensity of the CX peak was significantly lower than with 
pyridine. With increasing H^PO^ loading the maximum of the ^ peak was found at 
lower temperatures, present only as a weak shoulder with ZSM5P5 and ZSM5P8. No 
^ peak was detected with A1P0.-5. 

Fig.3. T.p.d. of pyridine Fig.4. T.p.d. of ammonia 
(1) ZSM5, (2) ZSM5P1, (3) ZSM5P2, (4) ZSM5P5, (5) ZSM5P8, (6) A1P0 

TABLE 2 
Maxima of desorption rates of pyridine and NH^ (K) 

ZSM5 ZSM5P1 ZSM5P2 ZSM5P5 ZSM5P8 A1P0 

Pyridine 383,778 381,778 370,758 367 360 373 
Ammonia 383,598 379,580 378,547 383 383 378 

Reactions with methanol. Figures 5-7 summarize the main product selec-
tivities and activities of reactions of methanol over ZSM5, ZSM5P1 and ZSM5P5. 
Under the reaction conditions ( 15.4 kPa methanol) used, a high preference to 
olefins is expected and was observed. The conversion to hydrocarbons reached 
89.5, 93.6, 4.6 and 0.4 mol % over ZSM5, ZSM5 1, ZSM5P5 and AlP04-5, respecti-
vely. For the latter two zeolites even at temperatures higher than 673 K no 
significant amounts of hydrocarbons were found, i.e. methanol was completely 
converted into dimethylether. 

In order to establish the nature of active sites the catalyst was partial-



ly poisoned with pyridine. For one set of experiments, pyridine was adsorbed 
and the temperature was ramped to 673 K with an increment of 10 K per minute. 
This catalyst converted methanol only to dimethylether. If, however, the tempe-
rature was ramped to 873 K the original activity and selectivity of the zeolite 
was restored. 

Fig.5. Methanol over ZSM5 Fig.6. Methanol over ZSM5P1 

Cracking of n-hexane. For further characterization of the acidic proper-
ties, cracking of n-hexane was performed in a differentially operated conti-
nuous flow reactor. The turnover frequencies (TOF) at 673 K (number of mole-
cules n-hexane cracked per second and unit area of the zeolite), the apparent 
energy of activation and the product distribution are compiled in table 5. The 
TOF decreases from 1.1 . 1015 over ZSM5 to 1.9 . 1013 over ZSM5P5. Furthermore 
the molar ratio of ethane and ethene reverses from ZSM5P2 to ZSM5P5 indicating 
a change in mechanism. 

TABLE 3 
Cracking of n-hexane at 673 K 

TOF E (kJ/mol) Product distribution 

.1.1015 
CI C2 C3 C4 C5 

ZSM5 1. .1.1015 78.9 0.79 21. ,75 48.46 24, .25 4.75 
ZSM5P1 8, .3.1014 110.4 0.75 23. .36 42.68 27. .99 5.22 
ZSM5P2 4. .5.101A 120.1 0.74 27. .00 51.16 13. ,40 7.70 
ZSM5P5 1, .9.1013 170.9 1.54 26. .15 33.85 10. ,77 27.69 



DISCUSSION 
Adsorption of pyridine reveals two kinds of acid sites with H^PO^ modi-

fied zeolites, Lewis acid sites and Bronsted acid sites. It was outlined in the 
introduction that using Sanderson's electronegativity model one expects to find 
an increase in acid strength upon modification with highly electronegative 
compounds. The results, however, suggest that the reverse happens. 

Fig.7. Methanol over ZSM5P5 

The strength (the apparent acceptor strength (15)) of the Lewis acid sites 
was somewhat diminished after the first amounts of H^PO^ were deposited on the 
zeolite. Only one wavenumber of the 19 b vibration (1448 cm *) was found, 
instead of two with pure ZSM5 (1450, 1445 cm *). This indicates a slight 
decrease of the EPA strength (16) and it may be explained by the better shiel-
ding of the phosphorous atom with oxygen compared to Al^+. Once this is a-
chieved (by impregnation with 1 w % H^PO^) the wavenumber did not change any 
further, indicating a similar EPA strength independent of loading. The number 
of these sites, judged from the relative intensity of the band at 1448 cm-*, 
decreased with loading. 

The relative intensities of the band near 1540 cm * (due to protonized 
pyridine molecules) slightly increased with P-content. Hence the density of 
Bronsted acid sites seems to increase H^PO^ is deposited. The thermal stability 
of the pyridinium ions decreased, however, with increasing loading. This sug-
gests decreasing acid strength. 

If these i.r. adsórbate spectra are compared with the rate ofvdesorption 
during t.p.d., it is possible to correlate the i.r. adsórbate structures with 
the adsorption states (for details see (14)). The a state is caused by pyridine 
desorbing from very weakly acidic sites. Adsorption sites for these molecules 



certainly include OH groups. For pure ZSM5, a comparison of the i.r. spectra 
after evacuation at 673 K and 873 K (the temperature intervail of the 
y t.p.d. peak) reveals that the intensity of the pyridinium band (1540 cm 
changes significantly, suggesting that these pyridine molecules desorb from 
Bronsted acid sites. The absence of a desorption peak around 773 K with zeo-
lites having higher H^PO^ loading accords nicely with the lower thermal stabi-
lity of the pyridinium ion as found by i.r. adsórbate spectra. 

Because Topsoe et al. (13) had reported similar adsorption states using 
ammonia as a probe molecule, but rejected pyridine as not suitable, we also 
performed ammonia desorption experiments. We found that the estimated amount of 
NH^ desorbing from the 0C state is smaller than that of pyridine and that all 
desorption rate maxima are shifted to lower temperatures with respect to pyri-
dine. This indicates an overall weaker interaction of ammonia. It also suggests 
that pyridine is able to adsorb on all sites within the catalyst pore system. 

In order to check this, we performed partial poisoning experiments (for 
details see (14)) by reactivating ZSM5 zeolite (after pyridine adsorption) at 
673 K and 873 K, respectively. Over both catalysts methanol was converted. The 
temperatures were chosen so that in the first experiment pyridine was still 
adsorbed on Bronsted acid sites, while these sites were accessible in the 
second. Since hydrocarbons were only found after the latter pretreatment, the 
experiment shows the necessity of Bronsted acid sites for that reaction and 
furthermore that pyridine is capable to adsorb on all acidic sites in the 
channel structure. 

H 

AI Si • H , P ( X / V l \ 
Fig.8. Model of the interaction of H^PO^ with Bronsted acid sites 

Therefore the selectivities and reactivities found with H„P0, treated ZSM5 3 4 
zeolites suggest that the strength of all acid sites was diminished and that 
the weaker Bronsted acid sites fc>und with ZSM5P5 and ZSM5P8 are hardly able to 
form hydrocarbons from methanol. The decrease in acid strength had (like par-
tial poisoning with pyridine) virtually no influence upon the formation of 
dimethylether (DME). It indicates that only weak acid sites are needed for DME 
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formation, but strong for hydrocarbon formation from methanol. 
It was reported (17-19) that the modification with H^PO^ leads to the 

modification of the outer and inner surface of the ZSM5 zeolite and that 
narrowing of the pore mouth and the pores will take place and will cause 
diffusional constraints. However, the results of cracking of n-hexane show a 
sharp increase in apparent activation energy with increasing H^PO^ loading, 
which is interpreted as decrease in acid strength and is incompatible with 
diffusional constraints for n-hexane. In addition, the relative small decrease 
in BET surface area suggests only small changes of the accessible pore volume 
of the catalyst. Therefore we are confident that H^PO^ entered the catalyst 
pores. 

Since strong Bronsted acid sites could be replaced by rather weak Bronsted 
acid sites, the place of anchoring the phosphate ions in the zeolite framework 
should be given by cations. In another paper, we suggested (in accordance 
with (20)) that the channel intersections are the most probable locations for 
these cations (14). 

Speculating, how the phosphate might be anchored (see figure 8) we recog-
nize that the bridging OH group of the zeolite is replaced by two "terminal" 
hydroxyl groups. Mortier et al.(5) showed that the former type has significant-
ly higher acid strength. Therefore the model proposed, accounts for the de-
crease in acid strength caused by H^PO^ loading. 

The effects of H^PO^ upon ZSM5 zeolites show again that general rela-
tionships, such as Sanderson's electronegativities, have to be used with great 
care to predict properties of materials. These relationships are very useful to 
predict the relative strength of a particular group, if neither the type of 
bonding (as demonstrated here) nor, for the same type of bonding, (shown by 
Derouane et al. (10)) the bonding geometry has been altered. Both limitations 
must be handled strictly and are seldom fullfilled, when changing from one 
class of chemical compounds to another. 
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C A T A L Y T I C A N D P H Y S I C O C H E M I C A L P R O P E R T I E S OF A C I D - L E A C H E D OFFRET ITES 
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A B S T R A C T 

Two series of acid-leached offretites have been prepared by treating synthetic HK 

and N a K offretites with dilute HC1 solution. The solids were characterized by elemental 

analysis, X-ray diffraction and surface area measurements. Their catalytic activity has 

been evaluated in the cracking of cyclohexane and the hydration of butenes. Acid treatment 

induces a simultaneous dealumination and decationization of the parent zeolites and structu-

ral modifications. The lattice of HK offretite is progressively destroyed by the acid whereas 

acid-leached NaK offretites contain mesopores and crystalline zones enriched in silica. 

For both zeolites the acid strength is enhanced by dealumination. The main conclusion of 

the study is that acid leached offretites exhibit a catalytic behaviour very similar to that 

of ZSM-5. 

I N T R O D U C T I O N 

Offretite is a hexagonal zeolite whose structure consists in parallel arrangements 

of cancrinite cages (cage e ) linked by hexagonal prisms (double six rings) in the c-direction. 

These ensembles delimit a system of 12-membered oxygen ring channels (free diameter 0 
6.4 A) along the c-axis intercommunicating through gmelinite cages (opennings 3.6 x 5.2 0 
A) in the a-direction [1]. 

The porous network of offretite, available for sorbents, is virtually one-dimensional, 0 
with free apertures intermediate between those of the pentasil zeolites such as Z SM-5 (5.8 A) D 
and of the mordenites (6.7 A), two zeolites types of great commercial importance in the 

field of catalysis. 

In a large majority of cases, the lower the aluminium and residual cation content 

are of the zeolites, the higher their catalytic activity. With ZSM-5 and mordenite high 

degrees of decationization ( > 9 5 % ) are readily achieved by standard low temperature ion-ex-

change. This is not the case for offretite. Each unit cell contains a non-exchangeable cation 

located in a cagee [2, 3]. This cation cannot be substituted by sodium in the synthesis [4, 5] 

and its extraction at high temperature causes severe disruption of the framework. 

On the other hand Si/Al ratios in synthetic offretites rarely exced values of 4. Steam 

and acid treatments must therefore be performed very cautiously in order to avoid crystal 

collapse. 

Although the littérature dealing with the catalytic properties of offretites is very 

scarce, recent reports point out the potential of this zeolite for the dewaxing of gas-oils [6] 



1 

the cracking of naphtenes [7] and the hydration of olefins [8, 9]. In the above studies, data 

refer to offretites prepared by standard ion-exchange. 

The objective of our study has been to investigate the properties of offretites activa-

ted with mineral acids. 

In this paper we report our initial results obtained on a series of solids prepared by 

treating NaK and HK forms of synthetic offretites with dilute solutions of HC I . Some physi-

cal properties of the modified offretit es are described and their catalytic properties for 

the cracking of cyclohexane and the hydration of n-butenes are presented and compared 

to that of other zeolites. j; 

v 
E X P E R I M E N T A L L~ 

Materials. Two samples of synthetic offretite were obtained from Grace Davison : 

- a NaK form, of oxide composition : [0.79 K , 0.26 Na ] 2 0 , A 1 2 0 3 , 6.54 SiC>2, 3.28 H 2 0 . 

Its surface area (180 m2.g \ Table 1) and cation/aluminium ratio, greater than one, suggested 

that this sample contained some extra-lattice material. 

- a UK form, oxide composition [0.23 K , 0.02 Na, 0.75 H ] 2 0 , A ^ O j , 6.78 S i 0 2 , 3.9 H 20,. 

2.5 w t % residual potassium, 0.1 w t % sodium. Its surface area was 531 Its constraint? 
-1 ! 

index at 450°C, L H S V - 1 . 9 h was constant with time on stream and equal to 3.2. Forj j 
both samples, zeolite crystals had a prismatic shape with 1 to 1.5 jim length and 0.3 t0| 

0.6 p.m width. 

Procedures. Acid leaching was achieved by dispersing first one gram of zeolite in 

250 ml of deionised water. The HC I solution (50 ml) chosen so that the amount of acid 

(expressed in meq) per gram of zeolite ranged from 0.1 to 20, was then added dropwise. 

After five hours at room temperature the equilibrium pH of the suspension was recorded. 

The solid was recovered by filtration, washed, oven dried and finally calcined in flowing 

air for 5 h. 

The zeolites used in the comparative catalytic studies were a mordenite from thf. 

Société Chimique de la Grande Paroisse, a H -ZSM -5 from the Institut Français du Pétroli; 

and a Y-zeolite from Linde. Their characteristics are given in refs 7 and 9. 

Characterization studies. The chemical compositions of the samples were determined 

by atomic absorption after dissolution. Some samples were also analyzed by X - ray fluorescen-

ce. X-ray powder diffraction studies were carried out with a C G R theta 60 instrument 

using C u K a radiation. The crystallinity of the solids was determined as described previously 

[10, 11] by comparing the sum of the intensities of selected diffraction peaks to that ot' 

the area under the background. Nitrogen BET surface areas were measured in a static volume-

tric device equiped with an integral Barocel pressure transducer. i 

Catalytic tests. The conversion of cyclohexane was conducted at 450°C in. a flow 

apparatus at atmospheric pressure using 100 mg of catalyst. This reaction was chosen 3s o 
a test for two reasons. Firstly, the critical dimension of the cyclohexane molecule (âc6 A ) 

is very close to that of the offretite pores. The reaction will therefore be very sensiti'^t' 

to* the alterations, of the zeolite porosity. Actually, offretites with stacking faults leeri 
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o inactive catalysts [7]. Secondly, the selectivity towards cracking or isomerization is 

:losely related to the acidity of the zeolite [7]. 

Hydration of n-butenes was studied at 250°C and 65 atm of pressure with a water 

o olefin ratio of 4.5 in a batch reactor. It was previously shown [9] that the hydration 

ictivity of zeolites is a direct function of the acid strength of the protons attached to 

heir framework, regardless of their structure. 

RESULTS A N D DISCUSSION 

The chemical compositions of the acid leached H K and NaK offretites, expressed 

is their unit cell contents, are given in Tables 1 and 2 respectively. Treatment of both 

:eolites with dilute HC1 resulted in a parallel dealumination and decationization of the 

>arent material. The mechanism of aluminium extraction by strong mineral acids generally 

opposes [12] a two step process of hydrogen ion exchange followed by the replacement 

if an A l O ^ tetrahedron by four O H groups. The fact that with HK offretite the two proces-

e s occur simultaneously (Table 1) can be attributed to the difficulty of removal of the 

»otassium cations trapped in the cancrinite cages. By increasing the severity of the acid 

Table 1 

Unit cell content, X R D crystallinity and surface area of the samples obtained 

by acid treatment of K H offretites 

Sample 
Equil ibrium 

P H 
. . . . ., . . % crystallinity 
Unit cell content X R D 

Surface acjea 
m 2.g 

starting material K 0 . 9 4 N a 0 . 0 8 H 3 . 0 7 [ A l 4 . 1 S i 1 3 . 9 ° 3 6 ] 8 H 2 ° 
100 531 

1 2.2 K 0 . 6 5 N a 0 . 0 3 H 3 . 2 0 [ A l 3 . 9 S i 1 4 . 1 ° 3 6 ] 6 - 4 H 2 ° 
97 371 

2 1.94 K 0 . 6 2 N a 0 . 0 1 H 3 . 0 7 C A l 3 . 7 S i 1 4 . 3 ° 3 6 ] 6 ' 6 H 2 0 84 -

3 1.5 K 0 . 5 4 N a 0 . 0 1 H 2 . 6 0 [ A l 3 . 2 S i 1 4 . 8 ° 3 6 ] 6 ' 2 H 2 ° 
71 312 

4 1.4 K 0 . 4 0 N a 0 . 0 1 H 2 . 5 0 [ A 1 3 S i 1 5 ° 3 6 ] 7 H 2 ° 
31 171 

:reatment the residual cation content could be reduced to 0.4 K + per unit cell and up to 

SO % of the aluminium atoms could be extracted. However this resulted in a severe loss 

)f crystallinity as evidenced by the X R D measurements and the surface areas determinations 

last columns of the Tables). At lower pH the zeolite became totally amorphous. 

The K N a offretite sample led to somewhat different results (Table 2). Aluminium 

sxtraction began before all the readily exchangeable cations had been replaced by protons, 

rhe apparent increase of the aluminium content of sample 5 is more probably due to the 

•emoval of extra-lattice silica. Even after the extraction of nearly 50 % of the aluminium 

toms from the zeolite each unit cell contained one potassium cation. This shows that the 

icid treatment of K N a offretite did not affect the cationic sites, and consequently the 

aluminium tetrahedra, associated with the cages e . Exchange of the sodium ions was, by 

ontrast, rapidly achieved. 

A second difference concerns the physical properties of the resulting solids. Although 

K-ray diffraction revealed a loss of crystallinity very similar to that observed with H K 

Q - Z 



Table 2 

Unit cell content, X R D crystallinity and surface area of the samples obtained 

by acid treatment of K N a offretite 

Sample E q u i l ' b r i u m Unit cell content % crystallinity Surface area 

Starting material K 3 . 3 3 N a 1 . 1 6 [ A l 4 . 2 1 S i 1 3 . 7 8 ° 3 6 ] 6 - 7 H 2 ° 100 180 

5 2.55 K 2 . 5 9 N a 0 . 2 6 H 1 . 5 [ A l 4 . 4 S i 1 3 . 6 ° 3 6 ] 8 - 4 H 2 ° 84 377 

6 2.47 K 2 N a Q J 2 H 2 [ A l 4 1 S i 1 3 _ 9 0 3 6 ] 8 . 6 H 2 0 67 400 

7 2.37 K 1 . 9 N a 0 . 0 7 H 1 . 5 [ A I 3 . 5 S i 1 4 . 5 ° 3 6 ] 8 - 2 3 H 2 ° 60 396 

8 2.32 K 1 . 2 N a 0 . 0 8 H 1 .6 [ A l 2 . 9 S i 1 5.1 ° 3 6 ] 1 0 - 9 H 2 ° 37 403 

9 2.2 K 1 N a 0 . 0 8 H 1 . 5 [ A l 2 . f l
S i 1 5 . 4 ° 3 6 ] 1 0 - 4 H 2 ° 30 411 

10 1.8 K 0 . 9 N a 0 . 0 7 H 1 . 4 [ A l 2 . 4 S i 1 5 . 6 ° 3 6 ] 1 1 - 3 H 2 ° 24 350 

offretite, the surface areas of the acid leached NaK offretites remained high and unmodified 

within 10 % variation. Moreover while the parent zeolite exhibited a characteristic, well 

defined, Type I isotherm, the shape of the curves was progressively shifted to a Type IV o 
isotherm, indicating the appearance of a mesoporosity in the range 20-100A. This suggests 

that during the attack, portions of the crystal have been destroyed producing holes. The 

variations of the a and c parameters of the remaining crystalline zones of samples 5-10 

as a function of their aluminium content are presented in Figure 1. As the aluminium content 

decreased, the a-axis shrank regularly whereas the c-axis expanded first and then remained 

constant. Such a unit cell contraction is consistent with the formation of new Si -O-S i bonds 

in the lattice with silicium atoms taking positions in the vacated tetrahedral sites [12]. 

13.25 -

o < 

o 
13.15 -

o < 7-55 -

7-50 

A l / uc. 
Fig. 1. Variations of the a and c parameters as a function of the aluminium content 

in acid leached NaK offretite. 
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Taking into account all these facts the texture of the acid leached NaK offretites can be 

represented by small crystalline zones, enriched in silica with respect to the starting zeo-

lite, separated by holes. Recent work on the preparation of high silica faujasites by high 

temperature steaming and acid extraction led to similar solids [13]. 

There is a clear evidence that, depending on the cationic content of the parent zeolite, 

the treatment of offretites by dilute HC I leads to different produts. 

The relationship existing between the cation content and the sieving properties of 

offretite have been studied by Aiello et al [14]. The presence of potassium ions in the main 

channels significantly reduces the penetration of guest molecules as well as the water con-

tent. During acid treatment, electrolyte invasion will thus play a dominant role. From our 

results it can be postulated that because of diffusion limitations, large concentration gra-

dients exist within the crystals of NaK offretite leading to a heterogeneous acid attack. 

Catalytic activity of acid leached offretites. For reactions involving all the hydroxyl 

groups, i.e. reactions catalyzed by the protonic sites regardless of their strength, the cataly-

tic activity is directly correlated to the acid strength [15]. The hydration of olefins is a 

reaction of this type [9, 16]. The hydration of n-butene was studied on the solids prepared 

by acid leaching UK offretite (samples 1-4). The data of Figure 2 show that the activity 

per protonic site was increased by a factor of 3 when the aluminium content per unit cell 

« 
« 

o £ 2 >» 

u o 

UC. 

Fig. 2. Correlation between the hydration activity per protonic site and the aluminium 

content of offretite. 

decreased from 4 to 3. On the same figure are reported (full symbols) the results obtained 

on offretites synthesized with various aluminium contents and then ion exchanged - up to 

70 % exchange - using ammonium salts. Clearly, the activity, in other words the acid strength 

of the protons - is less influenced by the degree of cation exchange (at least in the region 
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7 0 % - 8 6 % exchange) than by the aluminium content. F rom a practical point of view, it 

is interesting to point out that the alcohol yields on a per gram basis increased significantly 

upon dealumination (Table 3). On this basis, and despite their poor crystallinity, dealuminateo 

offretites exhibited an activity comparable, or even higher, than that of mordenite or Z SM -5 

and a selectivity which remained equal to 100 % for alcohol. 

Table 3 

Hydration of n-butene at 250°C, 65 atm. Activity of various acidic zeolites. 

Zeolite structure Si/Al % exchange 
Alcohol y-jeld^ 
mmole.g .h % eq 3 

Y 2.5 80 1.1 12 

Mordenite 5 85 6.25 66 

ZSM-5 49 99 5.73 61 

Offretite 3.3 70 1.85 20 

Offretite 4.6 83 3.48 37 

Offretite 5.01 86 6.02 64 

a : percentage of thermodynamic equilibrium. 

A further evidence of the enhancement of the acid strength induced by acid treatment 

was obtained by studying the conversion of cyclohexane on samples 5-10. These solids contai-

ned similar amounts of protons (see Table 2) but the reaction rate was increased by one 

order of magnitude by extracting 50 % of the aluminium (Figure 3). This result also indicated 

that the channels of the crystalline fraction are not blocked. Moreover, the distribution 

of the products changed significantly (Table 4). We have shown recently [7] by comparing 

Table 4 

Product distributions obtained at 10 % conversion during cyclohexane cracking at 450°C. 

Catalyst 
C - C 

2 5 

Selectivity (mole % ) 
C -C Q M C P 

6 0 
aliphatics 

Benzene C - C 
7 10 

aromatics 

Fresh H C e Y 31 8.7 15 10.1 35.2 

Used H C e Y 14.4 15.8 51.3 8.3 10.3 

H - Z S M - 5 63.5 12.5 4.6 15 3.5 

HKO-Sample 5 18.6 16 49.4 10.1 5.9 

HKO-Sample 8 36 14 30.2 8.6 11.2 

HKO-Sample 10 59.2 9.8 15 6 10 

a series of zeolites that isomerization to methylcyclopentane ( M C P ) was favoured on weakly 

acidic solids (used HCeY, HK offretites with low Si/Al ratios) whereas cracking requiered 

strong acidities (Fresh HCeY , H-ZSM-5 ) . After dealumination, the behaviour of offretite 

is closely related to that of ZSM-5 . 
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Fig. 3. Rate of cyclohexane conversion at 450°C as a function of the aluminium con-

tent in acid leached NaK offretites. 

SUMMARY A N D CONCLUSIONS 

Treatment of synthetic offretites by dilute HC1 solutions induces a simultaneous 

dealumination and decationization of the parent solids. In the case of H K offretite, part 

of the cations located in the cancrinite cages are extracted and this causes a partial destruc-

tion of the lattice. Ac id attack occurs in a heterogeneous manner with N a K offretite proba-

bly because of diffusion limitations in the channels. The resulting solids contain mesopores 

and crystalline fractions enriched in silicium. Despite these structural modif icationi, the 

acid strength of the dealuminated offretites is greatly enhanced. The main conclusion of 

this study is that acid leached offretites exhibit a catalytic behaviour very similar to that 

of ZSM-5 for the hydration of olefins and the cracking of cyclohexane. 
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LATTICE DEFECTS AND SURFACE BARRIERS 
IN THERMALLY TREATED ZEOLITE Ca A 

D. FREUDE, J. Karger, H. Pfeifer 
Sekticm Physik der Karl-Marx-Universitat, 
DDR-7010 Leipzig, German Democratic Republic 

ABSTRACT 
Novel NMR techniques are applied to study the molecular trans-

port and lattice defects in thermally treated zeolite Na^ 2^4 4A. 
Mechanisms for the formation of lattice defects and surface barriers 
are discussed. 

INTRODUCTION 
With the development of the NMR tracer deserption technique 

for the first time a method has been found which provides unequivocal 
information about the existence and the intensity of transport re-
sistances at the surface of molecular sieve crystallites [1,2]. 
Combining this technique with traditional NMR self-diffusion measure-
ments, it could be demonstrated [2] that in zeolite Na Ca A after 
different pretreatments, molecular transport of paraffins may sig-
nificantly be influenced by such surface barriers. "However, until now 
the nature of these barriers and the extend of lattice distortion 
connected with it are unclear. In the last few years MAS NMR has 
successfully been applied to the investigation of the lattice struc-
ture and of lattice defects in zeolites [3] . Applying these novel 
techniques and traditional NMR intensity and relaxation measurements, 
in the present work possible mechanisms for the"formation of lattice 
defects and surface barriers on thermally treated zeolites Na Ca A 
are discussed. 



EXPERIMENTAL 
The basic material of all samples is Zeosorb 5 AZ (Na-j 2 C a4 4A 

type zeolite powder with a mean crystallite diameter of about 4 fim) 
purchased from VEB Chemiekombinat Bitterfeld, GDR. Por sample pre-
paration either "deep bed" (DB) or "shallow bed" (SB) conditions 
have been chosen: Under deep bed conditions the powder is heated in 
an open glass tube of about 30 mm length at atmospheric pressure by 
raising the temperature at a rate of 100 Kh-^ up to the chosen 
temperature of activation. After keeping the sample for two hours at 
this temperature, it is evacuated for twenty hours. Under shallow 
bed conditions the layer thickness of the zeolite powder is less 
than 3 mm and the sample is heated in vacuo at a rate of 10 Kh-^ up 
to the final temperature of activation. 

In what follows, a sample prepared with a final temperature of 
400°C under deep bed conditions is denoted by "400 DB", for example. 
The samples sealed off under vacuum after the procedures described 
above are denoted as "dehydrated". One portion was slowly "rehydra-
ted" at room temperature up to about 95% of the saturation value of 
the adsorption capacity by keeping it for three days in a desiccator 
over an aqueous NH^Cl solution. Por the self-diffusion and tracer 
desorption experiments before sealing the adsórbate has been intro-
duced (ethane, about 4 molecules per cavity). 

Details of the NMR self-diffusion as well as of the NMR inten-
sity, relaxation and MAS experiments are described in references [2] 
and [4] , respectively. 

RESULTS 
Tab. 1 shows values for the intracrystalline self-diffusion 

coefficients D i n t r a and mean life-times C i n t r a of ethane in different 
^a3.2^a4.4^ specimens. If molecular desorption is exclusively deter-
mined by intracrystalline self-diffusion (i.e. if there is a 
negligible small transport resistance at the crystallite surface), 
the intracrystalline molecular mean life time is given by the 
relation [l,2] 

t s s - w / 1 5 - w 
and may straightforwardly be determined therefore from the mean 
square crystallite radius {R2) and D. . (4th column of Tab. 1). 
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As can be seen from Table 1 the values of t i n t r a and £ intra aSree 

reasonably well for the samples 400SB and 2C0DB so that a signifi-
cant influence of surface barriers may be excluded. By contrast, for 
the samples 400DB and 600DB the values of t j_n-tra distinctly exceed 
that of £ intra» wllich clearly indicates the existence of surface 
barriers. 

Table 1 
Intracrystalline self-diffusion coefficients Dj,n-t;ra, mean 
life times £ i n t r a and "Centra f o r e t h a n e in Ha3.2Ca4.4A 

at 293 K in dependence on the activation procedure of the 
zeolite 

activation r / /n2s-l 7- model / procedure Wntra/1"3 uintra/m C intra/ms 

400SB 1.5+0.3 (2.0+0.6)-10"10 1.3+0.4 
200DB 3.0+0.6 (1.0+0.3)'10-10 2.7+0.8 
400DB 8.0+1.6 (1.0+0.3)'10-10 2.7+0.8 
600DB 8.0+1.6 (1.0+0.3)-10"10 2.7+0.8 

Fig. 1. 27Ai MAS NMR spectrum of the 300DB-sample, partially 
rehydrated, measured at 70 MHz, * denotes spinning side bands. 
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27 Pig. 1 shows the A1 MAS NMR spectrum of the partially rehydrated 
(6 H20 per cavity) 300DB sample measured at 70 MHz with a rotational 
frequency of 3 kHz. The signal of the lattice aluminium atoms with 
a resonance shift of about 50 ppm referred to A1(H20)^+ is in a good 
agreement with values given in [3]. A signal at 0 ppm corresponding 
to Al(H20)|+-cations which has been observed in the2^Al MAS NMR 
spectra of rehydrated zeolites HY [ 5] could not be found here. 
However, an additional signal appears with a resonance shift of 
79+1 ppm. According to [6] a signal at 80 ppm must be ascribed to 
the anion A1(0H)^ of aluminates. Prom the intensity of the signal at 
79+1 ppm a concentration of 1.7 aluminate anions per cavity would be 
determined. This means that after a 300°C deep bed activation at 
least 1.7 aluminium atoms per cavity are released from the zeolite 
lattice. The maximum number of extra-lattice aluminium cannot exeed 
a value of two aluminium atoms per cavity since a greater deficiency 
of lattice aluminium should be observable by a decrease of the inten-
sity of the line at 50 ppm. 

2 7 

The experimental results of the ' A1 MAS NMR measurements can 
be explained as follows: Extra-lattice aluminium forms A1(OH)^-anions 
and A1(H20)|+ -cations if it is solved in a basic (e.g. zeolite Ca A) 
or in an acidic environment (e.g. zeolite HY), respectively. 

The signal of the aluminateanion could only be observed in Ca A 
samples activated at temperatures from 200°C up to 600°C under deep 
bed conditions followed by a rehydration. Samples prepared under 
shallow bed conditions or deep bed treated dehydrated zeolites did not 
show any signal at this position. In Table 2, column 4, values for 
the number of aluminate anions per cavity are given for fully rehydra-
ted samples. The fact that in these cases the concentration does not 
attain the value of 1.7 measured for the partially rehydrated sample 
(as described above) may be explained by the lower pH-value in the 
fully hydrated samples. 

The ̂ H NMR spectra of the hydrated samples measured at T̂ j< 150K 
are characterised by a superposition of a singlet due to hydroxyl 
protons and a doublet due to water protons. By a separation process 
both intensities can be determined [ 7]. The concentration of water 
in the rehydrated samples has been found thus to be about 25 molecules 
per cavity. After dehydration this value decreases to a concentration 
of ca. 10 for the samples 20 DB, 20SB and 100DB, to about 4 for the 
sample 100SB and to less than 1/3 for the samples dehydrated at 200°C 
and above. Values for the concentration of hydroxylgroups are given in 
Tab. 2. 

Q2 



Table 2 
Concentration of OH groups and. of aluminate anions in depen-
dence on the sample preparation. 

sample 
preparation 

dehydrated 
samples, 
OH groups 
per cavity 

rehydrated samples sample 
preparation 

dehydrated 
samples, 
OH groups 
per cavity 

OH groups 
per cavity Al(OH)7 

per cavity 
non-aluminate OH 
groups per cavity 

20DB 1.6+0.6 0.9+0.4 0.0 0.9+0.4 
100DB 2.3+0.6 0.9+0.4 0.0 0.9+0.4 
200DB 4.7+0.A 3.6+0.4 0.55+0.05 1.4+0.6 
300DB 4.4+0.4 3.9+0.4 0.35+0.05 1.5+0.6 
400DB 3.0+0.3 3.4+0.4 0.20+0.05 2.6+0.6 
500DB 2.1+0.3 2.5+0.4 O.L6+O.o5 1.9+0.6 
600DB 0.8+0.3 3.2+0.4 0.13+0.05 2.7+0.6 

20 SB 1.5+0.6 0.9+0.4 
100SB 2.6+0.6 1.0+0.4 
200SB 2.0+0.3 1.1+0.4 
300SB 1.5+0.3 1.1+0.4 
400SB 1.1+0.3 1.2+0.4 
500SB 0.6+Ü.3 1.2+0.4 

The free induction decay (FID) of the dehydrated samples mea-
sured at room temperature can be described by a single transverse 
relaxation time Tg10. Its value is 70 jib and 50 /is for the 400DB and 
400SB samples, respectively. The envelope of Hahn's spin echoes 
decays with the relaxation times of T^ahn= a n d ^ g f<jr t h e 
400DB and 400SB samples, respectively. 

?ig. 2 shows the % MAS KMR spectra of the 300DB and 300SB sa-
mples measured at 270 MHz. According to [8] a signal with a chemical 
shift of 1.8 ppm must be ascribed to isolated SiOH or A10H groups 
similar to OH groups at the surface of silica gel orf-AlgO^. 
A signal at 3.9 ... 5.6 ppm corresponding to bridging OH groups [8] 
could not be found. However, a signal appears at about 3 ppm, which 
is weak for shallow bed and strong for deep bed pretreatment. 
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Pig. 2. "hi MAS NMR spectra of dehydrated 300DB and 300SB 
samples, measured at 270 MHz 

DISCUSSION 
Combination of the NMR self-diffusion and tracer desorption 

experiments (cf. tab.l) clearly indicate»the formation of surface bar-
riers during the deep bed activation. We shall discuss the following 
three possibilities of their structural origin: 

(i) transformation of the crystallite in the vicinity of the 
surface from a 5 A- to a 4 A-type structure as a consequence of the 
formation of monovalent CaOH+ cations, 

(ii) formation of an amorphous surface layor due to lattice de-
struction in the vicinity of the surface, 

(iii) deposition of extra-lattice species in the cavities in 
the vicinity of the surface. 

Since the surface barrier is resistant to temperatures as high 
as 600°C (cf. Tab. 1) and since at these temperatures the final stage 
of dehydroxilation (cf. Tab. 2) will be reached which as well should 
comprise the reaction 2 Ca0H +—» Ca2+ + CaO + H20 explanation (i) 
must be excluded. 

The second model presupposes a destruction of the lattice stru-
cture at least for a part of the cristallite surface. This implies 
that a part of the surface is c losed for the molecular transport. 
However, measurements of the activation energy E of according 
to the equation tT i n t a = Z Q exp {e/RT} yields an increase of E, 
wheras for a partially closed surface only an increase of VQ with E 
remaining constant would be expected [ . Therefore we shall confine 
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ourselves to the discussion of model (iii). 
Evidently we have to assume that the deposition of the extra-

lattice species predominantly occurs in the surface layer of the 
Crystallites. The blockade of the cavities (or of the windows between 
them) will then straightforwardly lead to the formation of a surface 
barrier. It is well-known [lO] that during the process of NaY de-
alumination extra-lattice aluminium is deposited on the surface. 
In CaA, the existence of extra-lattice aluminium has been proved by 
both X-ray [ll] and 27A1 MAS 1JMR [12,13] measurements. 

We could observe in numerous investigations of A-type zeolites 
with bivalent cations, a remarkable correlation between the formation 
of surface barriers and an enhancement of the OH groups concentration. 
For example, in dehydrated 400DB samples a number of 3.0+0.3 OH groups 
per cavity could be determined, while for dehydrated 400SB samples 
(which are characterised by a negligibly small surface resistance -
cf. Tab. 1) the value is only 1.1+0.3. On the other hand the value of 
THahn _ 240 jis as obtained for the 400DB samples is in satisfactory 
agreement with a theoretical value of 316 jas calculated under the 
assumption of a statistical distribution of theOH groups (3 per 
cavity) over the whole crystallite [14]. Therefore it is most likely 
that the formation of a surface barrier is correlated with a bulk 
phase process which as well tends to enhance the OH group concentra-
tion. 

OH groups arise in the process of water dissociation initiated 
by a temperature enhancement under the influence of the bivalent 
cations of the zeolite lattice. We shall consider the following 
models of their formation: 

(*) hydration of aluminium oxide species deposited statistical-
ly within the zeolite crystals as a consequence of A120-j excess 
during zeolite synthesis, 

(**) hydrox/lation of aluminium atoms released from lattice 
positions, 

(***) formation of CaOH+ cations and bridging OH groups. 
Model (*) is based on the fact that chemicalanalysis of the NaA 
zeolite after synthesis yields a ratio Si02/Al20-j = 1.91+0.02 which 
is not affected by the cation exchange. Since according to the 2^A1 
MAS NMR measurements of. the dehydrated samples there are no A1-0-A1 
bonds in the lattice, the aluminium excess of 4.7 % must be explained 
by an amount of 0.57 aluminium atoms per cavity on extra-lattice posi-



tions. It may be deposited as aluminium oxide or aluminium hydroxide 
species. Both in the hydrated NaA 400DB and the Na Ca A SB samples 
no aluminate could be found. If we assume that under the influence 

2+ 

of Ca these possibly highly condensed compounds may be transformed 
into small mobile aluminium hydroxide complexes (e.g. A^O-j + 3 H2O 
2 A1(0H)^), these species partially may be concentrated at the sur-
face. With a further temperature enhancement or a decrease of the 
water pressure these species again may condensate leading to the for-
mation of a surface barrier. 

Reaction (**) may be described as follows: 

C a 2+ 
0 0 0 , 

A1 Si^ A1 XSi + 
/\ /\ f\ n 

where an aluminium atom is released from its lattice position. After 
the release of an aluminium from its lattice position in zeolite HY, 
the site is occupied by a silicon atom and hence the crystal structure 
is preserved even under the process of dealumination [3]. An analo-
gous reaction in zeolites A would lead to the formation of Si-O-Si 

p q 
bonds. Since in the -'Si MAS NMR spectra of the investigated samples 
no lines corresponding to Si-O-Si bonds did occur [l5], any healing 
of aluminium defects can be excluded. In the course of the above 
mentioned reaction also an oxygen atom is released from the lattice, 
which leads to a distortion of the lattice structure. Via the reaction 
Ca2+ A1(0H) ̂  » CaOH+ + Al(0H>3, the aluminate anion may be 
transformed into aluminium hydroxide. Being uncharged, it has a 
higher mobility which may lead to the formation of a surface barrier 
as described above. 

According to Planck [16], model (** *) might proceed according 
to the following reaction: 

Ca2+ H A1(0H)7 
B ^ O ^ .0 4 -
A1 Si H / S i 
/\ / \ / \ 

Ca2+ CaOH+ H 
A1 Si^ A1 Si + H20 • A1 Si A1 Si 
l\ l\ / \ / \ i\ I\ / \ 



With zeolites CaX and CaY this mechanism could be verified 
by IR investigations. While two IR bands may be unambiguously attri-
buted to the bridging OH groups, this is not the case for the attri-
bution of the other IR bands to the CaOH+ cations [l7,18]. 
By contrast, in IR investigations of zeolite CaA no IR band is ob-
served which might be attributed to bridging OH groups [15] . 
Analogously, also in the % NMR spectra (cf. Pig. 2) no acidic OH 
groups are detected. This experimental finding is in complete agree-
ment with the above stated basic behaviour of zeolite CaA, containing 
basic aluminates rather than acidic Al-̂ + in Al(H20)g+ complexes. 
The above reaction cannot be accepted therefore as an explanation for 
the observed hydroxyl groups and extra-lattice aluminium in zeolite 
CaA. 

Therefore we only have to consider mechanisms ( a n d (* *). 
Since the first mechanism permits an amount of extra lattice alumi-
nium of not more than 0.57 per cavity, it must be accompanied by 
reaction The latter may be considered as a first step of a 
lattice transformation which may be observed after intense hydrother-
mal treatment [20].. An unequivocal interpretation of the signal at 
3 ppm in Pig. 2 is not yet possible. Perhaps this signal may be 
attributed to OH groups interacting with additionsil oxygen atoms. 
It shall be the task of further investigations, esp. by MAS NMR, to 
accomplish the proposed model of structural defects in zeolite CaA. 

We are obliged to J. Haase, U. Hartel, Dr. G. Scheler (Jena), 
Dr. R. Seidel (Bitterfel<$ and Dr. B. Staudte for discussions and 
experimental assistance. 
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SYNTHESIS AND PROPERTIES OF SEVERAL ALUMINOPHOSPHATE MOLECULAR 
SIEVES 

XU QINHUA. Dong Jialu, Yan Aizhen, Jin Changtai 
(Department of Chemistry, Nanjing University, Nanjing, China) 

ABSTRACT 
The AlPO^-5, AlPO^-11, AlP0^-20 and three new family members 

of aluminophosphate (named CNU-n, n=1,2, and J, CNU: China, Nanjing 
University) have been synthesized hydrothermally in the presence 
of organic amines and quaternary ammonium templates. These samples 
are characterized by X-ray diffraction patterns and Infrared 
spectra. It is found that the framework topology of several samples 
have been changed after calcination. DTA shows no structural 
collapse below 950°C. 

The adsorption properties of water and hydrocarbons on the 
samples were studied. The results show that the CNU-3 has the 
largest pore size, and can adsorb 1,3,5-trimethylbenzene but the 
CNU-1 adsorbs only water vapor. The CNU-2 may adsorb n-hexane but 
not benzene. 

The intracrystalline pore volumes for water on all samples 
were obtained by TG or adsorption method. All results show that 
the water pore volumes are usually greater than the hydrocarbon 
pore volumes, reflecting the presence of additional pore volume 
accessible to H2O but not to hydrocarbons. 

INTRODUCTION 
A novel class of aluminophosphate molecular sieves was 

discovered by Union Carbide Corporation in 1982.^^ It reperesents 
the first class of molecular sieves with framework oxide compositions 
free of silica. AlPO^ molecular sieves can be synthesized hydro-
thermally in the presence of organic amines and quaternary ammonium 
templates. The organic template is crucial, and without it no sieves 
are formed. These A1P0, molecular sieves exhibit zeolite-like 

k 
properties. Preliminary findings indicate that this class of 
molecular sieves will find use as adsorbents, catalyst, and catalyst 
supports.^ 
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Up to now, more than 150 types of synthetic zeolites have 
been obtained, but only about 20 three-dimensional structures of 
AlPO^ molecular sieves have been reported. One may predict that 
there will be more new structure types of AlPG^ molecular sieves 
to appear. 

In our work we have synthesized A1PC . —n (n=5,11 and 20) and 
have found several new family members, named CNU-n (n=l,2 and 3) 
which were not reported previously. Their properties also have 
been studied. 

SYNTHESIS OF ALUMINOPHOSPHATE MOLECULAR SIEVES 
AlPO^-5, -11 and -20 were synthesized by hydrothermal method.^^ 

The synthesis procedure involved combining equimolar portions of 
reactive hydrated alumina, phosphoric acid and water. This mixture 
formed an aluminophosphate gel to which was added an organic amine 
or quaternary ammonium salt. Generally, the reaction mixture was 
maintained at temperatures from 150 to 200°C for periods of one day 
to two weeks. Crystalline products were recovered by filtration, 
centrifugation and drying. The samples obtained were characterized 
by X-ray diffraction patterns and were found to be consistent with 
those of literature.^1^ 

CNU-1, -2 and -3 were obtained by the same hydrothermal method 
under the different conditions listed in Table 1. Their X-ray 
diffraction patterns are shown in Figures 1-3« It is found that they 
are new family members of aluminophosphate molecular sieves which 
have not been reported before. 

Table 1 
The conditions of synthesis 

Samples 
Compositions of 
reaction mixture 
HC1 R A1203 P205 

the 

H2O 

Temperature 
for gel 
forming,°C 

Crystalli-
zation 

Templating 
agents Samples 

Compositions of 
reaction mixture 
HC1 R A1203 P205 

the 

H2O 

Temperature 
for gel 
forming,°C temp. 

°C 
time 
h 

Templating 
agents 

AlPO^-5 1 1 1 50 room temp. 200 2if TE AO H 
A1P0.-11 

k 
1 1 1 50 room temp. 200 2k (i-C3H?)2NH 

A1P0.-2C 
k 

1 1 1 50 room temp. 150 70 TMAO'H 
CNU-1 1 1 1 50 80 130 100 • TMAOH 
CNU-2 1 1 1 50 kO 150 H 5 TBAOH 
CNU-3 0.33 0. 67 1 1 ko.. 60 150 336 TE AO H 
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Fig. 1. The X-ray diffraction 
patterns of CNU-1 
A - before calcination 
B - after calcination 

Fig. 2. The X-ray diffraction 
patterns of CNU-2 
A - before calcination 
B - after calcination 
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Fig. 3. The X-ray diffraction patterns 
of CNU-3 
A - before calcination 
B - after calcination 

101-



The results reveal that different family members require 
different templates, but more than one family members can be 
obtained using only one kind of templates. In our laboratory, by 
using the same template (TMAOH) AlPO^-20 and CNU-1 were obtained 
at different conditions (see Table 1). The scanning electron 
micrographys of CNU-1, 2, 3 and AlPO^-20 are shown in Figures 

5, 6 and 7 respectively. 
We also obtained in the experiments that the organic template 

is crucial; without it no sieves but the dense AlPO^ structures 
or known hydrates are formed. Therefore, a template is a species 
which seems to exert a unique structure-directing influence during 
crystallization of the molecular sieve. The action of a template 
appears to have both electronic and steric effects in generating 
pores and cages. In the case of the aluminophosphate molecular 
sieves all of which have the same composition with A1 and P in 
equimolar proportion, each framework being thus neutral with nil 
exchanging cation. Therefore, the steric effects of templates 
seem to predominate. 

PROPERTIES OF ALUMINOPHOSPHATE MOLECULAR SIEVES 
Stability. The AlPO^ molecular sieves obtained by us exhibit 

their excellent thermally stable properties, showing no structural 
collapse below 950°C by DTA method. From Figures 8-11 it can be 
illustrated that endotherm peaks with a maximum at about 250 to 
280°C may be considered as the peaks of the desorption of template 
agent. Consequently the broad exotherm peaks at temperatures 
ranging from 300 to 600°C, in which generally there are two peaks 
may be attributed to the oxidation of nitrogen-containing compound 
and structure changes. The peak (or peaks) of endotherm below 
160°C on the DTA curve is due to dehydration of the samples. 

After calcinating the samples to remove the template at 600°C 
for 2 hours, and then rehydrating it with water, we found that the 
dehydration peaks generally appear at about 100°C. But the CNU-1 
loses water in two steps with a maxima at /f8°C and 106°C on the 
DTA curve. Sample CNU-3 has two dehydration peaks even before 
calcination. The results may be explained as follows: the water 
molecules in these samples occupy two different sites within the 
structure, having two kinds of volatilities. Both before and after 
calcination, the temperatures of dehydration of all the samples 
are between those of Faujasite and silicalite. Hence, they exhibit 
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1.0 um 
Fig. 5. The SEM of CNU-2 

i i 1.0 um 

Fig. ?. The SEM of A1P0. -20 
' ' 1.0 um 

Fig. 6. The SEM of CNU-3 

' i 1.0 um 
Fig. ¿4. The SEM of CNU-1 
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Fig. 8. The DTA curves 
of AlPO^-5 
(1) before calcination 
(2) after calcination 
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Fig. 9. The DTA curves of 
CNU-1 
(1) before calcination 
(2) after calcination 

Fig. 10. The DTA curves of 
CNU-2 
(1) before calcination 
(2) after calcination 

Fig. 11. The DTA curves of 
CNU-3 
(1) before calcination 
(2) after calcination 
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Fig. 12. IR spectra of AlPO^-n 
* after calcination 

t600 3̂ 80 i5i5 l6tO 1120 too WAVENUMBER5 
Fig. 13 . IR spectra of CNU-n 
* after calcination 

Fig. 
P/Ps 

14. The adsorption 
isotherms on AlPO^-5 
— • — HgO, — A — benzene, 
— o — cyclohexane 
— a — 1,3,5-trimethylbenzene 
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Fig. 15. The adsorption 
isotherms on A1P0^-11 
— • — h2O 
— & — n-benzene 
— o — benzene 
— a — cyclohexane 
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less affinity for I-̂ O than the hydrophilic Faujasite, but more than 
the hydrophobic silicalite. 

The structure change of the samples after calcination at 600°C 
for 2 hours and then rehydration of water was examined by the 
X-ray diffraction and Infrared spectroscopy (see Figures 12 ana 13). 
The X-ray diffraction patterns and IR spectra of AlFC^-5 and 
AlP0^-20 changed very slightly, which implies that they did not 
undergo structural changes of framework. But the other samples 
changed obviously in their framework structures. For A1P0^-11, 
after calcination, its X-ray pattern changed in accordance with 
that reported by Flanigen.^1^ In our experiment the corresponding 
IR spectra was found to have changed too. It means that complete 
dehydration results in irreversible changes in the framework topolgy 
of AlPO^-11. The behavior of CNU-n is anologous to that of AlPO^-11. 

Adsorption. The adsorption isotherms were measured on the 
samples with water and hydrocarbons by gravimetric method at room 
temperature. The results show that AlP0^-20 and CNU-1 are small 
pore molecular sieves that admit only water. The water isotherms 
for AlPO^-11 and CNU-1 are., roughly, similar to that of Type I, 
but the other samples are not so. Water sorption on AlPO^-5 and 
CNU-3 at values of P/Ps<0.2 is unusually low, and there is a large 
increase between P/Ps = 0.2 and 0.4. The isotherm shapes of hydro-
carbons for all samples are similar to those of Type I. Figures 14—17 
show the isotherms of AlPO^-5, AIPO4-H, CNU-1 and CNU-3 respectively. 
The sample CNU-2 adsorbs water and n-hexane but not benzene. The 
adsorption properties of AlPO^ molecular sieves are summarized in 
Table 2. 

Table 2 
Adsorption properties of A1P0, molecular sieves 

Samples 
Pore size 

(nm) 
Intracrystalline pore volume for water 

cm^/g Samples 
Pore size 

(nm) 
from adsorption at 
P/Ps = 0.8 from TG 

AlPO^-5 0.8 0.26 0.24 
A1P0^-11 0.61 0.15 0.17 
AlPO^-20 0.3 0.32 0.25 
CNU-1 0.3 0.28 0.25 
CNU-2 >0.41 0.19 0.18 
CNU-3 0.8 0.21 0.22 



From the results we can see that the intracrystalline pore 
volumes for water obtained by TG are similar to the data obtained 
by adsorption method. The volume of adsorption with hydrocarbons 
such as benzene on CNU-3 is about 50% of the volume of adsorption 
with water at P/Ps=0.5, while on AlPC^-5 and AlPu^-11 they are 

and ~ 80% respectively. In general, the water pore volumes 
are usually greater than the hydrocarbon pore volumes, reflecting 
the presence of additional pore volume accessible to water but not 
to hydrocarbons. 

Fig. 16. The adsorption 
isotherms on CNU-1 with water 

P/Ps 
Fig. 17. .-.The adsorption 
isotherms on CNU-3 

— A — o-xylene 
—cyclohexane 
— • — 1,3,5,-trimethylbenzene 

Indeed, the samples of CNU-1, -2 and -3 are the new family 
members of aluminophosphate molecular sieves, as characterized by 
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the spectra of X-ray diffraction, DTA and IR. They possess the 
properties of sieves. The pore size of CNU-1 is similar to that of 
AlPG^-20, CNU-2 can adsorb n-hexane but not benzene, and CNU-3 has 
large pore size in which 1,3>5-trimethylbenzene may enter. 
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FORMATION OF LEWIS ACID SITES IN NaNH^Y ZEOLITES BY y IRRADIATION. 

A. ABQU-KAISa,b, N.N. Abou-Kaisb 
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ABSTRACT 
The thermal heating above 500°C and under vacuum (10-5-10~^torr) 

of NaNH^Y zeolite leads to its dehydroxylation with the formation of 
Lewis acid sites. The same phenomenon occurs upon irradiation with y 
rays at room temperature of the same solid preheated to 300°C only. 

If the zeolite is preheated above 500°C and irradiated at room 
temperature, the number of Lewis acid sites formed in the solid is 
less than when it is simply heated without further irradiation. This 
decrease is due to the reduction by Compton effect of the strong oxi-
dant sites of this solid keeping the weak sites intact. The electron 
affinity of the latter increases upon oxygen introduction after irra-
diation. 

INTRODUCTION 
It is well known that certain defects are created in solids un-

der the effect of y irradiation. This causes different physico-chemi-
cal modifications in their properties, some of which are more or less 
durable (1-3). These defects can play an important role in catalysis 
specially the electron donor and acceptor centers (4,5). 

Authors, using different techniques such as infra-red spectrome-
try (I.R) (6), electron spin resonance (e.s.r.) (7), thermogravimetry 
(8,9), X-rays diffraction (9,10), etc., agreed that the above centers 
are formed during the decomposition of NaNH^Y zeolite by heating. We 
generally admit that, on one hand, the decomposition of ammonium ions 
in zeolites is represented by the following reaction: 

/0 0 H + O 0 0 HO ^ 
A1 Si • NH, + Al ¡31 —i: A1 ^i 

o" voo v0 3 o" x00-" ^o o' Noo' N0 
and, on the other hand, the dehydroxylation of zeolites is represented 
as follows: 



o HO o O A o O O 
2 NA1 SI • H O 0 + A~R TSI + A1 SI 
c/ No 2 o xoo' No o' x00" 
It was shown that the decomposition of NH^ occurs within the ran-

ge of 200-300°C and produces Br6nsted acid hydroxyl groups. The dehy-
droxylation occurs above 500°C with the formation of Al electron accep-
tor sites. 

EXPERIMENTAL PART 
The starting material was NaY zeolite supplied by "Linde Union 

Carbide". The Na+ ions were exchanged by NH^ ions by simple treatment 
with an ammonium nitrate aqueous solution until the required exchanged 
levels were reached. The exchanged samples were identified by the num-
ber of Na+ ions remaining in the unit cell. Four samples have been pre-
pared: Na^Y, Na36f 4 (NH4> jg ̂  gY, Na16# g (NH4) 3g ̂  ̂  and Na5 8 (NH4) 5 Q ̂ 2Y. 

The samples were placed in an e.s.r. tube surmounted by an equip-
ped ampoule of thin glass which is easily broken by a glass hammer. 
This allows the contact, under vacuum, of anthracene solution with the 
preheated and irradiated samples (figure 1). 

The samples were heated for 15 hours at a given temperature in 
160 torr of oxygen and then evacuated (10-5-10-6torr) at the same tem-
perature for another 20 hours. 

The samples were irradiated with doses within a range of 0-20 
Mrad at room temperature in a cobalt-60 cell. 

After irradiation, the zeolite was poured into a solution of an-_o 
thracene in benzene (10 M) prepared in advance. The amount of positive 
radicals so formed was measured quantitatively by e.s.r. at room tempe-
rature using Varian E9 spectrometer. The concentration of the paramag-
netic species was measured by comparison with the diphenyl-picryl-hy-
drazyl (D.P.P.H.) radicals in benzene. 

RESULTS AND DISCUSSIONS 
When a sample of NaNH^Y zeolite heated in vacuum at different 

temperatures and irradiated at room temperature comes into contact with 
a solution of anthracene in benzene, a dark-yellow coloration is obser-
ved due to the formation of positive radicals A+ after the transfer of 
an electron from an adsorbed molecule of anthracene to the surface of 
solid. The e.s.r. spectrum obtained has eleven distinct lines. Such hy-
perfine structure is attributed to the interaction of an electron with 
10 protons of the anthracene molecule. The same e.s.r. spectrum have 
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Fig. 1. a) Ampoule used to heat and irradiate the sample under 
vacuum, b) Ampoule used to introduce the anthracene under vacuum. 

been obtained by adsorption of anthracene solution on the non-irradia-
ted zeolite (11). 

The curves in figure 2 represent the evolution of the number of 
positive radicals of anthracene A+ formed on the irradiated NaNH^Y zeo-
lite as a function of temperature. We observe that the number of A+ 

formed at the irradiated zeolite with a dose of 12 Mrad is different 
from that at a non-irradiated solid. If the heating temperature is in-
creased, the concentration of A+ formed on the irradiated samples in-
creases between room temperature and 300°C, remains constant between 
300 and 400°C, decreases between 400-500°C and doesn't change" if the 
temperature is increased further on. 

When we compare these curves with those obtained from the varia-
tion in the loss of weight (thermogravimetry) (8), the intensity of OH 
groups (infra-red) (6) and the length of unit cell crystal (X-rays dif-
fraction) (9) of NaNH^Y zeolites as a function of temperature, we noti-
ce, on the first hand, that the increase in A+ number formed on the 
non-irradiated zeolites and, on the other hand, that the decrease in 
this number on the irradiated solids are within the temperature range 
at which the dehydroxylation of zeolites occurs. It seems that the ac-
ceptor sites of Al are responsible for the formation of A+ radicals. 

In addition, the number of A+ formed on an irradiated zeolite 
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Fig. 2. Evolution of the number of positive radicals of an-
thracene A+ formed at the irradiated Na^ 2Y zeolite 
as a function of temperature. O: 0 Mrad, A: 4 Mrad, •: 8 Mrad 
•: 12 Mrad. 

preheated at a temperature less than 500°C, is more than the number of 
A+ formed on a non-irradiated sample preheated at same temperature but 
equal to this formed on a non-irradiated zeolite preheated at a tempe-
rature above 500°C. 

On the contrary, the A+ concentration formed on the irradiated 
zeolite preheated at a temperature above 500°C is much lower than this 
obtained on the non-irradiated zeolite preheated at same temperature. 

The increase in the number of electron acceptor sites by y irra-
diation at a heating temperature less than 500°C may be explained by 
admitting that the y rays liberate oxidant sites by dehydroxylation of 
the solids. The behavior of Na^ g^NH4^50 2Y zeolite heated at diffe-
rent temperatures and irradiated with doses ranging between 0-20 Mrad 
have been studied. The number of A+ formed between 300 and 400°C in-
creases with the dose of irradiation and becomes constant above 12 
Mrad. This constant is the same as the number of A+ formed by heating 
a solid above 500°C without irradiation (figure 2). 

In order to confirm that irradiation replaces heating in dehy-
droxylation of zeolite, several NaNH.Y samples having various ratios 
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Fig. 3. Evolution of the number of positive radicals of an-
thracene A+ formed at the irradiated ( ) and non-irradia-
ted ( ) NaNH^Y zeolite as a function of temperature: (*) 
Na56Y, (*) Na36/4(NH4)19#6Y, <•) Na16>9(NH4)39;1Y, 
Na5 ,8^H4^50,2Y" 

(?) 

of Na /NH4 have been heated at different temperatures and irradiated 
by 15 Mrad. We notice that the plateaus obtained between 3 00 and 400°C 
increase with the number of NH^ in the unit cell of zeolite and are 
the same as those formed by the solids heated above 500°C but not ir-
radiated (figure 3). 

In addition, we have rehydrated, at room temperature, a sample 
preheated at 300°C and irradiated with a dose of 15 Mrad. Further 
treatment at 3 00°C without irradiation, we observed that the number of 
A radicals was the same as this obtained from a non dehydroxylated 
sample. The same phenomenon have been observed with a sample heated at 
500°C then rehydrated at room temperature with a further treatment at 
300°C. These results confirm that zeolites can be dehydroxylated by 
Y irradiation. 

As an evidence for a probable mechanism of the dehydroxylation 
of zeolites by irradiation, we suggest that the irradiation will form 
OH radicals and hydrogen atoms which will combine together to form wa-
ter. The presence of these entities have been proved in our previous 
work (12) . The suggested mechanism for the dehydroxylation is the 
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following: 

H"+ HO'- h2O 

° N A1 °Si v + HO" 
O' "00' -o 

The electron acceptor centers obtained in this mechanism have 
previously been studied and observed by us (13). 

The decrease in the electron acceptor centers under the effect of 
y irradiation when a sample is heated above 500°C may be due to modifi-
cations in texture and structure of the zeolite. We have proved by X-
rays analysis that the structure of the sample is not modified by irra-
diation (14). In addition, the specific area, determined by B.E.T. me-
thod, of Na^ 8^NH4^50 2Y heate<^ a t different temperatures and irradia-
ted by 15 Mrad is the same as this obtained from a non-irradiated solid 
(table 1). So, we can suppose that the reduction of acceptor centers by 

Table 1 
Comparison of specific area of irradiated and non-irradiated 

Na5,8(NH4)50,2Y oolites 
Heating 

temperature °C 300 400 450 500 600 700 

Specific area of non-2 irradiated zeolite m /3 
707 724 737 698 700 550 

Specific area of 2 irradiated zeolite m /3 
705 713 740 698 703 558 

the ejection of an electron by Compton effect during the irradiation. 
To prove that the reduced centers are produced by y irradiation, 

we put the irradiated and non-irradiated zeolites in contact with ex-
cess oxygen after the adsorption of anthracene. We observe in both ca-
ses that a sharp increase in the A+ number will occur principally for 
the samples heated at high temperature but this number is less in the 
case of irradiated zeolite (figure 4) specially at the temperature 
above 500°C. 

To interpret the increase in A+ number in the presence of oxygen, 
we suggest two possibilities: 

i) The A+ radicals possess a long spin-lattice relaxation time T^ 
which presents a saturated e.s.r. signal. Oxygen which has a short T. 
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Fig. 4. Evolution of the number of positive radicals of an-
thracene A+ formed at the irradiated (*) and non-irradiated 
(®) Na^ 8^^4)50 2Y zeolite under vacuum (J) and in presen-
ce of oxygen . 

is capable of raising the saturation, thus increasing the intensity of 
the e.s.r. signal. This increase doesn't correspond to the real A+ 

number present in the solid. 
ii) Oxygen which possesses an electron affinity can play the ro-

le of an electron acceptor center. Thus it contributes to the increase 
in the electron affinity of some weak sites which will cause the for-
mation of new A+ radicals. Hall and coll (15) showed that the oxygen 
used in the reaction of charge transfer is strongly adorbed on the 
zeolite. 

Although, we have recorded the e.s.r. signal at a lower hyper-
frequency field to avoid the saturation of signal. It is logical to 
admit that second possibility is more adequate to interpret the in-
crease in A+ number in the presence of oxygen. 

The difference in the number of A+ observed on the irradiated 
and non-irradiated zeolite, after the introduction of oxygen is due to 
the reduction of strong electron acceptor sites by y irradiation befo-
re oxygen is introduced. The latter is responsible for the increase in 



the electron affinity of the weak si tes. In the case of the non—irra-
diated zeolite, the oxygen increases the electron affinity of the weak, 
and strong sites. This explains that the number of A+ formed on the 
non-irradiated zeolite is greater than this formed on the irradiated. 

CONCLUSION 
We conclude from the above study that NaNH^Y zeolites heated un-

der vacuum, at different temperatures, and irradiated by y rays, crea-
tes weak and strong electron acceptor sites capable of transforming 
anthracene into a positive radical ion. 

The irradiation modifies the number of oxidant sites. It is grea-
ter in samples preheated at a temperature below 500°C and afterwards 
irradiated than on the non-irradiated solids. This number is lower on 
the solids preheated above 500°C and then irradiated, than obtained on 
the non-irradiated zeolites. 

The y rays dehydroxylate the zeolite heated below 500°C and redu-
ce the strong oxidant sites formed after dehydroxylation of solid. The 
weak sites are not modified by y irradiation but their electron affini-
ty increases in the presence of oxygen then they can ionize anthracene 
to form the positive radicals. 
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ABSTRACT 
The interaction of nitrosyl chloride with NaX zeolite is de-

scribed. The reactions observed in a static reactor and an i.r. cell 
using self-supporting wafers can be divided into two groups: at low-
er temperatures, an "ion-exchange" process takes place, the Na+ ions 
being "exchanged" for the nitrosonium cation stemming from the reac-
tant; at elevated temperatures, N0C1 or its surface intermediate, the 
NO^ ion, leads to dealumination of the zeolite. A probable mechanism 
is proposed for the reactions eventually leading to dealumination. 

INTRODUCTION 
Since the first publications on "ultrastabilization" in 1966, 

an increasing number of papers have dealt with dealuminating proce-
dures using different reactants and media, and with investigations 
of the various physical and chemical properties of the partly or com-
pletely dealuminated zeolitic samples [1-17]„ 

A few recent papers describe dealumination procedures in which 
volatile halogen-containing reactants are used and dealumination is 
carried out as a gas-solid reaction in the absence of water vapour 
[18,19]. 

Some years ago we performed experiments to decrease the alumi-
nium content of zeolites using volatile reagents [20-22]. It turned 
out that a wide class of chemicals, e.g. volatile metal halides, oxy-
halides, thiohalides, acid halides and even metal alcoholates and 
alkyls, are able to cause dealumination to various extents. 

The reactions taking place between a zeolite and some agent from 
the above classes can be divided into two groups. 

The first group involves transformations at ambient temperature 
or slightly above, where the agent interacts with the exchange cation, 
resulting in a neutral molecule (which, if non-volatile, remains in 



the framework, or, if volatile, leaves it) and in a charged species 
derived from the agent itself: 

{A10~}H+ + MXn • {AlO^MX*^ + HX (1) 
where M is unspecified and X is a halide, alkoxy, alkyl, etc. group. 
The stability and life-span of the ion and its reactivity towar 
framework ions and extraneous reactants varies between very wide lim-
its, depending mainly on the electronegativity of X. 

The second group consists of surface reactions occurring at ele-
vated temperatures between MXn_^ and the framework constituents. These 
transformations have the following common characteristics: one (or 

2— 

two) framework 0 ion(s) from among the nearest neighbours of the 
aluminium leave(s) the lattice to join MXn-1; thereafter, provided X 
is of sufficient electronegativity (being for example some halide), 
the X species undergoes rearrangement, leading to the production of an 
aluminium-oxy-X cluster and an empty nest: 

{Alo'jMX*^ >- A10X + MOXn_2 + {...} (2) 
where the symbol {...} stands for a framework vacancy. As far as 
MOXn_2 is concerned, its chemical identity depends on the valency of 
M, i.e. on the value of n. 

This paper presents recent results on the probable mechanism of 
dealumination using N0C1 as reagent. With M = NO and n = 1, N0C1 does 
not follow in all details the scheme outlined previously, but exhibits 
a peculiar behavious instead, which may turn out to be characteristic 
for this class of chemicals. 

EXPERIMENTAL 
The zeolite used in the experiments was NaX (Union Carbide Co., 

Linde Div.), as supplied. 
The dealumination reactions were carried out in a recirculatory 

flow reactor and in an i.r. cell. 
Both the gaseous products and the solids were'analysed. 
The surface reactions taking place upon the adsorption of N0C1 

were followed by i.r. spectroscopy, using self-supporting wafers of 
-2 

appr. 10 iag«cm thickness. The adsorptions of the gaseous products of 
the dealumination (N02# N0) were studied separately. 

The KBr pressed pellet technique was used for determination of 
the spectra of the dealuminated zeolites in the structure-sensitive 
i.r. region. 



RESULTS 
The gases released in the interaction of NaX zeolite with N0C1 

were determined in a recirculatory flow reactor. It was found that 
their molar ratio corresponded to NOCltNC^sNO = 2:1:1, suggesting an 
overall reaction in agreement with Eq. (1): 

2 {AlOjJNa"1" + 2 N0C1 >• 2 {A10~)N0+ + 2 NaCl + N2C>3 
For investigation of the mechanisms of the reactions taking 

place between NaX and N0C1 in situ, i.r. measurements were performed. 
2 

Figure 1 shows the spectra recorded upon the adsorption of 3-10 Pa 
N0C1 on the pretreated (at 773 K in vacuum) NaX zeolite wafer. After 
the admission of N0C1 at room temperature, three absorption bands ap-
peared, at 2375, 2010 and 1370 cm-1. 

Fig. 1. Infrared spectra of ad 
sorbed N0C1 
(a) pretreated NaX 
(b) at ambient temperature 
(c) 0,5 h at 373 K 
(d) 3 h at 373 K 
(e) 15 h at 373 K 
(f) 0,5 h at 373 K evacuated 

Fig. 2. Infrared spectra of 
adsorbed N0C1 
(a) pretreated NaX 
(b) at ambient temperature 
(c) 11 h at 273 K 
(d) 0,5 h at 373 K 
(e) 3 h at 373 K 



After heat treatment at 373 K, the intensity of the band at 2010 
cm decreased. Evacuation at the same temperature led to the complete 
disappearance of this band. It seems very likely that the absorption at 
2010 cm 1 is caused by adsorbed N0C1. 

• The-nature of the shoulder at 2375 cm 1 was studied in a separate 
experiment at higher N0C1 pressures, for the frequency of this band 
overlaps with that of the NO+ ion [23]. The intensity of this band fol-
lows a maximum curve as a function of temperature (see Fig. 2), and 
therefore the species causing this band should be a reaction inter-
mediate . 

On elevation of the temperature, the band at 1375 cm (probably 
due to the NO, ion in the zeolite structure [24]) decreases in intensi-

-1 -
ty and two new bands appear, at 1240 and 1630 cm , assigned to N02 
ions formed in the framework and to adsorbed NO [25], respectively. I 
Heat treatment at 6 73 K causes a shift in the frequency of the band at j 
1630 cm 1 to 1690 cm \ and following evacuation it disappears. 

From the results of i.r. measurements and reactor experiments it 
can be concluded that the main gaseous products of the reactions are 
different nitrogen oxides. In order to assign the bands observed and 
to acquire a more detailed insight into the reactions taking place in 
the zeolite framework, separate experiments were carried out with N02 
and NO, under the same conditions as used with N0C1. 1 2 Figure 3 shows the spectra following the adsorption of 4'10 Pa 
NO- on NaX zeolite. At room temperature two absorption bands appear, 

-1 at 1915 and 1370 cm . The former band is caused by sorbed N02 [26] 
and the latter can be assigned to the NO, ion. At higher temperatures J -i 
two other bands develop, at 1690 and 1245 cm , while the intensity of 
the band at 1370 cm 1 decreases. The band at 1370 cm 1 has the same 
temperature-dependence as the nitrate band in the case of N0C1 adsorp-
tion * 

Figure 4 shows the absorption bands upon the adsorption of NO on 
NaX zeolite. The band positions at ambient temperature are 1630, 1240 
and 1690 cm It can be seen clearly that, as the temperature is 
raised the intensity of the band at 1240 cm 1 (assigned to N02 ions 
in the zeolite structure) increases, attains a maximum, and then de-
creases, provided the sample was exposed to heat treatment at 473 K or 
.above. Simultaneously, the heating gives rise to two new bands, at 
1470 and 1410 cm"1. 

Figure 5 shows the spectrum of the NaX sample treated with N0C1 
in the structure-sensitive i.r. region. Comparison of this spectrum 
with that of the untreated specimen reveals two new absorption bands, 
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Fig. 3. Infrared spectra of 
adsorbed NOj 
(a) pretreated NaX 
(b) at ambient temperature 
(c) evacuated at ambient 

Fig. 4. Infrared spfectra of 
adsorbed NO 
(a) pretreated NaX 
(b) at ambient temperature 
(c) 15 h at 373 K 
(d) 15 h at 473 K 
(e) 3 h at 573 K 

temperature 
(d) 0,5 h at 573 K 
(e) 0,5 h at 673 K 

at 1390 and 860 cm"1. The The spectrum of N0, ions residing in the struc-
ture of an NaX sample prepared by the well-known salt occlusion tech-
nique exhibits the same characteristics (see Fig. 5, spectrum c). 

DISCUSSION 
The wavenumbers and the assignments of the bands observed on 

the adsorption of N0C1, N02 and NO on NaX zeolite are listed in Table 
1. The spectroscopic changes caused by prolonged adsorption and heat 
treatment are indicated. 

The sequence of reactions taking place during the interaction 
lof NOC1 with NaX can be visualized as follows. 
= At 293 K and above the i.r. absorption developing at 2375 cm 1 
suggests the formation of N0+ cations, with the simultaneous formation 
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1800 1400 1000 n-* 
Fig. 5. Infrared spectra of NaX samples in the structure sensi-
tive region 
(a) pretreated NaX 
(b) NaX treated with NOCl 
(c) NaN03 occluded in NaX framework 

of NaCl. It is believed that this reaction is similar to that described 
by Beattie for the interaction of NOCl and analcite [27]. It is essen-
tially an "ion-exchange", where Na ions are substituted for the NO 
"ions" of NOCl in agreement with Eg. (1): 

{AlO~}Na+ + NOCl • (A10~}N0+ + NaCl 
At 373 K the band intensity at 2375 can 1 follows a maximum curve, 

indicating that N0+ is a surface intermediate and should therefore be 
involved in successive transformations. 

The i.r. absorption at 1370 cm-1, characteristic of the N0^ ion, 
provides evidence that the redox step 

NO+ NO7 
\ 0 0 / \ I / 
Si Al^ Si • Si.. .Ai; .Si 
/ \ <j>" ^ 0 / \ /\ *0 o'* / \ 

Si Si Si Si 
2 -

takes place during the elimination of two lattice O ions and simul-
taneous oxidation of the trivalent nitrogen into thé pentavalent state. 
The fate of the two electrons left behind is uncertain at present. 
After this step the aluminium is presumed to remain bound in the zeo-
litic lattice. 



Table 1 
Assignment of the observed bands 

Adsorption of Wavenumber /cm 1 

n0c1 

Assignment: 

Remarks: 

2375 

n 0 + ion 

maximum 
curve 

2010 

adsorbed 
n0c1 

decreases 
in time 
and with 
temp. rise 

1630 

adsorbed 
no 

increases 

1370 

n0~ ion 

decreases 

1240 

n o 2 ion 

maximum 
curve 

n o 2 

Assignment: 

Remarks: 

1915 

adsorbed 
n o 2 

decreases 

1690 

adsorbed 
no 

increases 

1370 

n0~ ion 

decreases 

1245 

n o 2 ion 

increases 
n0 

Assignment: 

Remarks: 

1910 

adsorbed 
n o 2 

decreases 

1630 

adsorbed 
no 

decreases 
under 
evacuation 

1240 

n0~ ion 

maximum 
curve 

On elevation of the temperature up to 473 K, a strange reversal 
of the previous redox step takes place: the loosely bound aluminium 
leaves the lattice and the (Al N0^) moiety rearranges by charge trans-
fer into AlONO^r where the nitrogen is again present as a trivalent 
species: 

NO" A10+ NO" 
\ I / 2 

Si Al Si »- Si Si / / \ /> \ \ / ? ? ? 
Si Si Si Si 

The formation of N0~ and N02 ions in the interaction of N0C1 
with NaX zeolite is corroborated by comparison of the spectra in Fig. 
5. The ions reside as stable entities in the structure of the zeolite, 
unless the reaction temperature exceeds their decomposition tempera-
ture . On washing of the treated sample with distilled water, the N0~ 
and N0^ ions can be transferred into solution and their concentra-
tions determined by classical analytical methods. 

The formation of NjO^ is due to the thermal decomposition of the 
A10N0- species: 
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2 A10N02 >- Al2°3 + N2°3 
N203 NO + N02 

The newly formed strained Si - 0 - Si linkages produce i.r. ab-
sorption at 860 cm \ as shown in Fig. 5. Similar bands could be ob-
served in the case of mordenites dealuminated with phosgene [22]. 
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ABSTRACT 
Research has been made to compare oatalytio properties of Et-ZSM-5 

type zeolites, H-mordenite (SiOgtAlgO^ = 9-100) and silioalite,in 
reactions of paraffinic and aromatic hydrooarbons in hydrogen media 
at P = 3.5 MPa and T = 533-613 K. The H-ZSM-zeolite possesses much 
higher destruction aotivity in n-hezahe conversion at much lower pro-
duct isomerization degree whioh is noticed also with corresponding 
platinum catalysts. The difference between H-ZSM-zeolites and H-mor-
denites consists in the different qualitative composition of alkyl 
benzenes formed by the reaction between n-hezane and benzene. The re-
sults demonstrate the variety in chemical nature of n-hezane conver-
sion over the tested zeolites. 

INTRODUCTION 
On the basis of the previously published data, it might be assu-

med that zeolites ZSM-5 oould be synthesized only in the presence of 
quaternary ammonium bases or their derivatives. Later it became known 
that ZSM-5 zeolites might be easily cristallized from aluminosilioate 
mixtures either containing other organio compounds or without them. It 
might be ezpeoted that the usage of different organic compounds would 
lead to the formation of ZSM-5-type zeolites distinguished not only 
by their constitution, but also by their catalytic properties. 

EXPERIMENTAL 
In the present work, in order to investigate catalytic proper-

ties of ZSM-5 zeolites, the samples with various S10?:A190~ ratios 



were synthesized» In order to eliminate the possible influence of or-
ganic compounds, butyl alcohol was used as organic component in all 
cases. 

Silicalite was also synthesized in the silicate system in the 
presence of tetrapropylammonium hydroxide. 

In all cases, the synthesis was conducted at 423 K in steel 
autoclaves with teflone inserts. The analytical data on the compo-
sition of initial mixtures and crystals are shown in Table 1. 

Table 1 
Chemical composition of initial mixtures and crystals of 

ZSM samples 
Moles per 1 mole 

Samples — 
Initial mixtures Crystals 

Na20 Si02 1^0 C^HgOH Na20 Si02 
ZSM-5 1.28 20 512 34.7 0.87 17 
ZSM-5 3.62 60 1453 98.4 0.99 49 
ZSM-5 4.10 100 1652 86.2 1.00 97.1 

z)lnoineration losses are to be neglected. 
The composition of silicalite crystals corresponds to 
0.011 moles Na90 per 1 mole Si09« 

ZSM-5 zeolites containing organios are stable to temperatures 
up to 973-1073 K, their thermostability inoreases with the increase 
in Si02:Al20j ratio in orystals. By means of ohemioal modification of 
ZSM-5 orystals, their thermostability oan be risen up to 1273-1373 K. 

In the present work, the properties of pentasiles have been in-
vestigated in conditions of paraffin hydrocracking which goes through 
disproportionation stages resulting mainly in the formation of initial 
hydrooarbon with the minimum yield of destruction products (C^-Cg). 
The similar conversion of n-hexane has been studied over the catalyst 
on the base of H-mordenite under hydrogen pressure and at the tempera-
ture of 593-623 K C1, P. 341 ;23. 

The experiments with mordenites (H-S) were used in this work as 
reference standards. The sample with silicate modulus 13 (standard), 
and mordenite obtained by dealuminizing of the standard with a ratio 
Si02:Al203 = 59 were studied. 

Zeolite powdered was formed together with jf-AlgÔ  (3:1, mass.). 
The tests were conducted in an ordinary unit of flow-through type. The 



amounts of catalyst from 1 to 8 cn̂  with particle size 0.1-0«>2 cm were 
used. Test conditions are listed in notes to Tables 2, 3 and Figures 
1-3. 

RESULTS AND DISCUSSION 
The most significant difference of H-ZSM zeolites as opposed to 

H-M consists in their much higher destructive aotivity in conversion 
of n-hexane at lower (compared with H-M) product isomerization degree 
(Table 2). 

Although the optimum value of silicate modulus approaches 50, 
the above conclusion is practically true for entire interval of its 
values (except the low-active silicalite), and also with the changing 
of conversion degree (10-70$) acoording to the experimental condi-
tions (T = 533-613 K, LHSV » 4-16 hrs"1). 

Table 2 
Conversion of n-hexane over H-M- and H-ZSM-type zeolites1̂  
No. Zeoli- Conv. Selectivity, $6 iso/n 

te/SiOgJAlgOj of 
n-C6, C3 IC4 I05 I1G6 C4 C5 Cg 
mass$ 

1 H-M/13 16.5 13.1 13.5 10.5 62.9 2.3 2.8 0.1 
2 H-M/59 23.1 7.1 18.7 14.2 59.7 3.4 3.7 0.2 
3 H-ZSM/17 33.4 19.8 39.8 25.2 15.2 0.7 0.8 0.1 
4 H-ZSM/49 50.6 16.0 40.8 28.1 15.1 0.8 0.9 0.1 
5 H-ZSM/100 37.3 15.9 40.3 28.2 15.6 0.8 0.9 0.1 
6 Sili-

caliteA40 000 0.5 6.4 17.0 12.8 63.8 3.0 4.0 0.01 
X>T = 573 K, LHSV = 8 hrs"1, P„ = 3.5 MPa H2 

The increase in conversion degree as a funotion of modulus (in 
the interval of 9-49) when passing from mordenite to ZSM is observed 
for corresponding platinum catalyst with the difference that platinum 
favours the formation of iso-hexane (in accordance with data C3] ) 
with maximum selectivity for SiOgiAlgO^ =13 (Pt/H-M, Fig. 1). 

The data on the comparison of catalitic activity between H-ZSM-
and H-ffi-type zeolites support the conclusion [4,5] that the decline in 
number of acidic oenters due to deorease in aluminium concentration, is 
followed by the increase in their acidio strength. In the publications, 
this problem still remains controversial C4-73. 



Pig, 1. Conversion of n-hexane over Pt/H-M and Pt/H-ZSM 
1 - Selectivity of iso-Og formation 
2 - Selectivity of 2,2-dimethylbutane formation 
I-IV - Pt/H-M 
V-TL - Pt/H-ZSM 

N 

We have previously shown that, when n-hexane destruction, pro-
ducts reaot with benzene over dealuminized H-M, the main initial pro-
duot is ethylbenzene [3]* The similar produot distribution is obser-
ved over standard H-M with modulus equal to 13 (Pig. 2, 1-2). 

The zeolites of H-ZSM-type are at the similar conditions cha-
racterized by the formation of mainly propylbenzenes along with the 
formation of higher alkylbenzenes and minimum quantities of ethylben-
zene irrespective to conversion degree and silioate modulus (Pig. 2, 
3-5). 

The conversion of benzene without paraffin at these conditions 
is negligible, so the composition of aUylbenzenes (if seoondary reac-
tions are restricted) depiots the composition of n-hexane distributioi 
products, whioh are Intermediates in the formation of final products, 
paraffins Ĉ -̂ Ĉ e Thus, the prevalence of propyl benzenes over H-ZSM 
shows the significant difference in ohemioal mechanisms on n-hexane 
destruction over H-ZSM and over H-M at the same conditions. 
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Pig. 2. Distribution of alltylbenzenes in the product of reac-
tion between n-hexane and benzene (86 mole fc n-CgH^ + 14 mo-
le it CgHg) over zeolites of H-ZSM- and H-M-type 

Si02:Al203 T, K LHSV, n-C6H14 C6H6 
hrs 1 conver- conver-

sion, sion, 
mass £ mass $ 

1 - H-M 13 613 8 18.4 12.1 
2 - H-M 59 613 8 28.0 15.0 
3 - H-ZSM 17 533 16 20.0 19.4 
4 - H-ZSM 49 533 16 22.0 21.7 
5 - H-ZSM 17 613 4 70.0 67.2 
T h i s effect m a y be e x p l a i n e d b y means of t h e sohemes listed b e -

l o w : 

I (over H - M ) t 
0 G 

+ i s o m e r i z a t i o n Y d e s t r u c t i o n j 
C-C-C-C-C-C C-$-C-C-C C - j - 0 + G = C 

I I (over H - Z S M ) : 

+ d e s t r u c t i o n + 
C - C - C - C - C - G O - C - C + C « = C - C 

It is s u p p o s e d that the f o r m a t i o n of b r a n o h e d structures o n 

H - Z S M - z e o l i t e s compared t o H - M faces d i f f i c u l t i e s due t o t h e r e d u c -

t i o n of e f f e c t i v e channel r a d i i i n t h e Z S M s t r u c t u r e , w h i o h is e v i -

denced by t h e s u p p r e s s i o n of 2,2-dimethylbutane f o r m a t i o n . At t h e 

sane t i m e , s t r o n g aoidio o e n t e r s of fr-ZSM catalyze oleavage w i t h 

t h e f o r m a t i o n of Co f r a g m e n t s ( i . e . Scheme I I p r e v a i l s ) . 
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It should be noticed that introduction of small amounts of ben-
zene (14$) into the hydrocarbon does not affect the conversion of 
n-hexane over H-ZSM. Only an excess of benzene (88$) causes some 
reaction retardation (Table 3). 

Table 3 
Conversion of n-hexane over zeolites of H-M- and ZSM-type 

in the presence of benzenex^ 
No. Zeoli- Benzene n-Hexane Selectivity, $ 

te/Si05:Al90^ alkyla- oonver-
* * J tion sion, C3 C^ C5 iCg 

degree, mass $ 
mass $ 

Feedstock: 86 mole$ n-•°6H14 + 14 mole$ CgHg 1 H-M/13 3.8 10.5 10.4 15.4 10.5 63 
2 H-M/59 6.0 14.6 6.9 13.4 9.2 70 
3 H-ZSM/17 36.3 34.9 17.4 37.5 25.7 19 
4 H-ZSM/49 67.5 53.6 15.3 41.1 28.7 14 

Feedstock: 12 mole$ n-•°6H14 + 88 mole$ CgHg 
5 H-ZSM/17 1.5 29.3 15.4 28.2 22.2 34.2 
x)T „ 5 7 3 K j L H S V 3 8 to8-1 

The formation of higher alkylbenzenes is the result of benzene 
alkylation by the products of oligomerization that also observed in 
the reaction of benzene alkylation by ethylene on acidio catalysts 
[1, p. 392]. 

Actually, in the experiments with mixture containing exoess of 
benzene, there was observed an abrupt decrease in higher alkylbenjzene 
yield with the formation of equal amount of ethylbenzene (Pig. 3). 

Therefore, the presence of ethyl- and butylbenzenes in the pri-
mary products formed over H-ZSM points to the fact that n-hexane con-
version in this case partially follows Scheme (I). 

The faot,that ethylene oligomerization at relatively low ben-
zene concentration (12$ compared to 80$ over H-ZSM) is prevented 
over H-M, agrees well with the above conolusion that H-ZSK-type zeo-
lites have acidic centers with higher strength. 



Pig. 3. The effect of bezene concentration on the distribution 
of alkylbenzenes over H-ZSM zeolite 
Si02:Al203 = 17, T = 573 K, LHSV = 8 hrs"1 
1 - 14 mole <f> CgHg, 2 - 8 8 mole $ CgHg 
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STRUCTURE AND CATALYTIC PROPERTIES OF FERRISILICATE ZEOLITES OF 
THE PBtTASIL GROP 
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S. G. Hegde, National Chemical Laboratory, Pune 41.1008, India. 

ABSTRACT 

A ferrisi 1icate pentasil zeolite was synthesised. Its 

structure was characterised by XRO, ESCA, Mossbauer, ESR and IR 

spectroscopy, magnetic susceptibility and adsorption techniques. 
3+ 

The as-synthesised zeolite contains Fe in (1) isomorphous 

substitution in lattice positions, (2) cation exchange positions 

and (3> oxide/hydroxide phases. On treatment with nitric acid, 3-+ 
the Fe ions in non-lattice positions are extracted out. The 

product is an iron zeolite containing Fe*^+and ions in 

tetrahedral lattice positions. The temperature-programmed 

desorption o-f NH3 from this zeolite reveals the absence of very 

strong acid sites in it. Consequently, its catalytic property 

in the isamerisation o-f xylenes is different -from that of the 

aluminium analog. 

INTRODUCTION 
The discovery, manufacture and industrial applications of 

synthetic crystalline aluminosi1icate zeolites has been one of 

the significant developments in catalysis during the past half 

century. Ule now report the synthesis, physicochemical and 

catalytic properties of a ferrisi1icate pentasil zeolite 

containing both iron and silicon in lattice positions. Even 

though there are references in the patent literature tl-43 on the 
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synthesis and catalytic properties of these materials, there are 

no detailed journal reports on this system. Marosi et al £1,23 

claimed the preparation of zeolites with ZSH5 topology and 

containing iron. No experimental data were provided regarding 

the location of iron C51. 

EXPERIMB4TAL 

Materials : The iron zeolites <FeZ) were prepared using 

various sources of Fe, Si, alkali as well as different organic 

templates (¿1. A typical procedure is given below. To 20 g of 

sodium silicate <8.2X N* 2
0' 2 7 S i 0 2 , 64.6% HgD >10 ml of 

water is added to constitute solution A. 2.5 g of 

tetrapropylammonium bromide is dissolved in 10 ml ef water to 

give solution B. 0.54 g of ferric sulphate <31.2X PegOg is 

added to enough water at 323 K to yield a clear solution C. 1 .76 

g of HgSO^C9KO .is diluted in 15 ml of solution to give solution 

D. Solution B is added to solution A with stirring.Solution C is 

then added to the mixture with stirring. Solution D is finally 

added to the resulting mixture dropwise with constant vigorous 

stirring. A solid gel is formed whose pH is about 10.2. The 

slurry containing the gel is heated at 423 K in an autoclave 

under autogenous pressure for 24 ̂ rs. The autoclave is then 

quenched in cold water. The solid product is filtered« washed 

with hot water till the filtrate is free from sulphate ions and 

dried at 393 K for 12 hrs. The material was then calcined in a 

static air oven at 823 K for 8 hrs to remove the organics. The 

acid form of the zeolite was obtained by ion exchange <twice> 

with 5 N ammonium nitrate solution at 363 K for 15 hrs followed 

by drying and calcination. The non-zeolite iron was finally 



extracted out by treatment with nitric acid. The purity of all 

the reagents and chemicals ued for the adsorption, TPD and cata-

lytic experiments was better than 99Y. 

Procedures : The instruments and procedures for measuring the 

X-ray diffraction pattern, temperature-programmed desorption of 

NH 3 , adsorption isotherms and catalytic properties of pentasil 

zeolites were similar to those described earlier [7-111 for HZSM5 

samples. The XPS measurements were performed [121 with a 

commercial XPS spectrometer (Vaccum Generators, ESCA 3 MK II). 

The experimental techniques including the calibrations procedures 

had been described earlier [121. 

The ESR spectra were recorded on a Brucker E.R. 100 D 

spectrometer, at 298 K. The spectrometer was operated at X-band 

frequency <9.6 GHZ) and calibrated with diphenyl picryl hydrazine 

(DPPH). The Mossbauer spectra were recorded by Dr. B. Clausen 
57 

(Haldor Topsoe, Denmark) using a source of Co in Rh matrix 

(Amersham) with the spectrometer in the constant acceleration 

mode. The spectrometer was calibrated with a thin (12.5 p, m) 

foil of Fe at roam temperature. Isomer shifts are given 

relative to the centroid of this spectrum. 125 mg/cm of sample 

was used. The magnetic susceptibility data were obtained by the 

Faraday method at 298 K. 

RESULTS AND DISCUSSION 
1. Composition and crystal structure 1 The unit cell 

composition of a typical sample of iron zeolite (Fe2) in the 

anhydrous acid form « a s N a ^ H ^ t <Si°2> 93. ¿ ^ V 2.59 

Its XRD pattern,that of an aluminium pentasil zeolite ZSM5(A1) 



and silicalite are shown in Fig. 1. From the similar X-ray 

patterns, it is concluded that all the samples o-f Fig. 1 are 

pentasil zeolites. This is -further supported by the IR framework 

vibration frequencies of FeZ (Table 1) which are similar to those 

for HZSM5 17] 
-1 

Table 1 : IR frequencies (cm > of FeZ and HZSM5(A1> 

FeZ : 455,550,590,620,678,730,800,870,888,1040,1100,1230 

HZSM5(Ref.7): 450,540,590,620,680,720,790,840,1075,1220 

2. Oxidation state and 1ocation of iron : 

A XPS : That the iron ions in FeZ are in the trivalent 

state and are indeed situated in lattice positions (and not 

occluded in the pores) is indicated by the XPS data in Fig. 2, 

which presents the XPS spectra of iron and oxygen in FeZ (Fig.2) 

and in a sample of silicalite containing occluded Feg03* The 

latter was prepared by impregnation of silicalite with Fe(N0g)3 

followed by drying and calcination. The binding energies of the 

Fe,^ level in the samples (taking a value of 103.3 eV for the Si^ 

level as the internal standard) were 711.6 (FeZ) and 711.0 (Fe-

Si 1) indicating Fe in both the materials. A 2p2^2 - 2p]y2sP'** 

-ting of 14.0 eV was observed for both the samples. These 

results agree with those of Mikusik et al [131 who found a value 
3* 

of 711.1 eV for FegOg and 710.5, 711.7 for Fe ion exchanged into 

HY zeolite. However, while only one peak (due to the zeolite 

lattice oxygen) is observed for FeZ, two peaks at 531.5 and 529.1 

eV are seen (Fig. 2) in the case of FeSi 1 . While the peak at 

531.5 eV, corresponds to the zeolite lattice oxygen, the other 

corresponds to the oxygen associated with the occluded Feg O3 

lA-n 



phase as could be verified with pure Fe20g • Stencel et alC14], 

for a sample of ZSM5 containing occluded FegOg also observed 

two 0j_s peaks at 532 and 529 eO, corresponding to oxygen in the 

zeolite and FegOg respectively. 

B Mossbauer Spectra The Mossbauer spectra of FeZ 

(sodium form) at 300 and 80 K are shown in Fig. 2. These had 

been computer analysed as a two line and a six-line spectral 

component to represent the quadrupole doublet and the magnetical-

ly split spectrum, respectively. The values of S <the isomer 

shift with ref.to Fe) and A <the quadrupole splitting) of the 
3 + 

quadrupole doublet are given in Table 2. These are typical of Fe 

in high spin state. The Mossbauer spectra of iron ion-exchanged 

into NaZSM5 <Fig. 5 of ref. 15) are completely different from 3 + Fig, 3, supporting our view that Fe ions in our samples are in 

lattice positions and not as countercat ions. In Ref. 15, iron 
2* was present as (1) Fe octahedrally coordinated to water mole-

2 + cules < S = 1.37, A 3.27), <2> Fe in distorted tetrahedral 
c 2 + 

coordination < d = 0.75, A - 1.28) and (3) Fe in tetragonally 

distorted octahedral symmetry < 6 = 1.30, A = 3.72). None of 

these species are present in our sample. 

Table 2 : Mossbauer parameters (quadrupole doublet) of 

of iron zeolite <Na form) 

Temp. <K) & (mm/s) A (mm/s) Rel area <X> 

300 0.33 * 0.02 8.85 * 0.02 90 

80 0.42 * 0.03 1.05 * 0.03 74 
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3 + In addition to the lattice Fe , our spectra (Fig. 3) 

indicate the presence of small occluded particles of Feo0oor Fe,0. 

also. These species, responsible for the magnetically split six 

line component, are removed by acid extraction perocedures. 

C ESR Spectra : The ESR spectra of the as-synthesised zeolite 

gave evidence for the presence of at least four different kinds 

of iron sites with g = 4.3, 2.3, 2.0 and 5.3 respectively (Fig. 
3 + 

4>. The resonance at g = 4.3 was attributed to high spin Fe in 

the lattice 1161 and/or Fe in rhombohedral1y distorted 

tetrahedral complexes in cation positions C171. Since the signal 

at g = 4.3 was not significantly affected by the level of 

hydration, treatment in hydrogen or with HNO3, it was concluded 3 + 

that, in our case, it arises mainly from the presence of Fe in 

lattice. Treatment with HNO3 decreased drastically the 

intensity of the signals at g = 2.3, 2.0 and 5.3 indicating that 

they are due to iron in nonlattice positions. The signal at g = 

2.3 is atributed, in agreement with UJichterlova [161, to Fe 1̂*" 

ions in occluded oxide and hydroxides. Similarly, the weak 3<-

signal at g = 2.0 is due to hexacoordinated Fe aquo/oxo 

complexes located in the cationic sites [161. The signal at g = 

5.3 arises probably from highly distorted tetrahedral complexes 

of Fe3+ . 

D Maonetic Suscept i bi1i ty : The magnetic susceptibility 

values (cgs units/g) for FeZ and a sample of silicalite 

containing an equal amount of Fe (as FegOg) were 4.9 and 3.2 x 

10 , respectively, indicating the larger dispersion of Fe in 

the former (at lattice sites) compared to the latter. 
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3. Adsorp t i on Proper t i es : The adsorption of H 2 0 and 

hydrocarbons in FeZ is shown in Table 3. The values are 

comparable to those for HZSM5 <A1> published earlier [73. The 

shape selective behaviour of FeZ is seen -from the large 

differences in the adsorption of n-hexane and its branched 

isomers (Table 3). 

Table 3 : Adsorption properties of FeZ (Na form) 

Absórbate Kinetic Amount adsorbed 
(297 K, Sat.Vap.) diameter, A Molecules/unit cell 

HgO 2.65 26.0 

n-Hexane 4.30 7.7 

2-Methyl Pentane 5.5 5.8 

Cyclohexane 6.0 2.7 

2,3-Dimethyl butane 6.1 3.4 

4. Acidic Properties s The TPD spectra of NHg from FeZ, HZSM5 

and silica!i te are shown in Fig. 5 (curves denoted by Fe, A1 and 

Si, respectively). The peak at 673 K in HZSM5, due to strongly 

adsorbed N H 3 , is shifted to 610 K in FeZ, indicating that SiOHFe 

Bronsted acid sites are weaker than those of SiOHAl. The broad, 

weak peak at 540-673 K in sil i cal i te is due to the presence of Al 

impuri ties. 

5. Catalytic Properties s In the catalytic conversion of Cg 

aromatics over FeZ and HZSM5 (Table 4), the major difference is 

that at similar conversion of ethylbenzene (EB) and para-xylene 

approach to equilibrium (PATE), the selectivity of FeZ is higher 

than that of HZSM5 (lower xylene loss). 
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Table 4 : Comparison o-f FeZ and HZSM5 (Al > 

Conditions : 713 K, atm.pr., UHSW = 15 hr , H /Oil = 0 

Product distribution(wt.'/.) FeZ HZSM5<A1 ) 

Feed 

C Aliphatics 2.9 2.7 2.1 

Benzene 0.6 9.0 9.9 

Toluene 3.0 4.0 5.1 

Ethyl benzene 26.5 13.7 14.6 

p-Xylene 7.4 14.5 14.4 

m-Xylene 55.0 40.1 38.8 

o-Xylene 4.6 12.2 12.6 + 
CgAromatics 3.8 5.6 

EB Conversion V. wt. 48.3 45.4 

PATE 90.0 94.0 

Xylene loss 0.2 4.2 

ACKNOULEDOBOfT t We thank Drs. S. Badrinarayanan and B. Clausen 

for the XPS and Mossbauer data, respectively. 

REFERENCES 
1. Marosi, L., Stabenow, J., Schwarzmann, M., 6er. 2,831,611. 

2. liarosi, L., Stabenow, J., Schwarzmann, M., Ger. 2,831,630. 

3. Dwyer, F., U.S. 3,941,871. 

4. Kouwenhoven, H.U., Stork, W. H. J., U.S. 4,208,305. 

5. Barrer, R. M., Hydrothermal Chemistry of Zeolites, 
AP, London, 1982, p. 292. 

6. Borade, R.B., Kulkarni, S.B., Hegde, S.G., Kotasthane, A.N., 
Shiralkar, V.P., Ind. 275/DEL/83. 

7. Kulkarni, S.B., Shiralkar, V.P., Kotasthane, A.N., Borade, 
R.B., Ratnasamy, P., Zeolites, 4, 313 (1982). 

8. Babu, G.P., Hegde, S.G., Kulkarni, S./B., Ratnasamy, P., 

•144 



J. Catal. 81, 471 (1983). 

9. Chandavar, K.H., Kulkarni, S.B., Ratnasamy, P., 
Appl. Catal., 4., 287 <1982) 

10. Borade, R.B., Hegde, S.6., Kulkarni, S.B., Ratnasamy, P., 
Appl. Catal., 13, 27 <1984). 

11. Meshram, N.R., Hegde, S.6., Kulkarni, S.B.', Ratnasamy, P., 
Appl. Catal., 8., 359 (1983). 

12. Badrinarayanan, S., Hegde, R.I., Kulkarni, S.B., Ratnasamy, 
P., J. Catal. 21, 439 (1981). 

13. Mikusik,P., Juska, T., Novakova, J.,Kubelkova, L., 
Uichterlova, B., J. Ghem. Soc. Faraday Trans. I . . 7 7 . 
1179 i1081>. 

14. Stencel, J. M., Diehl, J.R., Doublas, L. J., Spitler, C.A., 
Crawford, J.E., Melson, 6.A., Colloids and Surfaces, 4, 
331(1982). 

15. Petrera, l"l., Gennaro, A., Gherardi, P., Gubitoza, G., 
Pernicone, N., J. Chem. Soc. Faraday Trans. I., 80, 
709 (1984). 

16. Derouane, E.G., hestdagh, M., Vielvoye, L., J. Catal. 
18, 90 (1970). 

17. Uichterlova, B., Zeolites, 1, 181 (1981). 

70S 712 BECeV) 528 534 

Flg.2; XPS of FeZ and Fe-Silicalite. 

Fig.l: XRD Spectra of FeZ, HZSMS and silicalite (curves a-c). 

1^5 



-0-4 

0-5 
'""v. ; . . . . . . ' >2-
™ V » f # 

CD < 

2 3-

• A, 

• » , 

OD < 
i? 

2-6 

VELOCITY (mm/$ec.) 
Fig 3:Mossbauer spectra of FeZ at 300CtopJ ana 8OK (bottom). 

Fig. 4 : ESR Spectra of FeZ . 

Fig.5 : TPD(NH3) spectra of HZSMS(Al), FeZ(Fe) and 
silicalite (Si), 

•146 



RELAXATION- AND SELF-DIFFUSION MEASUREMENTS OF SOME HYDROCARBONS AND 
WATER AND METHANOL ON SILICALITE AND ZSM 5 ZEOLITES 

H. LECHERT , J. Wienecke , W.D. Basler 
Institute of Physical Chemistry, University of Hamburg 
Laufgraben 24, 2000 Hamburg 13, Germany 

ABSTRACT 
The mobility mechanisms of water, methanol, butene, and a series 

of n-hydrocarbons from butane to dodecane have, been studied in silica-
lite and two samples of ZSM 5 with Si/Al = 18 and 169 by the proton 
relaxation times T^ and T2 and self diffusion measurements. The self 
diffusion coefficient could be measured only for water and butene in 
silicalite. Both values are 3*10-4 cm2/s at 400 K. The activation 
energies are 31 resp. 12 kJ/mole. 

Water and methanol in silicalite show an almost isotropic 
reorientation. In ZSM 5 the motion becomes anisotropic, especially 
in the Na-forms, and the T^-minima are shifted to higher temperatures. 
The motion of the hydrocarbons is severely restricted in all samples 
and strongly anisotropic with rotational reorientation. Butene is bound 
very tightly with restrictions even of the rotational motions both 
in Na- and in H-ZSM 5. 

INTRODUCTION 
The great importance of the ZSM 5 type zeolites for the applica-

tion lies in the peculiarities of the pore structure causing special 
selectivity effects in catalysis. The different mechanisms of interac-
tion of the adsorbed molecules with the walls of the channels of the 
alumosilicate structure and with the cations and the OH-groups have 
been studied previously by careful sorption experiments /1/. 

The present paper shall be devoted to investigations of the mo-
bility of water, methanol, 1-butene and the n-hydrocarbons from butane 
to dodecane by pulsed NMR-mettiods. These substances represent the most 
important types of compounds involved in the wellknown methanol reac-
tion catalyzed preferably by ZSM 5 type zeolites. 

As adsorbends two samples of ZSM 5 with Si/Al = 18 and 169 and 
a silicalite sample are used. In the silicalite sample only the inter-



actions with the silica surface inside the channels is measured and 
may be compared with the influences originating from the Na-ions and 
the OH groups in the H-forms of the ZSM 5 samples. 

The molecular motion is studied by the H-NMR-relaxation times 
T^ and T2 to obtain the correlation time of the molecular reorienta-
ion. This correlation time is the period in which fixed spatial rela-
tions of the H-nuclei are givén. Therefore, the temperature dependence 
of T.j and T2 gives information about the activation energies and the 
kind of the molecular motion. In favourable cases the translational 
motion e.g. the self diffusion can be studied by the pulsed field 
gradient technique /2/. 

The mentioned selectivity phenomena are closely related to the 
restrictions pf the motional freedom of the educts and products in 
the catalytic process. Therefore, information about molecular motion 
obtained from NMR-data should give valuable insight into the influen-
ces of the pore structure of ZSM 5 zeolites on the kinetics of the 
catalytic reaction. 

EXPERIMENTAL 
Samples used,. The samples used in the NMR-experiments have been 

synthesized in our laboratory. In order to obtain large ZSM 5 crystals 
a batch composition has been used containing Li20 as described by Nas-
tro and Sand /3/. The batch compositions of the different samples are 
given in Table 1. ^ 

Table 1 
Batch compositions of the synthesis of the zeolite samples 

Sample Si02/Al203 Li20/Al203 TPA/Si02 NH40H/Si02 H20/Si02 t °C 
ZÍ8 59 1 0.14 1.28 12.7 180 
Z169 168 1 0.14 1.28 12.7 180 
S °° 0 0.06 NaOH/Si020.03 10.5 95 

TPA means the tetrapropylammonium ion. 
The samples are characterized by Z for ZSM 5 and by S for 

silicalite. The numbér behind thé Z gives the Si/Al-ratio of the final 
product. The analyses of the final products were done by AAS. The Z-
samples contained no Li and had Fe-contents of 220 ppm for Z169 and 
70 ppm for Z18. The S-sample had 220 ppm Fe-impurity. 

The crystallinity was checked by X-ray measurements. All samples 
showed good crystallinity. Z18 could be shown to consist of needles 
of an average length of 25 iim, Z169 consists of needles of 10 um. 



The S sample had crystals of a nearly spherical shape with a diameter 
of 10 tim. 

After calcination in air at 500°C the H- and Na-ZSM 5 were 
obtained by treating the samples with 0.1 M HC1 or 0.1 M NaCl 
solution. 

The dehydration of the samples was done at 400°C at a vacuum 
of 1 mPa for 12 hours. The degree of dehydration was checked gravimetri-
cally. The sorbates water and methanol were purified from air by several 
freeze-pump-thaw cycles. The gases butane and butene were taken from 
Merck "minicans" without any purification. The sorption was performed 
via the gas phase. The amount of sorbed substance was checked 
gravimetrically and is given in the legends of the figures. 

The NMR experiments were carried out with a BRUKER BKR 322 spec-
trometer at 60 MHz. T1 was obtained using the 180°-90°-pulse sequence. 
T2 less 1 ms were taken from the free induction decay, longer T2 from 
the Carr-Purcell-sequence. 

The self diffusion coefficients have been measured by the pulsed 
field gradient technique /4/. 

RESULTS 
In Fig.1 the temperature dependence of T̂  and T2 of water, metha-

nol, butane, and butene in silicalite is given. All four substances 
show motional narrowing of T2, and T1-minima. For water a broad T^-
minimum near 200 K is observed. The T^-minimum of methanol is near 
230 K and more pronounced. T^-minima of butane and butene are found 
near 260 K. The absolute values of T1 of several milliseconds indicate 
interaction with paramagnetic Fe-impurities. Low temperature T2 at 
160 K of water, methanol, and butene are are about 30 us which is three 
times longer than the expected rigid lattice value of nearly 10 us. 
In contrast, T2 of butane is 100 us at 160 K. This indicates at least 
narrowing of the intramolecular H-H-interaction by rotational motion 
even at 160 K, especially in case of butane. 

Because at least in case of T2 the contribution of the H-H- and 
the H-Fe-interaction may vary with temperature no reliable activation 
energies can be obtained from the slope of log T2 vs. inverse tempera-
ture . 

In Fig.2 the results for butene in Na-Z169 and butane in Na-
and H-Z169 are shown. The values of butene in Na- and H-Z18 are nearly 
identical with those in H-Z169, the values of butane in Na- and H-Z18 
and in H-Z169 with those in Na-Z169, and therefore not shown. 
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Fig. 1. Temperature dependence of the longitudinal 
(T1) and transverse (T9) proton relaxation times of 
+4.0 mmol water, O 3.5 mmol methanol, • 1.3 mmol 
butane, and 4 1.9 mmol butene per g silicalite. 

•150 



T2 of butene increases to about 1 ms only in Na-Z169 but remains con-
stant at 30 us in all other samples. The T1-minimum of butene is near 
290 K in Na-ZI69 and shifted to 330 K in H-Z169. In all samples the 
T1 minima of butane are near 290 K and all T2's increase from 0.1 ms 
at 160 K to 0.5 ms at 470 K. 

In Fig.3 water and methanol Na-Z18 and Na-Z169 are compared. 
Similar results were found for H-Z18 resp. H-Z169 and are not shown. 
Whereas all T2's are increasing with temperature only T2 of water in 
Na-Z169 is constant at 0.2 ms between 160 and 350 K and then increasing. 
All T1-minima are broad and in the range of 250 to 300 K. 

The coefficient of self diffusion of water and butene in silica-
lite, determined the NMR pulsed field gradient technique is given in 
Table 2. 

Table 2 
Self diffusion of water and butene in silicalite 

T/K 360 380 400 420 
D/10"8m2/s 1.2 1.7 3.0 4.8 water 

2.2 2.8 3.2 4.0 butene 

The corresponding activation energy of diffusion is 31+2 kJ/mole 
for water and 12+2 kJ/mole for butene. 

DISCUSSION 
The wellknown hydrophobic character of silicalite /5/ can be 

clearly seen by the relaxation times (Fig.1) and the self diffusion 
(Table 2). The T.-minima, where the correlation time of molecular 

-9 
reorientation is about 10 s, are increasing in the order water-
methanolbutene —butane from 200 to 260 K. For comparison the T.—minimum 
of water in Na-faujasite is near 260 K. The self diffusion of water -9 2 can be extrapolated to 2*10 m /s at 300 K which is nearly the value 
of the pure liquid and ten times faster than in Na-X faujasite /6/. 

-9 2 
Butene (D = 10 m /s at 300 K) is hundred times more mobile 

in silicalite than in Na-X /7/. No significant difference between the 
temperatures of T1-minima of butane and butene could be observed 
(Fig.1). Both observations can be explained by the fact that there 
are no cations in silicalite for specific interaction with the n-bond 
of butene. 

Methanol which has both hydrophobic and hydrophilic parts in 
its molecule show a behaviour intermediate between water and the hydro-
carbons . 



2 3 4 5 6 

Fig. 2. Temperature dependence of the longitudinal 
(T.j) and transverse (Tj) proton relaxation times of 
butane and butene in ZSM 5 with Si/Al = 169 (Z169): 
A 1,0 mmol butane/g Na-Z169, + 1.0 mmol butene/g 

H-Z169, and O 1.4 mmol butene/g Na-Z169. 
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Fig. 3. Temperature dependence of the longitudinal 
(T^ and transverse (T2) proton relaxation times of 
water and methanol in Na-ZSM 5 with Si/Al =18 (Z18) 
and Si/Al = 169 (Z169): A 3.0 mmol water/g Na-Z18, 
+ 4.0 mmol water/g Na-Z169, O 4.3 mmol methanol/g 

Na-Z18, and • 3.8 mmol methanol/g Na-Z169. 
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The low temperature values of T2 of all four substances are well 
above the expected rigid lattice value of 10 us. Therefore their 
correlation time of the molecular reorientation must be shorter than 
10~5 s at 160 K. 

The possible influence of the cations on the sorbate-sorbend-
•interaction should become apparent comparing silicalite, Z169 and Z18 
differing largely in the concentration of Na-ions resp. H-ions. In 
case of butane no significant difference has been observed for all 
sorbends, indicating that only non-specific hydrophobic interaction 
occurs with the zeolite framework. 

For butene T- = 30 us is observed up to 470 K, hence there is > 
t 

strong restriction of molecular reorientation in H-Z18, Na-Z18 and 
also in H-Z169. In Na-Z169 almost no difference between butane and 
butene can be found (Fig.2). This shows strong interaction between 
butene and the H-ions. Even the ratio of 1 H-ion to 10 molecules butene 
in H-Z169 is sufficient to prevent isotropic reorientation. 

For Na-Z18 with 1 Na-ions per butene a similar restriction of 
molecular reorientation takes place but obviously not in Na-Z169. In 
agreement with these findings the same molecular correlation time of 
butene in H-Z18, H-Z169 and Na-Z18 is reached at a higher temperature 
(T1min a t 3 3 0 K ) t h a n i n N a - Z 1 6 9 (T-|niin a t 2 9 0 K ) • Nevertheless, even 
at the corresponding temperatures of the reorientation is much 
more anisotropic in the samples with T2 = 30 us. 

In addition the T̂  and T2 relaxation times of n-paraffins with 
C = 6,8,10, and 12 were measured between 120 and 470 K. Low temperature 
T2 were about 20 us- Depending on the chain length, T2 started increa-
sing at temperatures between 180 and 350 K to a final value of 250 us. 
The T^-minima were broad and situated near 290 K, no systematic varia-
tion with C-number could be observed. It can be concluded that the 
reorientation of n-paraffins with C-number above 6 is severely restric-
ted by the linear channel structure of ZSM 5 whereas butane and probably 
the shorter n-paraffins may reorient isotropically in the channel 
intersections. 

Finally, the influence of Na-ions on water and methanol was stu-
died by comparing Na-Z18 with Na-Z169 (Fig.3) and silicalite (Fig.1). 
Going from silicalite to ZSM 5 the T1-minimum is shifted from 200 to 
260 K but no significant difference is observed between Na-Z18 and 
Na-Z169. Nevertheless, T2 indicates more isotropic reorientation at 
low temperatures in Na-Z169 with less Na-ions whereas at higher tempe-
ratures a shorter T_ is caused by the higher Fe-content of Na-Z169. 



Like in the case of water the T^-minimum of methanol is shifted 
from 230 K in silicalite to about 270 - 290 K in ZSM 5 but no marked 
difference between Na-Z18 and Na-Z169 can be seen. Evidently already 
a concentration of 1 Na-ion per 40 molecules of water resp. methanol 
is sufficient to create the remarkable difference between ion-free 
silicalite and Na-ZSM 5. Further increase of Na-content seems to be 
less effective. 

The ratio of the T1 values of Na-Z169 and Na-Z18 is about 10 
whereas the ratio of the analytical Fe-contents is 3. This allows the 
conclusion that not all Fe in ZSM 5 is equally effective in NMR relaxa 
tion and hence should be located in sites with different accessibility 
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FACTORS INFLUENCING SORPTION AND DIFFUSION IN PENTASIL ZEOLITES 

V.S. NAYAK and L. RIEKERT 
Institut für Chemische Verfahrenstechnik der Universität Karlsruhe, 
D-7500 Karlsruhe, Germany 

ABSTRACT 
Pentasil zeolites (Si :A1= 20-50) have been prepared with 

different templates (TPA, N H 2 (CH 2)g N H 2 # N H 2 (CH 2) 3 N H 2 # and NH^ 
(organic free)) in the hydrogen form; they were characterized by 
XRD and by chemisorption of pyridine. Equilibrium sorption of 
hexane, benzene, toluene and p-xylene was studied at 298 K; the 
uptake of hydrocarbons varies regularly'with the nature of the 
template which had been used in the synthesis of the zeolite. 
Diffusivities (obtained from sorption rates at 298 K) of aromatic 
hydrocarbons are independent of the method of preparation of the 
zeolite. Chemisorbed pyridine does not affect the diffusivity of 
aromatic hydrocarbons in pentasil zeolite synthesized with 
TPA as template, whereas it reduces the diffusivities substantially 
in zeolites prepared with other templates. This observation indica-
tes that the template influences the location of acid sites in the 
structure of the solid. 

INTRODUCTION AND SCOPE 
The generic name "pentasil.-zeolites" , which has been in-

troduced by Meier and Kokotailo (1), covers a family of similar 
structures with nearly identical lattices containing five-membered 
rings of tetrahedral silicon or aluminium. The end members of this 
series are represented by the ideal structures of ZSM-5 (sinusoidal 
channels) and ZSM-11 (straight channels). Real crystals seem to be 
an intergrowth of these structures and they also contain stacking 
faults and disordered domains (2-4). These zeolites are synthesized 
through crystallisation from silica-rich gels containing nitrogen 
bases as templates. The classical synthesis relies on tetrapro-
pylammonium for ZSM 5 (5) and tetrabutylammonium for ZSM-11 (6) 
as templates. It has been found that pentasil zeolites can also be 
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obtained if the gel contains N-bases other than these, such as 1,6 
diaminopropane (8) or no organic template (9). The XRD-patterns of 
zeolites prepared by different methods are very similar with nearly 
identical lattice-spacing, whereas sorption of hydrocarbons and 
catalytic properties have been found to vary with the method of 
preparation (10, 11). In order to exemplify the influence of the 
template used for synthesis on the p r o p e r t i e s of the resulting 
pentasil zeolites we have prepared pentasil zeolites using 3 dif-
ferent organic templates as well as no organic template. The prop-
erties of these zeolites with respect to sorption and d i f f u s i o n 
of various hydrocarbons and chemisorption of pyridine are reported 
here; the catalytic properties of these materials will be the 
subject of a later publication. 

Synthesis and characterization of zeolites. Zeolites were 
prepared by crystallization from gels at 170°C in a teflon-lined 
autoclave. The gels were formed by first heating slurries of 
precipitated silica (Merck) in aqueous solution of NaOH and the 
template to boiling for 30 minutes and than adding under stirring 
either a hot solution of AlCl^ (preparation A and B) or a hot 
slurry of freshly precipitated aluminium hydroxide (preparation 
D). The molar compositions of the gels were A ^ O ^ -75 SiOj- x 
template - 6-2 N a 2 0 - 870 H2<>, where x = 9*2, 21-0 and 71-6 for 
TPA-Br, HMD and NH^ , respectively. The cr y s t a l l i z a t i o n periods 
were 6 days for TPA- and HMD-zeolites and 12 days for N H ^ - z e o l i t e . 
Sample C (template: 1,3 diaminopropane) was kindly supplied by 
Dr. Holderich (BASF Aktiengesellschaft). 

The crystalline solids resulting from the gels were f i l t e r e d , 
washed several times with distilled water, dried at 120°C and 
calcined in air at 500°C for 4 h. After cooling to room t e m p e r a t u r e 
the zeolites were ionexchanged at 80°C 6 times with 20 ml of 
1 m NH^NO^ solution per g of zeolites. The ionexchanged solids 
were dried and deammoniated in air at 500°C for 6 h to obtain 
the hydrogen forms. 

The composition of the resulting zeolites as obtained by 
wet analysis and AAS and the size of the crystals (which were 
nearly monodisperse in all preparations as shown by SEM) are 
given in Table 1 . 
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Table 1 
Composition and size of crystals, Sorption capacity for nitrogen, 
Chemisorption of pyridine 

sample Crystal- Composition Nj-Sorption Chemisorption of pyridine 
designation diameter Si/Al at 77 K and at 400°C 
(template) (Um) N„ 1 torr m mol 

(m mol/g) 
pyridine 
n 'Al 

A 
(TPA Br) 0.5 

(NH2(CH2)6NH2) 0.5 

(NH2(CH3)2NH2) 0.8 

36 

36 

22 

4.2 

3.9 

3.6 

0.21 

0 .26 

0.28 

0.48 

0.58 

0.39 

(NH3) 
ZSM-5 * 

0.5 
1 . 0 

36 
50 

2.3 0.28 

0.17 
0.64 
0.53 

* sample of zeolite ZSM-5 in the hydrogen from, kindly supplied by Mobil 
Research and Development corporation 

Na content in zeolites A, B, C and D < 0.05 wt %. 

Chemisorption of pyridine was determined with an electro-
balance by evacuating the zeolite at 400°C for 2 h, cooling to room 
temperature, contacting with pyridine vapour at 13 mbar at this 
temperature and then evacuating to 10 ^ mbar at 400°C for 2 h. The 
amount of pyridine retained thereafter and its ratio to the amount 
of A1 in the zeolite is also listed in Table 1. The main X-ray 
diffraction reflexes with Cu K ^ -rardiation and their relative 
intensities (peak heights) are given in Table 2 as well as the 
degree of crystal1 inity which is defined by the ratio of sum of 
heights of major XRD peaks of test sample to the sum of heights 
of major XRD peaks of standard (Sample A) multiplied by 100. 
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Table 2 
XRD-data of zeolites in the hydrogen form 

Sample: A B C D ZSM-5(Mobil) 
28 100 I/I o 

7.8 (100) (100) (i00) (100) (100) 
8.7 58 56 62 60 56 

23.0 49 49 46 78 48 
23.8 25 25 26 39 24 
24.2 13 14 17 26 13 

crystallinity (100) 98 100 91 99 
(%) 

SORPTION OF HYDROCARBONS INTO THE ZEOLITES IN THE H Y D R O G E N - F O R M S 
Sorption equilibria and sorption kinetics were observed g r a v i -

metrically with a Cahn RG electrobalance hooked up to a g r e a s e - f r e e 
vacuum system which can be evacuated through a turbomolecular p u m p 
to 10 ^ mbar. Pressure was measured with a capacitance p r e s s u r e 
transducer (MKS baratron Type 170 M-6B). The experimental p r o c e d u r e 
has been described in detail by Doelle and Riekert (12); sorption 
equilibria were observed on samples weighing about 70 10 mg, 
equilibrium being defined by coincidence of isotherms obtained at 
increasing and decreasing pressures; sorption rates were observed 
on much smaller samples (about 10 mg each) spread in a monolayer 
of crystals in order to avoid intercrystalline mass transfer 
resistance and to minimize the excursion of temperature due to 
the heat of sorption. Pretreatment of the zeolites consisted 
in degassing at 400°C for.1 h at p 10 ^ m b a r . 

Figure 1 shows the isotherms at 298 K of n-hexane, b e n z e n e , 
toluene and p-xylene on zeolite A and figure 2 shows sorption 
isotherms of toluene on zeolites A, B, C and D at 198 K. Values 
of equilibrium-sorption of different hydrocarbons at 298 K and 
a pressure of 1.33 mbar of the respective hydrocarbon are given 
in Table 3. 
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Fig. 1. Equilibrium isotherms of Fig. 2. Equilibrium isotherms for 
sorption of hydrocarbons sorption of toluene in 
in sample A at 298 K samples A,B,C,D at 298 K 

Table 3 
Equilibrium sorption n s / m z in mmol g 1 of different hydrocarbons 
i at 298 K and p^ = 1.33 mbar in different pentasil zeolites 

Zeolite 
hydrocarbon 

n 
m-hexane — = 1.28 1.21 1.12 0.62 m z 
benzene 0.91 0.79 0.83 0.42 

toluene 0.94 0.87 0. .85 0. .52 
p-xylene 1.33 1.01 0. .98 0. .67 

Sorption of p-xylene at 298 K did show hysteresis on all 
samples investigated, values in desorption (decreasing p) exceeding 
the values found in sorption (increasing p). Sorption of o-xylene 
at 298 K was also investigated on sample A and D where the same 
loadings are approached as for p-xylene, albeit much more slowly. 

The kinetics of sorption of benzene, toluene and p-xylene 
at 298 K into all zeolites investigated can be described by "/nje 
(n^o = final uptake at equilibrium) being linear in t, up to 
about R / n o 0 = 0.5 (see fig. 3). In this range the kinetics of 
sorption is controlled by intracrystalline diffusion under the 



conditions of these experiments with m o n o l a y e r s of crystals (12). 
Assuming diffusion in a homogeneous isotropic medium we have in-
dependent of the shape of the crystals for the intial slope of 
/n vs . -fi? 

d ( " / n „ ) 2 / D 
1 im = — = -==r • I — I (1) 

l/2 

t -*• 0 dft* Y 7 ' - 2 

v / where L = /a is the ratio of volume to external surface of the 
solid; e. g. L = ^ for spherical crystals of diameter d. Intra-o 
crystalline diffusion coefficients D of hydrocarbons in the zeolites 
which were obtained on the basis of eq. (1) are listed in Table 4." 

Table 4 
Diffusivities (in cm^/s) of hydrocarbons at 298 K, obtained from 
initial slopes of п / п м vs. l/t-curves 

Sample: A B C D 
(L in дт) (0.08) (0.08) (0.13) (0.08) 

Hydrocarbon 

Benzene D= 5, .7" ю" 1 2 6 .0-10"12 6 .3' •10"12 6, .3' •ID'12 

Toluene 1. .6' • Ю " 1 2 1. .8.10-12 2 .0 • •10"12 2, .2- •10"12 

p-Xylene 2. .8' •10"11 2 .9-10"U 3 .6' •10-11 2, .8 • •10"11 

These diffusivities should'be considered as rough estimates 
only, because the characteristic length L^oETtained from SEM micro-
graphs cannot be considered to be very accurate. Furthermore the 
patterns of " / n ^ vs. t T T at n/nQQ > 0.8 seem to indicate that 
the solids are not always homogeneous, containing disordered domains 
where diffusivities are lower. The data in Table 4 nevertheless 
indicate that the order of magnitude of the diffusivity of a given 
hydrocarbon is the same in all preparations and that p-xylene always 
diffuses more rapidly into the solid than benzene or toluene. 
O-xylene on the other hand diffuses much more slowly, in sample 
A the rate of sorption of o-xylene at 298 K corresponds to D a* 
6-10"13 cm2/s_ 

SORPTION OF HYDROCARBONS INTO ZEOLITES CONTAINING CHEMI SORBED 
PYRIDINE 

Equilibria and kinetics of sorption of aromatic hydrocarbons 
were also investigated in pentasil samples A, B, C and D after 
these had been modified by chemisorption of pyridine at the acid 



sites in the crystal. For this purpose the zeolites where contacted 
with pyridine-vapour ( 13 mbar) at 25°C and then degassed at 400°C 
under vacuum (p=10 -^ mbar) for 1 h, the amounts of pyridine 
retained thereafter are given in Table 1. The equilibrium isotherms 
of hydrocarbons in zeolites modified by chemisorbed pyridine were 
compared to the isotherms for the unmodified zeolites. It was found 
throughout that sorption in the modified zeolites at p > 1 mbar is 
reduced by an amount which corresponds roughly to the amount of 
chemisorbed pyridine. The kinetics of sorption of benzene and 
p-xylene in the H-forms as well as in the pyridine-modified forms 
of the same zeolites (A, C and D) is shown in Fig. 3. 

Vtlsec)' 

Fig. 3. Kinetics of sorption of benzene (1) and p-xylene (2) into H-forms 
of zeolites (-o-o-,-a-a-) and into H-forms containing chemisorbed pyridine 
( - • - • - . T = 298 K. 

P ~ V Initial loading of zeolite (n ) n = 0; — .i 0.9 . b u Pe 
In pentasil A the time-dependence of the dimensionless uptake 

n/n 0 9 is not affected by the presence of chemisorbed pyridine, the 
diffusivities of the hydrocarbons in this zeolite are the same, 
whether pyridine is present or not. In zeolites B, C and D, on the 
other hand, the diffusivities of hydrocarbons are substantially 
reduced by chemisorption of pyridine. These observations are 
summarized in Table 5, where the ratio between the diffusivities 
in the pyridine-modified zeolites and the diffusivities in the 
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unmodified zeolites at 298 K are listed. These ratios of diffu-
sivities obtained on the basis of eq. (1) do not suffer from incer-
tainities concerning shape and size of the crystals, the m o r p h o l o g y 
being the same when rates of sorption on modified and unmodified 
crystals are compared for the same zeolite sample. 

Table 5 
Ratio of diffusivities D in unmodified zeolite and D in zeolite PY 
modified by chemisorbed pyridine at 298 K 

Zeolite 
Diffusing 
hydrocarbon 

A B C D 

Benzene D 
D 
py 

1 .00 0. .3 0.25 0, .4 

Toluene 1 .00 0. .55 0.5 0, .6 

p-Xylene 1 .00 0, .2 0.4 0, .05 

DISSCUSION 
Zeolites A, B, C and D agree with respect to their c r y s t a l -

lattice, since x-ray reflexes occur at identical Q-values, char-
acteristic for Pentasi1-zeolites. Their chemical composition 
corresponds essentially to that of silica where between 2 and 5 % 
of Si-atoms have been replaced by Al. The structures of these 
zeolites appear not to be identical, however, if the equilibria 
and kinetics of sorption of hydrocarbons and of pyridine in these 
solids are considered. Between 40 and 65 % of the Al-atoms are 
associated with an acidity which gives rise to chemisorption of 
pyridine at 400°C( the fraction being highest for the zeolite 
which was prepared without organic template. 

The pattern of the equilibrium isotherms for sorption of 
different hydrocarbons is the same for all 4 zeolites.. The amounts 
of a given hydrocarbon which are incorporated into different 
zeolites under otherwise identical conditions decrease in the 
order A > B > C > D, which corresponds to an ordering of the template 
molecules with their size, decreasing from A (TPA) to D (NH^) . 
The effect can be due to an increasing degree of disordering 
in the crystals, as we go from A to D. 

The amount of p-xylene which is sorbed at saturation always exceeds 
the amount of benzene sorbed at saturation; it seems impossible 
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to explain this result on the basis of space-fi1ling in the struc-
ture. The hysteresis observed for p-xylene sorption indicates that 
a change of the structure of the solid takes place when p-xylene 
is introduced. A subtle change of the structure of ZSM-5 upon 
sorption of p-xylene has recently been observed by Fyfe et al. (13) 
through XRD and NMR spectra. The diffusivity of p-xylene in these 
zeolites always excedes the diffusivity of benzene by a factor 
of about 5 (Table 4). 

The observation that the diffusivities of benzene, toluene 
and p-xylene in zeolite A (prepared with TPA as template) are not 
affected by chemisorbed pyridine shows that in this case the chemi-
sorbed pyridine molecules are located such that they do not obstruct 
the diffusion pathways of the hydrocarbons. In zeolites B, C, D 
on the other hand the presence of chemisorbed pyridine entails a 
substantial reduction of the diffusivities of hydrocarbons in the 
solid (Table 5). In zeolites B, C and D (prepared with primary 
amines or ammonia as templates) the chemisorbed pyridine molecules 
must therefore be located such that they obstruct the diffusion 
pathways of hydrocarbons in the structure. Theodorou and Wei (14) 
have shown how observed diffusivities will be reduced, if in a 
lattice of diffusion pathways a fraction of the pathways in the 
volume or at the boundary of the system is blocked. This effect 
is evidently responsible for the decrease of diffusivities in 
zeolites B, C and D due to chemisorbed pyridine. Since the effect 
is absent in zeolite A it can be concluded that chemisorbed 
pyridine occupies different positions in the channel-system of 
zeolite A than in the case of B, C or D. It follows that the 
location of framework Al in the lattice is influenced by the 
template which is used for synthesis. 
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T I T R A T I O N OF A C T I V E A C I D SITES O N H - Z S M - 5 BY SELECTIVE POISONING 

WITH P Y R I D I N E 

V.R. C H O U D H A R Y A N D V.S. N A Y A K 

Chemica l Engineer ing D iv i s ion , Na t i ona l Chemica l L a b o r a t o r y , Pune -411 008 

India 

A B S T R A C T 

The number and s t reng th of ac t i ve ac id s i tes on H - Z S M - 5 ( w i t h d i f f e r e n t 

S i /A l ra t ios ) fo r cumene c rack ing and o -xy lene isomer isa t ion reac t ions have 

been de te rm ined using the pulse piosoning techn ique based on se lec t ive poisoning 

of s t ronger ac id s i tes w i t h py r id ine . Only those ac id s i tes wh ich can absorb 

pyr id ine i r revers ib ly a t ^ 5 7 0 K are invo lved in both the reac t ions . The number 

of a c t i v e ac id sites on the zeo l i te was found to decrease a lmost l i near l y w i t h 

the S i / A l r a t i o . On the o ther hand, the number of ac t i ve ac id si tes per A l -

a t o m of the zeo l i te increases w i t h the S i / A l r a t i o upto the S i / A l r a t i o of 31.1 

and l eve l s -o f f t h e r e a f t e r . 

I N T R O D U C T I O N 

H - Z S M - 5 zeo l i te has shown considerable promise as a ca ta l ys t in the conver -

sion of a lcohols to hydrocarbons [1-6 ] , a l k y l a t i on of a romat i cs [7 ,8 ] and also 

in a number of hydrocarbon conversions [9-13] , and syngas convers ion [14] . 

The ac id s t reng th d i s t r i bu t i on on th is zeo l i t e has been found to be broad [15-

19]. I t is t he re fo re i m p o r t a n t to know the number of ac t i ve ac id s i tes wh ich 

are ac tua l l y invo lved in a pa r t i cu l a r c a t a l y t i c r eac t i on and also the m i n i m u m 

s t reng th possessed by t h e m . The present i nves t iga t ion was under taken w i t h 

the ob jec t i ve of de te rm in i ng the ac t i ve ac id s i tes on H - Z S M - 5 zeo l i tes ( w i t h 

d i f f e r e n t S i / A l ra t ios) fo r the model reac t ions v i z . cumene c rack ing and o -xy lene 

isomer isa t ion , wh ich are no rma l l y employed f o r s tudy ing p ro ton ic ac id s i tes 

on sol id ca ta lys ts [20] . The poisoning techn ique [9 ,21] in wh ich the s t ronger 

ac id s i tes are se lec t i ve ly poisoned in the order of the i r s t reng th has been 

employed fo r th is purpose. 

E X P E R I M E N T A L 

The p repara t ion and cha rac te r i sa t i on of the H - Z S M - 5 zeo l i tes w i t h d i f f e r e n t 

S i /A l r a t i os (vary ing f r o m 13.6 to 39.7) have been descr ibed elsewhere [9] . 

The ca ta l ys t poisoning exper iments fo r measur ing the ac t i ve ac id s i tes 
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f o r the c r a c k i n g and i somer i za t i on reac t ions were c a r r i e d ou t in a pulse m i c r o -

reac to r connec ted to a gas ch roma tog raph (Perk in E l m e r Sigma 3B, w i t h f l a m e 

ion isa t ion de tec to r ) using n i t r ogen (99.99%) as the c a r r i e r gas. The m i c r o r e a c t o r 

cons is ted of a stainless s tee l tube (o.d. 6 m m ; i .d . 4 m m and l eng th 22 c m ) 

w i t h the zeo l i t e pa r t i c l es (0.2 m m size) packed be tween the quar tz woo l p lugs. 

The t e m p e r a t u r e of the zeo l i t e bed and the i n jec t i on p a r t o f the m i c r o - r e a c t o r 

cou ld be var ied independent ly . The reac t i on cond i t ions were as f o l l ows : amoun t -1 
of c a t a l y s t , 0.05 g; f ^ - f l o w ra te , 800 m i n ; r eac t i on t e m p e r a t u r e , 5 7 3 K ; pulse 

s ize, 0 . 0 7 m m o l ; and pressure, 370 kPa. A par t o f the reac to r e f f l u e n t was 

bypassed be fore i t en te red the gas ch romatog raph . The r e a c t i o n products we re 
analysed in a carbowax 20M (10%) on chromosorb - W co lumn at 343K ( ca r r i e r 

3 -1 

gas f l ow ra te : 40 c m .m in ). 

The c a t a l y t i c t i t r a t i o n of the a c t i v e si tes on the zeo l i t e was p e r f o r m e d 

by mak ing the s i tes w i t h increas ing ac id s t reng th ava i lab le fo r the c a t a l y t i c 

reac t i on by sa tu ra t i ng t h e m w i t h py r id ine i r revers ib ly adsorbed a t 598, 673, 

723 and 773K and also by using the zeo l i te w i t h o u t poisoning. Thus only the 

acid s i tes wh ich were weaker than those blocked by the base a t the sa tu ra t i on 

(or poisoning) t e m p e r a t u r e (Ts) were ava i lab le for the r e a c t i o n on the poisoned 

zeo l i t e . The desorp t ion of the adsorbed pyr id ine f r o m the poisoned zeo l i t e 

dur ing the a c t i v i t y test was p revented by ca r r y ing out the reac t i on a t a t e m p e r a t u r e 

(wh ich was 573K) lower than the lowest t e m p e r a t u r e a t wh ich the ac id s i tes 

were b locked w i t h i r revers ib l y adsorbed pyr id ine. A de ta i l ed procedure fo r 

poisoning the zeo l i t e and measur ing i ts c a t a l y t i c a c t i v i t y has been descr ibed 

ear l ie r [9] . 

RESULTS A N D DISCUSSION 

The resul ts of the c a t a l y t i c t i t r a t i o n s are presented in F ig . 1. For bo th 

the c rack ing and i somer i za t ion reac t ions , the c a t a l y t i c a c t i v i t y of the zeo l i t e 

(w i t h the d i f f e r e n t S i /A I ra t ios) decreases w i t h the decrease in Ts ( i .e . the 

t empera tu re at wh ich the zeo l i tes are satura ted w i t h i r reve rs ib l y adsorbed 

pyr id ine) . I t can also be noted t ha t the a c t i v i t y vs. Ts curves fo r bo th the 

reac t ions on zeo l i tes when ex t rapo la ted to zero a c t i v i t y mee t a lmos t at 

the same po in t . This po in t wh ich corresponds to the t e m p e r a t u r e Ts requ i red 

for b lock ing near ly a l l the ac t i ve si tes invo lved in the reac t ions . These resul ts 

reveal tha t the si tes having an ac id s t reng th of T d ^ S V O K (where Td is the 

t empera tu re a t wh ich the i r revers ib ly adsorbed pyr id ine desorbs) are responsible 

fo r both the react ions on the zeo l i t e , or in o ther words only those ac id s i tes, 

wh ich can adsorb py r id ine i r revers ib l y a t or above 570K, ca ta lyse the reac t ions . 

The number of ac t i ve ac id si tes tak ing pa r t in the r e a c t i o n was ob ta ined 



T, (K ) 

F i g . 1. Dependence of the c a t a l y t i c a c t i v i t y of H - Z S M - 5 ( w i t h d i f f e r e n t 

S i / A l ra t i o ) on Ts fo r the c rack ing and i somer i za t i on reac t ions 

in t e r m s of the number of py r id ine molecu les adsorbed i r reve rs ib l y a t the m a x i m u m 

Ts (570K) requ i red fo r comp le te l y d e a c t i v a t i n g the z e o l i t e . F igure 2 shows 

tha t t he number of a c t i v e ac id s i tes in the zeo l i te decreases a lmost l inear ly 

w i t h t he increase in the S i / A l r a t i o . 

The dependence of the r a t i o of the a c t i v e ac id s i tes per un i t ce l l t o the 

A l - a t o m s per un i t ce l l o f the zeo l i t e on the S i / A l r a t i o is shown in F ig . 2; 

the a c t i v e ac id s i tes per A l - a t o m increases w i t h S i / A l r a t i o up to the value 

of 31.1 and l eve l s -o f f t h e r e a f t e r . This t r end in the va r i a t i on of the ac t i ve 

ac id s i tes per A l - a t o m w i t h the A l - c o n t e n t of the zeo l i t e is expec ted to be 

ma in ly due to the i n t e r a c t i o n be tween the s t r uc tu ra l A l anions (wh ich are 
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S i / A l RATIO 

F ig . 2. Dependence of the a c t i v e si tes and the r a t i o o f ac t i ve s i tes to 

A l - a t o m s on the S i / A l r a t i o fo r the c rack ing and i somer i za t i on reac t i ons 

on H - Z S M - 5 

responsible fo r the ac id s i tes) . In ZSM-5 zeo l i t e , the s t r u c t u r a l A1 anions 

are expec ted to be s i t ua ted a t the channel in te rsec t ions . Since there are fou r 

channel in te rsec t ions per un i t ce l l o f the zeo l i t e [22]," more than one A1 are 

present a t some of the in te rsec t ions when the A l - c o n t e n t o f the zeo l i t e is 

more than 4 A l - a t o m s per un i t ce l l . This s i tua t ion can also be present in the 

case of the zeo l i t e con ta in ing 4 (or even less than 4) A l - a t o m s per un i t ce l l 

when the d i s t r i bu t i on of the A l - a t o m s is not u n i f o r m . The resul ts (F ig . 2) 

po in ts t o the f a c t t ha t the number of ac t i ve acid s i tes per s t r u c t u r a l A l - a t o m 

on H - Z S M - 5 decreases w i t h the increase in the A l - c o n t e n t , the decrease be ing 

very pronounced above the A l - c o n t e n t o f about 4 A l - a t o m s per un i t ce l l . The 

i n t e r a c t i o n be tween s t r u c t u r a l A1 anions present at the same channel i n t e r sec t i on 

causes a decrease in the s t reng th of the ac id sites o r i g i n a t i n g f r o m the Al~ 

anions, wh ich resul ts in the decrease in the ac t i ve (or s t rong) ac id s i tes per 

s t r u c t u r a l A l . 
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The poisoning techn ique employed in the present study d i f f e r s f r o m the 

conven t iona l pulse poisoning technique [23,24] in t ha t the a c t i v e s i tes of va ry ing 

ac id s t reng ths are b locked by i r revers ib ly adsorbed py r id ine a t d i f f e r e n t t empe ra -

tures instead of i n t roduc ing the poison in smal l doses a t the reac t i on t e m p e r a t u r e 

(which does not ensure p r e f e r e n t i a l b lockage of ac t i ve or s t ronger ac id si tes), 

and f i nd ing the a c t i v i t y of the ca ta l ys t a f t e r the i n t r oduc t i on of each poison 

pulse. 

The ca ta l ys t a c t i v i t y is measured a t a t e m p e r a t u r e lower than the lowest 

t e m p e r a t u r e a t wh ich the ac id si tes are b locked by the i r revers ib l y adsorbed 

poison. The present pulse poisoning techn ique, t he re fo re , ensures u n i f o r m and 

also p r e f e r e n t i a l b lockage of the ac t i ve ac id s i tes in the order of the i r s t reng th 

and e l im ina tes the poss ib i l i t y of the desorp t ion of poison dur ing the a c t i v i t y 

tes t . I t gives both the number and the m i n i m u m s t reng th of the ac t i ve s i tes 

tak ing pa r t in the c a t a l y t i c reac t i on . I t can also be employed [9 ,21,25] fo r 

obta in ing co r re l a t i on be tween the s e l e c t i v i t y fo r the d i f f e r e n t products and 

the s t reng th of acid si tes invo lved in the c a t a l y t i c reac t ions . 
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THE STRENGTH OF OH GROUPS IN NaHZSM-5 ZEOLITES STUDIED BY IB 
SPECTROSCOPY 

J. DATE», B* Tuinik 
Faculty of Chemistry, Jagiellonian University, 30-060 Cracow, 
Karaaia 3, Poland 

ABSTRACT 
The acid strength of OH groups in NaHZSU»^ zeolites increases 

with the cation exchange degree. It has been evidenced by the results 
of the studies of thermodesorption of pyridine and of the studies of 
extinction coefficient of OH groups. This effect is rather unexpected 
because in highly siliceous zeolites like ZSM-5, the concentration 
of Na+and Hfis very Ion, the distances between them are long and 
influence of the exchange Na+ - H+ on the properties of OH groups 
should be neglegible. Two explanation of this disagreement are proposed, 

INTRODUCTION 
Acidity is a very important parameter determining the catslytio 

properties of zeolites. There are numerous methods of modification of 
acidity of zeolites, such as the modification of cation exchange 
degree, change of Si/Al molar ratio, partial dehydroxylation, partial 
poisoning of acid sites etc. The effects of these modifications on the 
acid and catalytic properties of zeolites are reviewed in the Jacobs' 
monograph 

The present paper concerns the modification of the acid pro-
perties of NaHZSifr-5 zeolites by the variation of cation exchange degree. 
In NaHY zeolites the increase of cation exchange degree increased the 
number of OH groups, their acid strength and also their catalytic 
activity (for example ref. 1-5)» 

In ZS14-5 zeolites, the situation is more complicated. T.p.d» 
studies of NH^ desorption showed that <6 H<jes values increase with 
cation exchange degree Similar aituation was also observed in 
mordenites £7] in which the temperature of t»p.d. peak of NH^ de-
sorption does also increase with the cation exchange degree« All these 
results suggest that in ZSM-5 zeolites and also in mordenites the 
strength of acid sites inoreaaes with the exchange degree (similarly, 



as ia 7 zeolites). 
Contrary I d HaHI zeolites, in ZSM-5 the catalytic activity do 

oot show the same treads as the acidity. Ia n-hexane cracking [6], 
o-xylene isomerization [8,9], and in dimethylether conversion [9] the 
rate constant increase linearly with the number of strong acid sites, 
but no correlation nas found b etweeo the rate of o-hexane cracking 
and of NHj desorptioo [6]. Such lack of correlation between the 
strength of acid sites and their catalytic activity was interpreted 
assigning the existence of 8 threshold level for the acid strength 
[6^. Above this level the acid strength does not influence any more 
the catalytic activity of zeolites. 

The aim of the present study nas to follow the dependence the 
acid strength of OH groups in NaHZS№-5 zeolites on the cation exchangt 
degree» In a previous study [10,11], it has been found that two kinds 
of BrOnsted acid sites exist in NaHZSM-5 zeolites : 3609 cm"1 OH grouj 
being strong sites and another BrBnsted sites of lower acidity* 

The concentrations of both kinds of scid sites were determined. 
In the present study the efforts were made to obtain the information »•1 
concerning the properties of 3609 cm OH groups only. The acid 
strength of these OH groups was characterized by the i.r. spectro-
scopic studies of pyridine thermodesorptioo and by the comparison of 
extinction coefficients of OH bands. 

Two series of NbHZSM-5 zeolites were studied. One of them was 
obtained by the ion exchange of parent № form in the HC1 solution 
(H.2 series) and another ere obtained by the exchange of Na form in 
HH^KOj solution (NZ series). 
EXPBRDfB OTA L 

KbHZSM-5 zeolites were obtained from a parent sodium form 
("Utrazet") sample prepared at the Institute of Industrial Chemistry 
(Warsaw), the composition of which was : U b ^ ^ H q 

(Si/Al ratio a 47, and Na/Al = 0.85). 
Two series of hydrogen forms NaHZSM zeolites were prepared : 

one by the exchange of Na+ into NH^ ions in IJĤ NOj solution and 
another one by the exchange in HC1 solutions. Various exchsnge 
degrees were obtained by using various concentrations of NH^HOj and 
HC1 solutions. The highest concentrations of these solutions were 1 m 
and 0.5 m respectively. After the ionic exchange, the zeolites were 
washed and dried at 390 E. 

In order to calculate the exchange degrees, the zeolites were 
dissolved in HP solution and sodium content determined by atomic 



absorption. The zeolites obtained by the HC1 treatment were denoted 
as : HZ-41, HZ-81, HZ-88 (exchange degree 41, 81, 88 % rasp.), and 
the zeolites obtained by the NH^NOj treatment and further decom-
position of NH^ ions aa : NZ-43, NZ-83 (exchange degrees 43 and b3 
resp.). 

For the i.r. spectroscopic studies the zeolites were pressed 2 
into thin wafers (3-10 mg/cm ). The wafers inserted into i.r. cell 
were pretreated in vacuo at 450°C for 1 h. 

At these conditions complete water desorption and decomposition 
of NH^ ions took place without any appreciable dehydroxylation. 

Pyridine (POCh Gliwice, analytical grade wss dried over KOH. 
The i.r. spectra were recorded with a SPBCOBD 75 IR spectrometer. 
The accumulation and subtraction of spectra were done with a KSR 4100 
minicomputer working on-line with the spectrometer. 

RESUI/TS 
Adsorption of pyridine on NaHZSM-5 zeolites. Two distinct OH 

bands are present in the i.r. spectrum of NaHZS№-5 zeolites : at 
—1 

3609 and 3738 cm • Adsorption of pyridine results in the formation 
of PyH+ ions (1545 cm"1), PyL and PyNa+ complexes (1450 and 1444 
cm bands). First portions of pyridine sorbed in zeolite react with 
3609 cm""1 OH groups forming PyH+ ions. The intensity of 3609 cm""1 OH —1 + 
band decreases linearly and the intensity of 15^5 cm PyH bands in-
creases linearly with the amount of pyridine sorbed. After the con-
sumption of all 3609 cm OH groups the next introduced pyridine 
molecules react with weaker Br8nsted acid sites forming additionally 
PyH+ ions and 154-5 cm'"'1 PyH+ bsnd continues to increase. 

The desorption of pyridine removes the molecules bonded with + —1 
weak sites at first, PyH bsnd diminishes, but 3609 cm OH band is 
still absent. The pyridine molecules neutralizing 3609 cm ' OH 
groups are removed at higher temperatures. The amount of PyH+ ions 
decomposed by the desorption before the 3609 cm"1 OH band reappeared 
was taken afi corresponding to the amount of weak £r(5nsted acid sites, 
and the remainder of PyH+ ions as corresponding to the amount of 
3609 cm OH groups. The concentration of both kinds of BrOnsted 
acid sites was determined in NaHZSM-5 zeolites of various exchange 
degrees £ 10,11.], 



i.r. studies of thermodesorption of pyridine. In order to 
stud; the acid strength of 3609 cm OH groups the small portions of 
pyridine were sorbed at 440 K in the zeolite up to the disappearance 
of this OH band (the excess of pyridine was avoided). The spectrum 
was then recorded and next the cell wss connected to the liquid 
nitrogen trap and heated to higher temperatures (in the range 620 -
820 E). After each dasorption step the cell was cooled down to 440 K 

—1 + 
and the spectrum recorded. The intensities of 1545 cm FyH band 
were measured after the desorptions of two temperatures : at the te№ 
perature at which 5609 cm OH band begins to reappear (AQ) and after 
the desorption at 790 K (A790)• The ratio ̂ 790^0 r0Pr8seafcs ttuB 

fraction of 3609 cm"1 OH groups which still hold pyridine after the 
desorption at 790 K. These values which were taken as the measure of 
the strength of 3609 cm OH groups are presented at the Table. In 
both series of zeolites HZ and NZ the acid strength of 3609 cm 
measured by the pyridine thermodesorption increase with the cation 
exchange degree. 

The calculation of extinction coefficient of 3609 cm""1 OH band 
In order to calculate the values of integrated extinction coefficient 
(IEC) at 3609 cm OH b8nd, the values of the integrated intensities 
of these bsnds were measured in the spectra of freshly activated 
zeolites. The concentrations of these OH groups were determined by 
the pyridine adsorption and desorption (as described above). The 
values of IEC of 3609 cm OH bands calculated in such a way are 
presented in the Table. In both series of zeolites they increase with 
the exchange degree of zeolites. 

Table 
—1 AygQ/AQ values and integrated extinction coefficients of 3609 cm 

OH groups 
Zeolite x A790/Ao integr. ext. coeff. 

cm mol 
HZ - 43 0*22 1.8 
NZ - 83 0.72 2.V 
HZ - 41 0.17 2.3 
HZ - 81 0.40 2.8 
HZ - 88 0.45 2.'/ 

x the values of cation exchange degrees are given in the symbols of 
zeolites. 



DISCUSSION 
—1 The information concerning the ecid strength of 3609 cm OH 

groups nas obtained in the studies of pyridine thermodesorption and 
by the comparison of the values of extinction coefficients. 

The>; results of the studies of pyridine thermodesorption (pre-—1 
sented at the Table) show that the acid strength of 3609 cm OH 
groups increases with the cation exchange degree of NaHZSM-5 zeolites« 
This statement is based on the increase of ̂ go^o values, which re-
presents the fraction of 3609 cm"*1 OH groups nhich still hold pyridine 
after the desorption at 790 K« 

The integrated extinction coefficient (IBC) of 3609 cm""1 OH band 
doea also increase nith the exchange degree, which can be interpreted 
as the increase of the acid strength of these OH groups. The values 
of ISC of OH i«r« bends can be successfully used as the meaaure of the 
strength of OH groups. Several authors [3,4, 1 2 - 1 5 J formulated the coo« 
elusions on the strength of OH groups by the comparison of the values 
of extinction coefficients and the results obteined in such a way were 
consistent with the result obtained by othera methods« Recently the 
quantuifr-chemical calculations [1б] showed that in the clusters 
HjllOHBtHj where the H atoms were successively substituted by fluorine, 
the values of dipole moment derivative ( i n c r e a s e with the 
positive change on hydrogen in OH groups and also with, the ionicity 
of 0 - H bond. 

The results of the studies of both thermodesorption of pyridine 
and extinction coefficients lead to the same conclusion that acid _ л 
strength of 3609 cm OH groups increase with the cation exchange 
degree. 

Such effect was already observed in NaHY zeolites £2-4 J end was 
interpreted as a consequence of an introduction of more electrophilic 
protons instead of less electrophilic Na + ions. It results in an in-
crease of the polarization in neighbouring OH groups. The same pheno-
menon can be also explained in the terms of collective model of 
acidity of zeolites £l7]« Hydrogen is more electronegetive than sodium 
(electronegativity 3*55 and 0.70 in the Senderson scale) ; the in-
crease of cation exchange degree increases the average electronega-
tivity of zeolite and the poaitive change on hydrogen in OH groups. 

In highly-siliceous zeolites as ZS№-5 the same trends but of 
muoh lower extent are expected. In ZSM-5 (Si/11 = 47) the average 
concentration of 11 is much lower than in X (Si/11 > 2.5). The coo-
centra tion of Nfe* and of protons is also much lower, the distences 
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between them much longer, 8nd therefore the exchange Na+ - H+ should 
have neglegible affect on the properties of OH groups« The same con-
clusion can be drown if considering the collective model of acidity 
of zeolites. In ZSM-5, the exchange of all Na + to protons results in 
much lower variation of average electronegativity (ASa„ = 0.033) B Y 

than in Y zeolite ( 4S0„ = 0.54). sv 
The results obtained at the present study are not in agreement 

with such previsions. The increase of the strength of OH groups in 
NaHZSM-5 zeolites is quite remarkable. Two explanations of this dis-
agreement can be proposed at present : 
1. in highly-siliceous zeolites like ZSM-5 the OH groups are stroa 

ger acid sites than in Y. The 0-H bond is more polarized and is 
mora sensitive to even very weak electrostatic influences« 

2. in ZSM-5 zeolites the ¿1 distribution is not homogeneous, there 
are domaines of lower and of higher ¿1 concentration. In the 
domaines of higher A1 concentration the inductivs effects are 
stronger and the exchange Na+ - H+ influences the strength of 
neighbouring OH groups. It should be noticed that several autho: 
reported non-homogeneous ¿1 distribution inside the crystals 
[18,19] and among the ZSM-5 crystals of various shapes 

REFERENCES 
I. Jacobs P.A., "Carbohiogenic Activity of Zeolites''. Elsevier Sci 

Publ. Co., Amsterdam, 1977. 
2« Barthomeuf D., Beaumont R., J« Catal., ¿0, 288 (1973). 
3. BielaAski A., Datka J., J. Catal., 383 (1975). 
4. Datka J., J.C.S. Faraday I, £6, 2437, (1980). 
5. Blelanski A., Datka J., Drelinkiewicz A., Malecka A., Acta Physii 

and Chemica Szegediensis 24, 89, (1978). 
6. Post J.G., van Hooff J.H.C., Zeolites, 4, 9, (1984). 
7. Hidalgo C.V., Itoh H., Hattori M.N«, Morakaai Y., J. Catal., 85, 

362, (1984). 
8. Nayak V.S., Choudhary V.S., J. Catal., 81, 26, (1983). 
9. Guisnet M., Cormeraia F.X., Chen Y.S., Perot G., Praund E., 

Zeolites 4, 108, (1984). 
10» Datka J., Tuinik E., to be published. 
II. Datka J., Wiss. Zeitschrift FEU Jena, in press. 
12. Jacobs P., Ballmoos R.V., J. Phys. Cham,, 86, 3050, (1982). 
13. Datka J., J. Chem. Soc. Faraday I, ¿6, 705, (1980). 
14. Datka J., J. Chem. Soc. Faradey I, 21» 51H, (1981). 
15. Jacobs P«A., Catal. Eev. Sci. Eng., 24, 3, (1982). 



16. Datks J., Geerlings P., Mortier W.J., Jacobs P.A., to be published. 
17. Mortier W.J., J. Catal., 1 3 8 , (1978). 
18» Lyman C.E., Betterdge P.W., Morao E.F., "Intrazeolite Chemistry". 

ACS Symposium Sériés 218 G.D. Stucky, F.G» Dnyer Eds., 
Washington 1983. 

19. Auroux A., Dexpert H., Leclercq C., Vedrine J., Appl. Catel., 6, 
95, (1983). 

V9Q 





ETHY'LATiON OF TOLUENE ON HZSM-5 ZEOLITES PREPARED WITHOUT-ORGANIC 
COMPOUNDS ' ' ' 

XU QINHUA. Zhu Jianhua 

Department of Chemistry, Nanjing University, Nanjing, China 

ABSTRACT 
NK-HZSM-5 (Samples obtained from Nankai University, China) used 

in this paper were prepared without ;any organic compound. The ethyla-
tion of toluene has been compared over NK-HZSM-5 exchanged with HC1 
(NK-1) or NH^NO^ (NK-2). The factors of-increasing ,the .para-selecti-
vity over the sample NK-2 were investigated, including modification 
of the samples with steam treatment and selective poisoning by 
methyl-quinoline, and reaction conditions of different temperatures 
and WHSV of feeds. High para-selectivity in modified samples has been 
thus achieved. The treatment of modification is considered to have 
the effects of poisoning the surface acid sites or reducing the pore 
dimensions. Both these effects determine the product distribution of 
ethyltoluene. The suppression of external surface strong acid sites 
is found to be more important than the reduction of pore dimensions. 
INTRODUCTION 

The alkylation of toluene with ethylene is the determining step 
in the process of producing poly-para-methylstyrene, which is a new 
kind of improved polymer with properties superior to polystyrene!1^ 
High para-selectivity of ethyltoluene has been obtained by Mobil Com-(2—6) pany utilizing modified ZSM-5 zeolite catalysts. 

The alkylation of toluene over ZSM-5 catalysts in high para-
(7-12) 

selectivity has been reported by several papers. But they have 
divergent views on the factors of enhancing para-selectivity. 

Instead of ZSM-5 synthesized generally with organic compounds, 
we used NK-ZSM-5 zeolites prepared without any ammonium, alcohols, 
amines, quaternary ammonium salts or other organic compounds, to stu-
dy the shape-selective catalysis of ethylation of toluene and to 
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examine the main factors of enhancing para-selectivity of 
ethyltoluene. 

EXPERIMENTAL 
Samples. Samples NK-HZSM-5 were obtained by the conventional 

ion exchange method with aqueous solution of HC1 (named NK-1) and 
with solution of NH^NO^ (NK-2) for six times. The samples obtained 
were chatacterized by X-ray diffraction pattern, and found to be 
consistent with those of literature.^ Their unit cell composi-
tions were listed in Table 1. 

Table 1 
The unit cell compositions of NK-HZSM-5 samples 

SiO^/Al^ 
Samples 

SiO^/Al^ 
Unit cell composition 

mole% 
NK-1 45.16 Na0.04H4.03Al4.07Sl91.9°192 
NK-2 43.61 Na0.04H4.17A14.21S191.8°192 

Methods. The activity of catalysts was measured with a 
fixed-bed continuous-flow microreactor at the temperature of 350°C 
and atmospheric pressure. All the catalysts were tableted without 
binder. 

The adsorption experiments were made by the gravimetric 
method and the acidities were measured chromatographically.^1^ 

RESULTS AND DISCUSSION 
Evaluation of the catalytic properties. Alkylation of toluene 

with ethylene to produce ethyltoluene was carried out, in the 
presence of the catalysts of NK-1 and NK-2 respectively, at tempera-
ture of 350°C and atmospheric pressure. The experiments were made in 
the presence of hydrogen utilizing a weight hourly space velocity to 
toluene/ethylene = 1/0.3. The results are listed in Table 2. It is 
found that the catalytic activity (conversion of toluene, mole#) of 
NK-1 is greater than that of NK-2, but the selectivity of para-
ethyltoluene (mole#) is in reverse order. 

The relation between catalytic activity and reaction tempera-
ture is shown in Figure 1. From Figure 1 we can see that the sample 
NK-1 has higher activity'above 300°C than NK-2. 
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Table 2 
Comparison of the catalytic properties 

Alkylation Dealkylation Isomerization 
Samples conversion p-selectivity conversion conversion 

mole% mole% raole% . mole^ 

NK-1 kZ. 1 ¿+3-9 16.9 i+5.8 
NK-2 28.2 54.0 27./+ 

Fig. 1. The relation between activity and 
reaction temperature for the ethylation of toluene 
— • — • — NK-1 — o — o ~ NK-2 

To determine the difference of these two samples in catalytic 
properties, we investigated the dealkylation of ethyltoluene and 
isomerization of p-ethyltoluene (the feed containing 88 mole% of 
p-ethyltoluene and 12 mole% of m-ethyltoluene). The results are also 
listed in Table 2, which shows that the activity of isomerization 
over NK-1 is greater than that of NK-2. According to J o c o b s ^ and 
Verdrine^\ the isomerization reaction requires stronger acid sites 
than the alkylation and dealkylation reactions. Therefore, there are 
more the numbers of strong acid sites on the external surface of 
NK-1. Our experimental results also support this point of view. The 
acid strength distribution for these samples was determined. The 
results show that the numbers of acid sites are almost the same, but 
the amount of strong acid sites of NK-1 is higher than that of NK-2. 

The adsorptive rate of m-xylene on NK-1 and NK-2 samples was 
determined at the temperature of 120°C, the vapor pressure of adsór-
bate being maintained at ImmHg. The amounts of adsorption in 10 mins. 
on these two samples are 8.2 mg/g and 6.0 mg/g respectively. This 



demonstrates that the adsorption rate on NK-2 is smaller, and hence 
its pore size may be smaller too. Thus, the effect of the shape and 
size of pore on the primary intracrystalline isomer distribution is 
considerablely important. Therefore, we suggest that the higher para 
selectivity of NK-2 may be attributed to its favorable pore size and 
acid strength distribution on the external surface. 

Factors of influence on catalytic properties. We further inves 
tigated the factors of enhancing the para-selectivity over the saaipl 
NK-2. 

1. Steam treatment. The sample NK-2 was subjected to steam 
treatment for two hours at a flowing rate of 2 cm^/g,h under a tem-
perature of 600°C. The catalytic activity obtained from the sample 
after steam treatment was slightly decreased while their para-
selectivity increased obviously. The data is listed in Table 3» 

Table 3 
The catalytic activity and selectivity of NK-2 
after steam treatment 
Samples Conversion,mole% Para-selectivity,mole# 

before treatment 28.2 54.2 
after treatment 26.2 73.0 

2. The ratio of WHSV of toluene/ethylene. The influence of 
WHSV on the activity and selectivity of the ethylation of toluene 
was studied. The para-selectivity was plotted against the conversion 
of toluene under different WHSV, giving a good linear relationship 
between them, over the sample of NK-2 as shown in Figure 2. The re-
sults also show that the conversion of toluene was decreased while 
para-selectivity was increased with the increase of the ratio of 
WHSV. 

3. Reaction temperature. We have measured the activity of 
dealkylation of toluene at different temperatures. 

The relation of dealkylation conversion to reaction tempera-
ture is shown in Figure 3» which shows that the extent of dealky-
lation rose sharply after 300°C. The reactivity of ethylation of 
toluene over NK-2 was measured at different temperatures, shown in 
Figure if From Figure it can be seen that there is a maximum in 
the conversion curve at a temperature of 325°C. It shows clearly 
that the decrease of activity above 325°C is caused by the fact 
that the reaction of dealkylation of ethyltoluene is now dominating. 

In Figure if, the para-selectivity lowered at first with the 
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Conversion of toluene, mole% 
Fig. 2. The influence of ratio of WHSV of toluene/ ethylene, 
the ratio of WHSV of toluene/ ethylene: 

05/0.3, A 5/1, »1/0.3, "2/0.7 

Reaction temperature °C Reaction temperature °C 

Fig. 3. The relation of activity Fig. if. The relation of 
to reaction temperature reactivity to reaction 
— • — • — dealkylation temperature 
— * — A — isomerization 

increase of the temperature, reaching a lowest level ând then going 
up again. Figures 3 and if indicate that the isomerization activity 
of p-ethyltoluene has the opposite tendency to the para-selectivity 
of alkylation of toluene with temperature. 

if. Modification. To examine the factors controlling the in-
crease of para-selectivity, sample NK-2 was modified with steam 
treatment as previously described and with selective poisoning by 
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4-methyl-quinoline respectively. 
The adsorption rates were determined on modified samples under 

the same conditions as described above. The results are shown in 
Figure 5 and listed in Table 

From Table k we can see that the adsorption rate of m-xylene 
on the NK-2 modified with steam treatment drops sharply. It implies 
that a reduction in effective pore size occurred on the pore ope-
nings, which could favor outward diffusion of the para-isomer rela-
tive to meta and ortho. Therefore the para-selectivity of ethyla-
tion of toluene was increased by 10 units. However, the adsorption 
rate of m-xylene on the sample modified with selective poisoning was 
almost unchanged. It means that no change occurred in the pore size 

hO 

Time of adsorption, min 
Fig. 5« The adsorption rate on the samples 
with different treatment 

without treatment 
0 o—— with selective poisoning 
<C. with steam treatment 

of the zeolite, but the para-selectivity of this sample was increased 
by 27 units. It further demonstrates that among the factors of enhan-
cing para-selectivity, the effects of acidity are more important than 
those of the shape and size of the pore. The strong acid sites on 
the external surface were reduced by Zf-methyl-quinoline, which inhi-
bited the surface isomerization, and consequently the para-selectivi-
ty was raised. 

The increment of para-selectivity and the decrement of iso-



Table if 
The adsorption rate and para-selectivity of 
alkylation on the modified samples 

Samples 
Amount of adsorption 
of m-xylene in 10 
minutes at 120°C,mg/g 

Para-selectivity(ratio of 
WHSV of toluene/ethylene 
=7/0.5) at 350°C,mole% 

NK-2 without 
treatment if.8 71.2 
NK-2 modified 
with steam 
treatment 

2.2 81.0 

NK-2 modified 
with selective 
poisoning 

if.6 98.2 

merization activity were almost the same with the amount of 
/f-methylquinoline, as shown in Figure 6. This experiment gives 
further evidence that high para-selectivity of ethylation of 
toluene should be attributed mainly to the acidity on the external 
surface of the catalysts. 

A32 C*6 
The amount of ¿f-methylquinoline, mmol/g 

Fig. 6. The increment of para-selectivity (A) and the 
decrement of isomerization activity ( o ) with the amount 
of 4-methylquinoline 
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ABSTRACT 

Unambiguous informations on the location and structure of metal particles ex-

ceeding super cage size in faujasite matrices are summarized. Current ideas on the 

possible nucleation and growth mechanisms are presented. The structures of encaged 

chelates are illustrated by means of the examples nickel dimethylglyoxime and cobalt 

phthalocyanine with regard to requirements and expections for the catalytic activi-

ty of zeolite encapsulated metal complexes. Established applications, prospective 

uses and promising reactions of metal-containing zeolites in catalysis are regarded 

exemplarily. 

METAL PHASES WITHIN THE ZEOLITE MATRIX 

Zeolites, namely X and Y type faujasites are suitable supports for the prepa-

ration of well defined monodispersed metal phases, i.e. metal phases located exclu-

sively within the framework of the faujasite matrix. 

Narrow particle size distributions can be achieved due to the restrictions im-

posed by the zeolite channels and cages on the growth of the metal agglomerates. In 

most cases monodispersed metal phases are found within the supercages [1-6] and a 

number of excellent tools have been developed and adapted for the study of the phy-

sical properties of such highly dispersed metals, of their location and of their 

interactions with the zeolite support and with suitable probe molecules. 

The location of charged clusters of silver atoms [7,8] and of Pd atoms [9,10] 

on the lattice sites in Y zeolites has been determined from single crystal and 

powder X-ray diffraction data. Fraissard et al. [11-13] applied the nuclear magne-

tic resonance of adsorbed Xe to the investigation of Pt dispersions and demonstra-

ted the capability of the method to detect Pt particles consisting of fewer than 

10 atoms within the supercages of Y zeolites. Small angle X-ray scattering (SAXS) 

has been used to determine the size distributions of Pt crystallites in Y zeolites 

[14,15] and impressive results could be obtained from evaluating the radial electron 



distribution from X-ray diffration data, e.g. the changes of interatomic distances 

in 1 nm Pt particles supported in Y zeolites upon the adsorption of molecules [14, 

16, 17]. Mossbauer spectroscopy in combination with measurements of the spontaneous 

magnetization has been successfully applied to characterize small iron clusters 

supported in zeolite A [18,19] and to rule out electron transfer from the metal to 

the support in this case. Electron deficiency has been observed in other cases, e.g. 

Pd [9] and Pt [20,21]. This is important information with regard to the role of 

particle size effects in catalysis. The application of static magnetic methods and 

of ferromagnetic resonance is restricted to ferromagnetic metals and has been ap-

plied especially in the case of Ni-loaded zeolites in order to evaluate the size 

distribution of the metal particles [22-26]. Curve fitting and the interference of 
2+ 

Ni -ions in partially reduced samples,however, require the application of comple-

mentary methods for reliable interpretations of the experimental data. Direct ob-

servation of metal agglomerates of and beyond supercage dimension by electron mi-

croscopy is the method suited best to determine size, location and distribution of 

metal agglomerates supported by zeolites. The existence of 2 nm Pd and Pt partic-

les in Y zeolites was demonstrated by this technique [27,28]. In modern electron 

microscopes the power of the electron beam can be reduced to a point were modifi-

cations of the particle size due to overheating the substrate can be avoided [29]. 

Recently,metal phases with crystallite sizes by far exceeding supercage di-

mensions were found to exist within a faujasite X framework for a number of metals, 

namely Pt [30] , Ru [31-33] , Pd [5,34] and Ni [23,35]. Particle siies ranging 

from 3 nm for Pd [5] up to 10 nm for Pt and Pd [34,36] and even 15 nm in the case 

of Ni [37] were determined mainly by electron microscopy. The location inside the 

zeolite matrix has been confirmed by XPS measurements [38]. It was shown by elec-

tron diffraction from selected areas and single particles in the case of Pd, Pt 

and Ni [34,36,37] that such aggregates are single crystals. Phase contrast imaging 

and electron diffraction patterns of the zeolite lattice revealed that the struc-

ture of the host lattice is maintained in the neighborhood of the metal crystalli-

tes. It was proposed that the growth mechanism of the metal single crystals in-

volves atomic rearrangements of the zeolite lattice in analogy to the process of 

steam stabilization [37]. A variation of the particle size with the Si/Al ratio of 

the support can be anticipated. The recrystal 1ization of the zeolite lattice du-

ring the growth of the metal phase could be inferred from an increase in the tempe-

rature of the lattice breakdown and an increase of the N2 physisorption capaci-

ties [36]. 

The monodispersed metal phases with narrow particle size distributions could 

be achieved for Ni as well- as for Pd and Pt even though the reduction of ion-ex-

changed samples follows quite different paths. In the case of Ni the dehydrated 

ion-exchanged samples were reduced by hydrogen, while Pd and Pt metal phases were 

.190 



formed by autoreduction of the respective exchanged tetrammine complexes in the 

course of the dehydration process [39,40]. 

Nucleation in the latter cases must be restricted to the supercages were the 

big tetrammine complexes are located following the ion-exchange. In the case of 

platinum a preferred orientation relationship < 100>pt//< 1 0 0 > z e Q ^ i t e has been obser-

ved [36]. Relatively high metal loadings were required for these investigations. 

The existence of a preferred orientation of the Pt crystallites can be explained 

by assuming an orientated growth of the fee platinum within the cubic faujasite 

structure starting from an orientation imposed by the geometry of the supercage 

on the growing nucleus. 

The observed orientation of the platinum crystals can in turn be taken as ad-

ditional proof that the metal crystals must have been grown in an intact zeolite 

matrix and not in a priori voids formed under steaming conditions, as is stated re-

peatedly [41]. Nucleation and growth of the metal phases from atomic dispersions 

of the reduced metal (Jf from preformed clusters ¿eem to be the decisive steps. Ac-

cording to the theory of nucleation [42] nuclei of critical radius r c are formed 

at a rate 
J = B-exp(-AGc/kT) (1) 

per unit volume. The free enthalpy of formation AG r of a nucleus of critical size 
2 

is proportional to l/(Ay) . The super saturation Ay is assumed to be high at least 

in the case of noble metals under the experimental conditions used in the prepara-

tion of the metal phases. In heterogeneous nucleation B is proportional to the 

coefficient of surface diffusion of single adatoms and to their density on the sur-

face. 

According to Wynblatt [43] no barrier exists for the nucleation of 3-dimen-

sional Pt clusters on the surface of an AlgO^ substrate. The formation of metal 

phases preferentially or even exclusively inside the zeolite matrix indicates that 

a similar favourable situation for the formation of nuclei should exist within the 

channels and cages of the zeolite. The zeolite lattice offers a number of singular 

points, where an existing potential barrier for the formation of a critical nucleus 

could be lowered or where metal atoms could be trapped. Such centers are non-redu-

cible cations, where the agglomeration of metal atoms results in a reduction of the 

electrostatic energy. Finer dispersions of the metal phase are often observed if 

non-reducible transition metal ions, e.g. C r 3 + [44], F e 3 + [45], C e 3 + [6] are present 

in the zeolite framework during the reduction process, operating as preferred nu-

cleation sites. Other centers for nucleation are ions not yet reduced and available 

for the formation of charged clusters. Nucleation results from the collision of 

migrating adatoms and of the two alternatives 

Me 0 + Me 0 = Me^ (2) 

Me 0 + M e n + = M e ^ (3) 

the initiating step (3) should be favoured. 



The free enthalpy of nucleation will be less for charged as compared to uncharged 

nuclei. The difference in the free enthalpies of nucleation corresponds to the dif-

ference in the enthalpies of formation for the two nuclei. The enthalpy of forma-

tion for nucleation step (3) will roughly correspond to the difference of the first 

and the nth ionization potential, i.e. 5-15 eV for n = 2. The formation enthalpy 

for process (2) will be close to the evaporation enthalpy, i.e. 2-7 eV and is thus 

smaller. 

The nucleation process should therefore be promoted by a high density of tran-

sition metal ions populating the migration paths of the metal atoms as collision 

partners. A nuleus Me^ > stabilized in the zeolite framework by electrostatic for-

ces can grow by further collision with Me 0 forming charged clusters, which have 

been observed in the case of silver exchanged zeolites [46]. 

In case a barrier of nucleation does not exist [43] singular points will still 

act as centers for nucleation. The rate of nucleation,however,will not be affected 

by the exponential term in equation 1. The number of nuclei formed will be propor-

tional to the number of centers and to the number of metal atoms. A high density 

of nucleation centers exists in calcined platinum exchanged faujasites [5] and a 

high density of metal atoms can be expected in calcined Ni exchanged faujasites 

undergoing reduction with atomic hydrogen [47]. High dispersities of the metal 

within the zeolite matrix were obtained as a consequence. The generally observed 

bi-dispersities in the case of Ni-loaded faujasites, i.e. large fractions of re-

duced nickel at the outer surface and another fraction of smaller aggregates in-

side the zeolite crystal could be due to a relatively low ion density in the mi-

gration path of Ni° and a small density of metal atoms due to a low rate of reduc-

tion. 

In the case of the autoreductive decomposition of Pd-tetrammine complexes 

within a faujasite X an almost linear correlation between the degree of ion ex-

change and the number of Pd crystallites formed has been established from the eva-

luation of a large number of electron micrographs (Table 1) [48]. 

Table 1: Number of Pd crystallites within a faujasite X matrix in dependence 

on the degree of ion-exchange 

Pd content mean diameter of number of Pd crystallites 

wtS Pd crystallites (nm) per g catalyst X 10" 1 6 

14,7 10 2,34 

4,4 10 0,71 

2,4 10 0,38 

Under constant experimental conditions the density of metal atoms should be pro 

portional to the degree of ion exchange, determining the rate of nucleation 

rather than the rate of growth. 
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Fig. 1. Platinum particle size distribution by decomposition of Pt(NH 3) 4X in 

oxygen (a) or in argon (b) - -

Under precise experimental conditions monodisperse metal phases with narrow par-

ticle size distribution can be grown on a zeolite support (Fig. 1). Promising systems 

can be obtained for the study of the effects of metal particle size and of metal-

support interactions on selectivity in catalyzed reactions. The possibility to 

modify the properties of the crystalline support by controlling the Si/Al ratio, 

the acidity and by co-exchanging non-reducible cations add another advantage to 

the system. 

On the other hand, fundamental studies regarding the activity of the metal 

phase are not straightforward due to the catalytic activity of the support itself. 

FAUJASITE ENCAGED METAL COMPLEXES 

The field of transition metal complexes in zeolite matrices has been reviewed 

repeatedly [49-52]. The following section will focus on some aspects relevant to 

the catalytic activity of metal chelates incorporated in a zeolite framework. Limi-

tations in the catalytic application of such complexes with space filling ligands 

have been pointed out by Lunsford [49]. 

Howe and Lunsford [53,54] and Schoonheydt and Pelgrims [55] synthesized com-

plexes of Co(II) with ethylenediamine and could demonstrate the formation of the 
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superoxo adduct, i.e. the catalytic activation of molecular oxygen. The complex 

exhibited, however, the tendency to form the coordinatively saturated tris-ethy-

lenediamine variant. The ligand ethylenediamine is obviously so strong that the 

octahedral coordination is favoured and that only a small fraction of the planar 

low-spin complex is formed. Fully coordinated complexes, however, are of little 

importance in catalysis and it would therefore be of interest to find ind to synthe-

size complexes exhibiting free coordination sites, which cannot be occupied by the 

chelate ligands. Furthermore, a distortion of such a stable chelate by partial co-

ordination to zeolite lattice sites [55], which might be favourable for the cata-

lytic activity of the complex, should be expected. These requirements will be met, 

first of all, by the class of planar complexes. [CoX^] 2 + and [NiX^] 2 + low-spin com-

pounds with neutral ligand systems, forming planar-quadratic complexes, will be 

favourable candidates [56,57,58]. Especially the [CoX^] 2 + system with D ^ symnetry 

should be of interest, because of its unpaired electron in the ground state. Octa-

hedral complexes with a high tendency for tetrahedral distortion might also be 

taken into consideration. Such complexes can be formed with the ions F e 3 + and Co^ +, 

if different ligands of similar and relatively weak field strength are used. 

Fig. 2. Possible tetrahedral intermediate in the formation of zeolite encaged 

cobalt dimethylglyoxime . 



The most straightforward way to prepare complexes with planar coordination 

is the use of four-dentate ligands, like tetrapyridyl, porphyrine or bis-dimethyl-

glyoxime. The large ligands might be incorporated into the zeolite framework either 

by diffusion or by in situ synthesis from smaller molecules. Charged complexes can 

be stably fixed to the carrier by strong electrostatic interactions with the zeo-

lite lattice. 

Neutral complexes with weak van der Waals interactions with the zeolite can 

be stably fixed to the carrier only by steric hindrance. This means that the che-

late complex should have diameters exceeding those of the super cage window. In 

this case, the in situ preparation of the ligand within the cavities is the method 

to be chosen. 

Faujasite encaged bis-dimethylglyoximato complexes were obtained by dehy-
2+ • 2+ 

dration of Ni and Co exchanged zeolites and gas phase diffusion of dimethyl-

glyoxime into the cavaties of the support [59-61]. NiidmgH^ is directly formed in 

this way in the super cages as a planar-quadratic complex. In the cobalt exchanged 

faujasite, however, intermediate tetrahedral complexes with C^ v and distortion 

are formed (Fig. 2) [61,62]. 

400 500 600 700 

• \/ nm 

Fig. 3. Bathochromic shift of the 524 nm band of zeolite encaged nickel di-

methyl glyoxime during the uptake of water 
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Different coordination properties of the transition metal ions might result 

in different strengths of interaction between the chelate compounds and the zeolite 

lattice. Another type of interaction between the faujasite framework and the chelates 

which is due to the space filling property of the ligand system can be demonstrated 

in the case of encaged and hydrated nickel bis-dimethylglyoxime. Hydration of the 

yellow Ni[dmH]?X leads to a bathochromic shift of the growing and characteristic 

^ \ / nm 

Fig. 4. Bathochromic shift of the 524 nm band of a nickel dimethylglyoxime film 

in a high pressure diamond-anvil cell (P Q-P 4 - 0.1 MPa - 3.1 GPa) 

green band at 524nm which refers to an electron transition perpendicular to the plane 

of the molecule (Fig.3) [63]. In zeolites a maximum shift of about 10 nm could be ob-

served for the hydrated complex. This shift can be simulated by a p-essure cf 0.74 *bar 

exerted on a film of NiidmgH^ [64] using a high pressure diamond-anvil cell (Fig.4) 

[65,66]. The spectroscopic properties of the encaged complexes lend support to the 

conclusion that chemical interactions within the zeolite framework proceed under 

high pressure. Such a hypothesis was already put forward by Fraissard [67]. 

The distortion of the symmetry, which chelates incorporated in the zeolite 

framework can suffer, leads to the expectation that these complexes might exhibit 

enhanced catalytic activities and selectivities in the cavities of the support. 

This hypothesis might be studied exemplarily for a class of chelates having rigid 
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Fig. 5. Scheme of a faujasite encaged cobalt phthalocyanine molecule 

planar structures of high stability. The metal phthalocyanines are favourable can-

didates for such investigations due to the strongly conjugated n-electron system 

of these compounds. The phthalocyanine molecule is larger than the opening of the 

super cage window, so that it cannot be incorporated by diffusion (Fig.5). However, the 

in situ synthesis of these chelates could be achieved [68,69] and their location inside 

the super cages could be proven [70,71]. The distortion, which the zeolite environ-

ment exerts on the electronic structure of the phthalocyanine molecule can be ob-

served by means of the band doublett at about 620 and 660 nm, which corresponds to 

the electronic vibration transition of the macrocycle [63]. The observed shift of 

this doublett with respect to the band positions of phthalocyanine in a liquid acid 

solution corresponds to one obtained by a pressure of about 30 kbar imposed on a 

metal phthalocyanine film [61,72] and a strong influence of the zeolite cages on the 

electronic structure of the porphyrine type chelates can be inferred. 

Romanovsky and co-workers have shown that faujasite supported phthalo-

cyanines exhibit a variety of marked catalytic properties [68]. The encaged chelates 

are thermally very stable and, therefore, represent an interesting class of immo-

bilized homogeneous catalysts. Since a large number of variants can be derived for 

the porphyrine type chelates, the properties of which might be modified by incor-



poration into the zeolite matrix,it is worthwhile to evaluate the potential of this 

system with regard to its catalytic activity still further. 

CATALYSIS BY METAL-LOADED ZEOLITES 

Established Applications. The application of transition metal-containing 

zeolites in petrochemical processes, like e.g. cracking, isomerization, hydrocrack-

ing or hydrodewaxing, is of high economic importance and has been reviewed repeat-

edly [73-76]. Zeolite catalysts, which contain non-reducible metal ions, e.g. rare 

earth metals or rhenium, or reduced metals, e.g. platinum, palladium or nickel, are 

used for reforming processes. The catalytic function of the transition metal ions 

consists in the formation of additional Bronsted acid sites, due to the hydrolysis 

of water molecules [77-79]. Reduced metal phases supported by acidic carriers like 

zeolites will strongly increase the hydrogenation and dehydrogenation properties of 

the catalyst by the enhanced formation of olefin intermediates in the isomerization 

of paraffins [80]. Since the isomerization reaction proceeds via carbenium ion and 

carbonium ion intermediates on strong Bronsted sites, it should be favored by an 

increase of the proton activity [81]. Figure 6 depicts a scheme of the polyfunc-

tional reaction including the suggestions of Weisz for a dual site isomerization [82] 

and of Olah for carbonium ion intermediates in super acids [83]. 

Fig. 6. Scheme of the bifunctional isomerization of paraffins 

Zeolite catalysts containing reduced metals generally exhibit reduced 

rates of deactivation by coke deposition, which might be due to an enhanced hydro-

genation of coke precursers, like olefins and aromatics [84]. However, a hydro- \ 

genation of hydrocarbons via the activation of molecular hydrogen proceeds on the 
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strong acid sites of transition metal-free zeolites as well. The non-classical hydro-

nium ion Hj, which has been proposed by Olah [85] might be the hydrogen activating 

intermediate in this reaction. The relatively rapid deactivation of this hydro-

génation route is obvious, since the protons of the strong Bronsted sites are con-

stituents of coke precursors. 

Prospective Uses. The direct conversion of synthesis gas in a combined 

process of Fischer-Tropsch synthesis and shape-selective hydrocarbon conversion to 

gasoline seems to be very promising [86-88]. This two stage reaction proceeds by con-

verting FT products, like olefins and oxygen-containing compounds, to high-grade gaso-

line, which is rich in isomers and aromatics. The fraction of aromatics can be en-

hanced by a factor of three if the two catalyst components are mixed in such a way 

that they can be used in a one-stage process. In this case, the strong acid sites of 

the zeolite will be located proximate to the FT sites increasing the probability of 

the formation of carbenium ions from the a-olefins, primarily formed in the FT reac-

tion. Consequently, the fraction of intermediates entering the route of cyclization, 

aromatization and disproportionation,respectively,is increased resulting in the forma-

tion of light aromatics, which are favoured by the restricted transition state-type 

selectivity of the zeolite [89]. 

The synthesis gas to gasoline conversion might favorably be carried out by 

a one-stage process in the liquid phase, i.e. in a slurry reactor, at temperatures 

below 300°C where the coking rates are low. A regeneration at low temperatures, 

around 350°C, seems to be successful and not to affect the FT component [90]. 

The selective FT synthesis, which has repeatedly been reported for differ-

ent metal-loaded zeolites and which is characterized by deviations from the Schulz-

Flory distribution of the products, might in many cases be referred to a variety of 

secondary effects, caused by long formation periods, keeping the catalyst far from 

steady states [91]. Such transient states are, presumably, favoured by the zeolite 

support. The existence of true selectivity effects, which can unambiguously be re-

ferred to the geometric or electronic peculiarities of the zeolite matrix, is still 

open to discussion in view of the large number of factors, which may effect the 

properties of a zeolite supported metal, e.g. particle size and geometry, metal 

reducibility, location of metal, pore structure, strength and activity of Bronsted 

acid sites, nature and strength of Lewis acid sits, nature and location of addi-

tional cations, etc. 

The aromatization of ethane on a metal-containing shape-selective zeolite 

is of interest, because it offers a method for obtaining valuable products from a 

readily available lowcost feedstock. The metal, e.g. platinum, enhances the dehy-

drogenation of the ethane to ethene, which can enter the route of cyclization and 

aromatization [92]. 
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The catalytic production of high-grade fuel from biomass compounds by 

shape-selective catalysis [93] is promising in view of the increasing demand to 

improve the utilization of rapidly growing amounts of wastes and sewage sludges. 

Platinum-loaded shape-selective zeolites, which exhibit lower coking rates as 

compared to the hydrogen forms/might favourably be used, if they are not affected 

by volatile metals, like Zn, Cd or Hg, which, might be evolved in the pyrolysis of 

the refuse derived biomass. 

The use of platinum group metals incorporated in zeolites for the oxi-

dative cleaning of exhaust gases might be expected in the future with respect to 

the lower amount of precious metals, which is needed for the oxidation of carbon 

monoxide and hydrocarbons on this type of catalyst. Presumably, the catalytic 

activity is favourably influenced by the strong Bronsted acidity of the support [94] 

resulting in a synergistic action of the catalyst. 

Promising Reactions. Rhodium and iridium exchanged zeolites were found to 

show interesting catalytic activities for the carbonylation of methanol to methyl-

acetate [95-100]. The zeolites exhibited more stable activities than other in-

organic or polymer type carriers or carbon. Cations in lower oxidation states seem 

to be the active sites in parallel to the homogeneously catalyzed reaction. Catalyst 

deactivation by reduction to zero valent metal occurs around 250°C. 

Also the hydroformylation of olefins has repeatedly drawn attention [101-103 

Presumably, only ethene can be hydroformylated in the pores of the zeolite ma-

trix [103]. A scheme of this metal ion catalysed reaction is depicted in Figure 7. 
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Fig. 7. Scheme of the hydroformylation of olefins by rhodium complexes 
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The low temperature water gas shift activity of ruthenium zeolites [104] 

is proposed to proceed on Ru(l) intermediates [105]. The water gas conversion 

extends to the Kolbel-Engelhardt reaction, if the metal component is reduced to 

a finely dispersed metal phase, which hydrogenates chemisorbed carbon monoxide 

[104,106]. The latter reaction requires elevated temperatures (> 330°C), likely, 

in order to avoid the formation of deactivating surface carbide layers on the 

metal phase. 

Many of the promising reactivities of metal-containing zeolites are based 

on the property of the microporous matrix to act as a solid solvent for tran-

sition metal complexes resulting in heterogenized homogeneous catalysts. Most of 

these, catalysts are based on the faujasite-type zeolites, because of their re-

latively large internal free space and the three-dimensional pore arrangement. 

Moreover, the matrix can act as a polydentate ligand and provides«discrete 

domains where distinct steric and electronic configurations can be formed. The 

zeolite matrix affords the highest metal ion dispersion in comparison with 

other supports and high stabilization for cations in low oxidation states. The 

reactions can be carried out at much lower pressures than those required by other 

homogeneous catalysts in liquid phase. These unique properties will draw con-

tinuous future attention to the structures and reactivities of zeolite supported 

metals and metal complexes. 
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ESR ON SILVER CLUSTERS IN ZEOLITE A 
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Belgium. 

ABSTRACT 
The silver cluster formation in zeolite A with different loadings was studied 

by ESR. Depending on the reduction degree hyperfine spectra with seven and nine 
lines, a superoxide and a conduction electron spin resonance (CESR) line are 
observed. These signals could be assigned to the evolution in silver cluster 
formation in and outside the zeolite structure. 

INTRODUCTION 
By cation exchange it is possible to Incorporate various metals in zeolite 

structures dispersed as single cations. Reduction by molecular hydrogen leads to 
highly dispersed: metal particles with important catalytic properties [ 1 ]. In 
order to explain the catalytic properties of metal-loaded zeolites it is necessary 
to know (1) the dimension of the metal clusters, (ii) the location of the metal 
clusters inside the zeolite structure and (ill) the reduction mechanism and cluster 
mobility. Metal particles in zeolites have been studied by X-ray diffraction 
[ 2 ], optical diffuse reflectance spectroscopy [ 3 ], fluorescence emission 
excitation £ 4 ] and temperature programmed ad- and desorption L 5 ]. 

In this .paper we present ESR measurements on silver particles in zeolite A. 
There are several reasons to choose this silver-loaded system. Starting from NaA 
zeolite it is very easy to exchange the sodium cations by silver in any 
stoeichlometric amount [ 6 ] . The reduction of the silver ions Is easily performed 
by reaction with molecular hydrogen; at room temperature the formation of silver 
particles inside the zeolite structure is expected [ 7 J. Hermerschmidt and Haul 
[ 8 ] confirmed unambiguously the presence of Ag£+ clusters and submicroscoplc 
silver crystallites by preliminary in-situ ESR measurements on AgA and AgX zeolites 
during the reduction process. 
In zeolite A silver ions are located in the a- and 6-cages and after reduction 
silver clusters are expected inside these cavities. The shaping of metal clusters 
by the zeolite structure is of interest for the study of the physical and chemical 
properties of small metal particles. Some theoretical predictions dbout the 
quantum size effect [ 9,10 ] for Instance can be verified. 



EXPERIMENTAL 
Starting from NaA zeolite (Union Carbide, Linde Division) and by adding the 

necessary amount of 0.01 molar AgNO^ solutions to the zeolites and exchanging in 
the dark overnight at room temperature we prepared the following silver samples : 

NaAg2A or Na10Ag2(A102)12(Si02)12 

NaAg6A or Na6Ag6(A102)12(Si02)12 

AgA or Ag12(A102)12(Si02)12 

NaAg3CaA or Na7Ag3Ca(A102)u(Si02)u 

The sodium-silver-calcium ratios are estimated from synthesis, and the samples were 
3+ 

washed and dried. To avoid the ESR lines of Fe present in commercial zeolite A 
we followed a chemical extraction procedure for iron Impurities described by 
Derouane et al. [ 11 ]. The dehydration of the samples is done either by heating 
in vacuum or in a helium and oxygen gas flow at 700 K. The reduction of the 
samples is performed at room temperature by a pulse method or a flow method. The 
pulse reduction method consists of the admission of molecular hydrogen (10 p.p.m. 
02) at a certain pressure (3 mbar-1 bar) in the sample holder during a restricted 
time interval; after this activation the hydrogen gas was pumped off quickly and 
replaced by 1 bar helium (5 p.p.m. 0.). When severe reduction of the samples was 3 L 

needed a flow of hydrogen gas (1 cm /s) was used in the sample holder. 
The ESR measurements were performed on a Bruker spectrometer (ER200 D-SRC) at 

9.5 GHz and at room temperature. 

RESULTS 
For the sodium-silver samples the ESR results are Independent of the 

Ag-loading. During the dehydration process the samples change their colour from 
white to yellow (500 K) and finally to brick red for AgA or yellov-brown for the 
other compositions. After dehydration we were able to detect in some cases a very 

x+ 
weak seven line spectrum similar to that shown in figure 1A and due to Ag^ . It is 
important to notice that these dried powder samples are light insensitive : the 
treatments and ESR measurements can be performed in day-light. 

By gradually reducing the samples at room temperature four kinds of ESR 
signals are successively seen. In a first stage and under mild reduction 
conditions (30 mbar H2 during 60 s) we observe (fig. 1A) a growing seven line 
spectrum for all sodium-silver samples (g = 2.025 + 0.003). The observed hyperfine 
splitting (a •» 6.76 + 0.07 mT)' can be assigned to the hyperfine interaction of an 
unpaired electron with six equivalent silver nuclei (I » 1/2). The isotope effect 
(^^Ag, ^^Ag) is not resolved due to the small coupling constant and the large x+ 
line width. This spectrum clearly indicates the presence of charged Ag^ clusters; 
no information' on the charge of the clusters is obtained from these ESR 
measurements (x - 5,3 or 1). This result is consistent with the findings of 



9 = 2 . 0 2 5 ± 0 . 0 0 3 

x+ 
Fig. 1. ESR of Ag6 clusters in reduced NaAg^A; 
A : mild reduction, B : stronger reduction 

Hermerschmidt et al. [ 8 ], although some differences in g-factor and hyperflne 
coupling constant a are found. After one reduction pulse the Intensity of the 
ionic cluster spectrum reaches a constant value only after several hours indicating 
the mobility of silver atoms and ions during the cluster formation in the zeolite 
structure. If one applies a stronger reduction (a 60 s pulse of 1 bar H^) a second 
ESR signal is superimposed on the ionic cluster signal (fig. IB). By further 
reducing the samples the Ag*+ spectrum disappears and the second ESR signal is 
clearly visible (fig. 2 A). This single line (g - 2.011 + 0.003) has an asymmetric 
shape and is assigned to This is confirmed by the measurement at 110 K of the 
anisotropic g-value of 0~ (g » 2.007, g - 2.012 and g - 2.033). This 0~ r ° 2 °xx yy • zz 2 
signal grows first and then decreases with further reduction. Superimposed on 
this signal a weak nine line hyperflne spectrum is sometimes seen in a further 
reduction stage (g » 2.025 + 0.005; a - 5.2 + 0.4 mT; figure 2 B). This nine line 
spectrum is due to Agjf*. The deformed base line in figure 2 B is due to a broad o 
signal which grows by still further reduction at the expense of the other signals. 
It results into a signal seen in figure 3; this CESR signal has a line width of 10 
mT and the g-factor equals 1.981 + 0.003. It vanishes when the reduction proceeds. 



^ 9 = 2 . 0 1 1 ± 0 . 0 0 3 

Fig. 2. ESR of 0" and Ag£* clusters in reduced NaAg A 

10mT 

3 
Fig. 3. CESR in severe reduced AgA (1 cm /s H flow, 72 h) 



This line was also seen by Hermerschmidt et al. but the nine line spectrum not 
£ 8 ]. It is important to notice that the four signals can be stabilized by 
pumping ofi the samples and keeping them under helium atmosphere. 
In contrast to this, Hermerschmidt et al. detected their signals during a single 
complete reduction run. The ESR signals are also not affected by an oxygen flow 
treatment (600 s) at room temperature. 

The results on the sodlum-calclum-silver sample are somewhat different. 
Under mild reduction the ionic cluster signals are not observed; only after strong 
reduction (1 bar during 72 h) the asymmetric 0~ line (g - 2.'014 + 0.003) is seen 
(fig. 4A); by further reduction the CESR signal (g = 1.976 + 0.004; fig. 4 B) 
becomes apparent. 

| g = 2 . 0 1 4 ± 0 . 0 0 3 

t 9 = 1 .976+0.004 

Fig. 4. The 0~ and CESR line in NaAgjCaA 

DISCUSSION 

These ESR experiments prove that certain stages of cluster, formation in 
silver-loaded zeolite A can be followed. x+ 

First of all, a very weak signal due to Ag^ has been found after 
dehydration. a8j+ an<* clusters have been found with X-ray diffraction, but 
the number of clusters detected by ESR is orders of magnitude smaller than the 
number expected on the basis of the X-ray diffraction data £ 2 ] . 



The comparison or the results of NaAgA zeolites and NaCaAgA allows us to 
conclude indirectly that the charged clusters, Ag, and Ag£ , are located in the b o 
socialite cages. Indeed, according to recent X-ray diffraction studies NaAgA 
zeolites have part of their Ag+ ions in the sodalite cages, while NaCaAgA have the 
Ag ions in the sixrings [ 2,12 ]. Thus, in the former case reduction of Ag in x+ the sodalite cages leads to clustering and stabilization of Ag, , and eventually 
v+ + 6 

Agy , inside the cubooctahedron. Reduction of Ag in NaCaAgA gives Ag atoms in the 
supercages, which agglomerate to metal particles inside the supercages. The 
dimensions of the supercages are probably too large to stabilize small, 
well-defined clusters. In NaAgA the charged clusters are decharged by further 
reduction; the electrostatic interaction with the lattice becomes zero and the Ag 
atoms migrate inside the supercages and agglomerate into supercage metal particles. 
The presence of these metal particles are indirectly detected by the appearance of 
an C>2 signal. This superoxide line in the spectrum after reduction is coming from 
adsorbed oxygen on the surface of the very small metal particles located in the 
o-cage and from the resulting electron transfer from the metal particle surface to 
the adsorbed oxygen molecules £ 13 ]. The relatively narrow signal can not be 
assigned to the metal particles in the supercages as stated in a previous paper 
£ 14 J . The (>2 molecules are present as impurities in the U^ or He gases. Indeed, 

— 

it is possible to prepare Ag^ without the by static reduction with H^, followed 
by evacuation (instead of He-flushing). 

The g-value of the broad CESR line of figure 3 is 1.983, exactly the value of 
bulk silver £ 15,16 J. We assign this signal and that of figure 4B to larger metal 
particles in the supercage or on the external surface. The CESR signals exhibit 
the features of the quantum size effect of small metal particles, for instance the 
appearance of the signal at room temperature and the Lorentz shape £ 9,10 3* Work 
is in progress to obtain valuable experimental data concerning the quantum size 
effect. 

* Senior Research Associate of the National Fund for Scientific Research of 
Belgium. 

REFERENCES 
1. Uytterhoeven, J.B., Acta Phys. Chem. 24, 53 (1978). 
2. Gellens, L.R., Mortier, W.J., Schoonheydt, R.A. and Uytterhoeven, J.B., J. 

Phys. Chem. 85, 2783 (1981). 
3. Kellerman, R. and Texter, J., J. Chem. Phys. 70, 1562 (1979). 
4. Ozin, G.A. et al. : Intrazeolite Chemistry. Eds. Stucky G.D. and Dweyer F.G., 

ACS, Symp. Series 218, 1983, p. 409. 



5. Jacobs, P.A., Uytterhoeven, J.B. and Beyer, H.K., J. Chem. Soc. Farad. Trans. 
1, 75., 56 (1979). 

6. Breck, D.W. : Zeolite Molecular Sieves. John Wiley & Sons, New York, 1973. 
7. Jacobs, P.A. : Metal Microstructures in Zeolites. Eds. Jacobs P.A., Jaeger, 

N.I., Jiru, P. and Schulz-Ekloff, G., Elsevier Sei. Publ. Co., Amsterdam, 1982, 
p. 71. 

8. Hermerschmidt, D. and Haul, R., Ber. Bunsenges. Phys. Chem. jM, 902 (1980). 
9. Kawabata, A., J. Phys. Soc. Jpn. 29, 902 (1970). 
10. Buttet, J., Car, R. and Myles, C.W., Phys. Rev. B 2414 (1982). 
11. Derouane, E.G., Mestdagh, M. and Vielvoye, L., J. Catal. 33, 169 (1974). 
12. Schölner, R., Gellens, L.R., Mortier, W.J. and Uytterhoeven, J.B., Zeolites 2» 

149 (1983). 
13. Hermerschmidt, D. and Haul, R., Ber. Bunsenges. Phys. Chem. 85, 739 (1981). 
14. Grobet, P.J. and Schoonheydt, R.A., Surf. Sei., in press. 
15. Schultz, S., Shanabarger, M.R. and Platzman, P.M., Phys. Rev. Lett. 749 

(1967). 
16. Beuner, F. and Monod, P., Phys. Rev. B Ĵ 3, 3424 (1976). 
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ABSTRACT 
Zeolite-included, transition metal complexes constitute a new 

type of catalysts which offer advantages of both heterogeneous and 
homogeneous catalytic systems. Main features of intracrystalline 
synthesis of zeolite inclusion compound as well as their characte -
rization and catalytic properties are discussed. 
INTRODUCTION 

Zeolite molecular sieves seem to be almost ideal matrices in 
designing of guest-host catalytic systems. The synthesis of catal -
itically active species inside the zeolite cavities that might be 
carried out on molecular scale is of great interest not only for 
heterogeneous catalysis but also for enzyme modelling. In this con-
text, the complexes of transition meta3a (TMC) with organic macroli-
gands appear to be of particular interest since they have much in 
common with biological catalysts. 

However, the TMC's with these ligands can be hardly introdu -
ced into zeolite pore system by conventional ion-exchange or adsor-
tion procedures. Therefore, only two ways to prepare the inclusion 
compounds of the type could be used, i.e., (1) capture of the TMC's 
during liquid phase synthesis of zeolite crystals (ref.1) and (2) 
in situ synthesis of TMC's inside cavities of zeolite crystals (ref. 
2). The first method is obvious to be limited by solubilities of 
TMC's. The second way of including the TMC's into zeolite host lat-
tices and physico-chemical properties of systems so prepared are 
surveyed in present pager. 

INTRACRYSTALLINE IN SITU SYNTHESIS OF ZEOLITE-INCLUDED TMC's 
The framework charge-compensating cations in zeolites are 

known to have unsaturated coordination geometry and so they can add 
same more molecules or ions as ligands. Such complexing occurs un-

.221 



less the dimensions of entering potential ligands exceed those of 
zeolite openings. If so, then treatment of corresponding cationic 
form of zeolite with appropriate complexing agent could result in a 
formation of TMC's inside zeolitic cavities. By such a way, the com-
plexes of a variety of TM cations with various amines, dipyridil, 
diinethylglioxime and acetylacetone included into zeolite matrices 
were obtained (ref.3-6). 

Meanwhile, it should be noted that the TMC's mentioned are co-
mplex cations and consequently are held electrostatically within ze-
olite cavities. If it is the case, then the zeolite framework plays 
a role of macroanion to ensure zero charge of a lattice as a whole. 
Thus, these systems with complex cations are thought to be hardly 
referred as inclusion compounds, and this term seems to be more pro-
per for n e u t r a l molecules captured or in situ formed within 
zeolite cages. If molecular dimension of such a guest are greater 
than free diameter of zeolite channels, then the molecule turns 
out to be entrapped inside the cavity, and it is held there rather 
topologically. 

A few examples of neutral guest molecules included into zeoli-
te host lattices are metal carbonyl clusters, Schiff bases, and tra-
nsition metal phthalocyanines.These latters were synthezised firstly 
by us (ref.7) and later by Schulz-Ekloff et al.(ref.8). In what fol-
lows, the phthalocyanine complexes of transition metals (PcM) are 
discussed in details. 

The planar molecule of PcM is very stable due to a conjugating 
of 18 electrons in ligand macrocycle. Its dimension is c.a. 1.4 nm 
as calculated from X-ray data for the crystalline PoM. The Pc com -
plexes may be obtained from both transition metal salts and pure me-
tals as starting materials by treating the first or the second with 
phthalonitrile. Therefore, their inclusion into zeolites can be car-
ried out by any of following routes: (1) via transition metal catio-
nic forms of a zeolite, and (2) via zero-valent metal containing ze-
olite. The (3) possible way should be mentioned: via adsorbed vola -
tile carbonyl complexes in which the labile CO ligands would be rea -
dily replaced by far more stronger ones, i.e., the phthalonitriles. 
All these three synthesis of zeolite-included PcM's were carried out 
by author and co-workers (refs.7,9-11). 

Me_thod_1_(refsi7A1J.)i The Co, Ni, Cu, and Ru cationic forms of 
Y zeolite were placed into one compartment of two- chamber ampoule, 
another one was loaded with solid phthalonitrile (c.a. 20% in excess). 



After evacuation of zeolite at 300~350°C up to 10~2 Pa:, the ampoule 
was sealed, and both compartments were heated at 200-300°C for 25-
40 hr (depending on the type of metal). After completion of synthe-
sis, excess of phthalonitrile was removed by warm acetone washings. 
In addition, non-complexed transition metal ions were re-exchanged 
with NaCI solution. 

Method_2_(ref ._2,) • After thorough evacuation of Na form of Y 
zeolite at 300°C up to Pa, vapours of Pe(GO)^ were allowed to 
adsorb at 20°C onto the zeolite, the amount of carbonyl adsorbed be-
ing c.a. one molecule of Fe(CO)^ per supercage. Then the zeolite 
with preadsorbed carbonyl was heated in dry He flow up to 400°C, the 
CO product releasing being monitored by a catharometer unit. As it 
was earlier shown by Jacobs et al. (ref.12), under these conditions 
the adsorbed iron penthacarbonyl transforms quantitatively into me -
tallic iron. Then iron-containing sample was transferred in dry He 
into one compartment of two-chamber ampoule, and the synthesis of 
PcFe was carried out at 300°C for 40 hr as described above. 

Method_3_(ref.. On investigating the decomposition of ad -
sorbed Fe(CO)^ within zeolite by temperature-programmed reaction me-
thod, we observed that the release of first carbonyl ligands occurs 
at temperatures 100-150°C lower than that of intracrystalline synthe-
sis of PcM's by methods 1 and 2. The phthalonitrile vapour pressures 
at these temperatures were, meanwhile, great enough to ensure a rea-
sonable rate of substitution of carbonyl ligands for phthalonitrile 
ones. Keeping this in mind, we adsorbed Fe or Ni carbonyls onto de -
gassed NaY zeolite (two-chamber ampoule) and heated the sample at 
70-115°C for 15-50 hr in phthalonitrile vapours. 

All the preparations thus obtained were greenish-blue in color. 

CHARACTERIZATION OP IN SITU SYNTHESIZED TMC's 
It is obvious that on obtaining the., included guest moiety via~ 

intracrystalline synthesis, a problem of its identification turns out 
to be of crucial importance. In the case of zeolite host lattice, the 
extraction of guest species encapsulated in cavities for subsequent 
routine identification (e.g., by spectral techniques) is evident to 
be impossible unless the host lattice were destroyed. Fortunately, 
when the PcM's are zeolite-included compounds, there is rather unique 
solvent, i.e., concentrated sulphuric acid which destroys readily the 
zeolite matrix but only dissolves phthalocyanine component of a cata-



lyst. This method was successfully applied in (refs.8,9) to identify 
the in situ formed Pc complexes of Fe, Go, Ni, and Gu within zeolites 
X and Y. 

Of course, there were numerous attempts of included TMC identi-
fication using spectral (UV, VIS, ESR, ESCA etc.) methods in non-de -
structive mode, i.e., analysing the guest-host systems as a whole. 
In some particular cases, identification of in situ formed species as 
inclusion compounds was well definitive. However, due to the fact 
that these techniques , in general, do not distinguish between TMC's 
inside host framework and on external surface of a matrix, the pro -
per assignment of spectral bands appears to be somewhat ambiguous. 

DISTRIBUTION OP TMC's III MATRIX 
The problem of the distribution of TMC's between outer surface 

of zeolite crystallites and their intracrystalline volume is of ob-
vious importance. Indeed, the trend of zeolite exchange cations as 
well as of metal atoms to migrate onto external surface and to aggre-
gate there is known to be well pronounced. If so, then it would be 
quite reasonable to assume that complexing agents might facilitate 
an extraction ofnEtals from zeolite bulk onto its surface and, then, 
form TMC's on this surface. In this respect,some information can be 
drawn from our results (ref.11) on ESCA and chemical analysis esti -
mations of transition metal concentration in cationic forms as well 
as in PcM containing samples of Y zeolites. These data au:e given in 
Pig.1. It may be seen that as a rule there is no enrichment of zeo -
lite surface with transition metals when it was treated in phthalo -
nitrile vapours to form Pc complexes (except for one low Ni concen -
tration sample). Here the in situ synthesis via cationic forms of 
zeolite was used. The same results were obtained also with PcFe/HaX 
samples which were synthesized via iron carbonyl complexes (refs.9, 
10). In this latter case, double extraction, i.e., firstly, with 
DMFA solvent which dissolves the surface TCM's only and then with 
HgSO^ was used to determine the "outer" and the "inner" phthalocy-
anines. 

It should be mentioned that our conclusions made on the basis 
of the data just described are not in line with those of Schulz-Ek-
loff et al. (ref.8) who found only a few percent of zeolite-encaged 
PcM's as compared to total PcM contents in X and Y zeolites. Altho-
ugh it is not yet fully understood, this difference could be due to 
a concentration effect of phthalonitrile reactant during a synthesis. 



A substantial excess of comple-
xing agent (up to two-fold) was 
applied in (ref.8), the phthalo-
nitrile and zeolite being tho-
roughly mixed before synthesis. 
In contrast, we used separate 
compartments of a reaction ves-
sel to place the reactants as 
it was described above and the-
reby the formation of PcM's 
inside supercages would be fa-
voured by higher concentration 
of complexing agent within the 
cavities than at outer surface. 
In addition, consistent with 
the notion of preferential for-
mation of the PcM's inside ze-
olitic supercages is our obser-
vation that the adsorption ca-
pacities of PcM/NaY samples 
toward H20, 02, H2> and CO are 
linear functions of total PcM 

contents (M = Cu, Co, and Ni). Prom all these results, we suggested 
that the PcM guest molecules do form inside the zeolite host lat -
tice. Thus, these systems could be regarded as a new family of in-
clusion compounds. 

CATALYSIS BY ZEOLITE INCLUSION COMPOUNDS 
Zeolite-included TMC's are rather unique heterogeneous cata-

lytic systems with no disadvantages of common catalysts. First of 
all, there is no question as to what is an active moiety of a cata-
lyst since the nature of it is well known in advance. Moreover, ev-
en a concentration of virtually active species in catalysts could 
be calculated before catalytic experiment and what is far more su-
bstantial independently of it. These advantages offered by hetero -
genized TMC's would expect to be very useful in solving many impor-
tant problems of theorical and practical catalysis. 

However, on heterogenizing the TMC's two questions arise, i.e., 
(1) whether they retain the peculiarities characteristic of their 
homogeneous analogs, and (2) if so, then how do environmental as-
pects of a matrix influence the IMC molecules as active centers of 
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Fig.1. Correlation between re-
lative M to Na concentrations 
on surface (s) and in volume 
(v): 1 - NiY, 2 - CoY, 3 -
PcNi/NaY, 4 - PcCo/NaY. 



catalyst? 
Рог many cases of heterogenized THC's investigated up to now, 

the first question could be answered rather positively. In fact,the-
se systems were shown to catalize, for example, HgOg decomposition 
(ref.3), oxidation of various substrate by molecular O2 (refs.4, 5, 
13), hydrogenation and dehydrogenation (refs.5, 13), dehydration 
(ref.5), dehydrothiolation (ref.13), hydroformylation (ref.14) etc. 
which have been well known for homogeneous TMC catalysts. 

As to zeolite-included TMC's, they appear to behave very simi-
larly to their analogs in solutions. In particular, they exhibit the 
most characteristic and important feature of complex catalysts that 
is the drastic dependence of activity and selectivity on the nature 
of ligand environment (ref.3). For example, as it was shown in (ref. 
5), in cyclohexene epoxide conversion using various zeolite-included 
chelate of Cu as catalysts the selectivity patterns were strikingly 
inverse with different ligands, namely, when reacted on PcCu/liaY, the 
epoxide yields 100% of cyclohexadiene whereas on enCu/NaY (en = ethy-
lenediamine ligand) it forms benzene only. 

Pig.2 shows the data obtained for liquid phase oxidation of 
cystein by molecular 0p catalyzed by PcCo/NaY (ref.13). The bell -

shaped dependence of the reac-
tion rate on pH value of solu-
tion which zeolite-included PcCo 
exhibits is also typical for ho-
mogeneous catalysis by transiti-
on metal complexes. 

Similarly, the pyridine 
base preadsorbed on the PcM's in 
zeolite matrices was shown to 
enhance the ability of metallic 
centers to fix molecular O2 as 
well as their activities in CO 
oxidation, dehydrogenation of 
cyclohexane and isopropanol 
(ref.5). 

The most probable explana-
tion for these observations is 
that Py molecule situated trans 

on PcCo/NaY catalyst at 20"C. to a substrate species may ex-
ert a conciderable influence on 

Pig.2. pH dépendance of ini-
tial rate (arb.units) of cy-
stein oxidation in solution 



the reactivity of latter. 
It is noteworthy that the very fact of enhancing influence of 

preadsorbed Py on the zeolite-included TMC's provides good evidence 
of molecular or near-molecular dispersity of these in matrix. One 
should recall that the trans effect is a characteristic feature of 
homogeneous catalysis by transition metal complexes in solutions. 

Finally, even the turn-over numbers (Tli) found for supported 
and not-supported PcM's do not differ substantially as it is seen 
from the following data: 

TNa in oxidation Individu- Supported 
by molecular 0^ al PcCo PcCo/IiaY 
of cysteinb 7.7 20.7 
of carbon monox. 2.8 8.4 

a: arbitrary units; b: (ref.13); c: (ref.5). 
On the other hand, one might expect that molecular sieve pro-

perties of zeolite host lattice could be accounted for some pecula -
rities of guest species as catalytically active centers. Thus, in 
liquid phase hydrogenation of olefins using the zeolite-encapsulated 
Rh complexes as catalyst, rather "anomalous" sequence of reactivi -
ties was found (ref.15), i.e., 1-butene > 1-hexene>1-octene. This 
series is different from that obtained with Si02 matrix where the 
reaction rates were comparable for the olefins. 

At all probabilities, this is due to the strong spatial rest-
rictions imposed by zeolite framework on molecules of olefin ente -
ring pores, or of intermediate forming within cavities, or of pro-
duct leaving supereages. 

Another example of specific influence of surroundings on the 
zeolite-encaplulated TMC's is provided by our findings that the high 
adsorption potential inside .supercages where the complexes reside 
could promote reagent concentrations and hence higher reaction rates. 
This effect seems to account for negative temperature coefficient be-
low 0°C of reaction rate in CO oxidation by molecular 02 on Pcii/NaY 
catalysts (ref.5) as well as for 3-fold increase in TN's on going 
from individual PcM to included one. 

CONCLUSION 
The synthesis and the study of zeolite-included guest molecu -

les is a relatively new area of zeolite catalysis. But it is every 
ground to say that these systems as already outlined could be very 
promising in the molecular level designing of active centers within 
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solid, matrices and thereby in the building-up of catalysts v/ith fore-
seen functions. Of course, from a practical viewpoint, there are a 
number of questions to answer, e.g., the way in which an activity 
of the TMC's is governed by the environment of the species included 
what is not yet clear and the diffusional phenomena etc. 
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ABSTRACT 

Palladium has been introduced onto a stabilized HY zeolite by ion exchange with 

the following complexes : J V d C N H ^ J Cl 2, [pd(NH 3)^j (0H> 2 and PdCl 2. After activa-

tion in flowing air at 773 К and subsequent hydrogen reduction, the catalysts were 

tested for benzene hydrogénation. The samples exhibit various catalytic behaviours, 

depending on their preparation and activation treatments. Models are proposed to 

tentatively explain the apparent structure sensitivity of benzene hydrogénation with 

these catalysts. 

INTRODUCTION 

Palladium containing stabilized HY zeolites form a class of bifunctional cata-

lysts very important for the hydrocracking of heavy oils. Hydrothermal treatments 

suffered by these zeolites lead to a certain heterogeneity and to the formation of 

neutral or charged alumina species, located inside the zeolitic cavities (1). The 

location of Pd^ + ions introduced on such a carrier, and their subsequent hydrogen 

reducibility depend largely on the nature of the palladium precursor complex, the 

pH of the exchange solution and on the activating treatment conditions (2, 3). These 

catalysts are known to deactivate principally by a slow degradation of the hydroge-

nating function. In order to determinate the factors influencing the hydrogenating 

properties of industrial Pd/stabilized HY zeolites and their resistance to poisons, 

we tested these catalysts in the benzene hydrogénation reaction, before and after 

poisoning by sulphureous compounds. Benzene hydrogénation is generally assumed to 

be a structure insensitive reaction. The results of Aben et al. (4), in the case of 

Pd catalysts, are in agreement with this. They observed a constant specific activity 

for palladium particles of varying dispersions supported on silica and alumina. 

However, some authors noted variations in the hydrogénation reaction rate according 

to the particle size, the nature of the carrier or the reduction temperature of the 

metallic precursors. In order to explain the increased hydrogénation of benzene with 

dilution by alumina of a P d / A l ^ catalyst, Sancier (5) proposed that benzene was 

reacting with hydrogen spilled over the support. Figueras and co-workers (6) attri-

buted the high activity of palladium dispersed on acidic supports such as protonic 
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and rare-earth zeolites to its partial electrodeficiency due to electron transfer 

from the metallic clusters to the carrier. However, such an electronic transfer was 

not detected by ESCA and esr techniques on Pd loaded Y zeolites (7). Moss et al. (8) 

admitted that a size effect could occur for benzene hydrogénation on Pd/SiC^, although 

no experimental evidence for it was given. Finally, the influence of metal dispersion 

was demonstrated on the specific hydrogénation activity of Pd/charcoal catalysts by 

Benedetti et al. (9, 11). It was attributed to the formation or not of a stable pal-

ladium hydride phase, according to the particle size. So, the results accumulated 

up till now, in some cases support and in other cases contradict, the structure in-

sensitivity of benzene hydrogénation. In the present work, we present a new example 

where small particle sizes seem to favour an increase in the specific activity of 

this reaction. 

EXPERIMENTAL 

The initial, stabilized HY zeolite is a Union Carbide synthetic product deli-

vered in the NH^ + form with the label LZY82. The overall Si/Al ratio is about 3, 

but that corresponding to the framework tetrahedra is y 4. The unit cell parameter 

a is 2.455 nm and the weight percentage of sodium is 0.12 

Catalyst preparation. Pd^ + ions werp introduced by ion-exchange with dilute 

solution of the following salts : (1) ^Pd(NH^)^ Cl^ : pHis- 11 - sample A ; 

(2) [Pd(NH 3)J (0H) 2 : pH ^ 13 - sample B ; (3) PdCl 2 : pH 3.5 - sample C. 

Reducible and non-reducible cations were also added in A and C to give the samples 

described in Table I. 

Catalyst activation and poisoning. After exchange and drying at 393 K, the 

catalysts were slowly heated (13 K/min) in flowing air up to 773 K, kept for 6 hr 

and then evacuated at this temperature, in order to avoid preliminary reduction of 

Pd^ + ions by hydroxyls (12) or ammonia (13). The sample reduction was performed at 

423 K either in flowing hydrogen (5 1/hr) or in static conditions (hydrogen pressure: 

13.3 kPa). In order to simulate the constraints suffered by the catalysts under in-

dustrial hydrocracking conditions, the samples were submitted to sintering and poi-

soning treatments. These consisted either in heating under flowing hydrogen from 

423 to 773 K, followed by 6 h at 773 K, or in heating at 673 K under 13.3 kPa H 2 S , 

followed by 15 hr in flowing hydrogen at the same temperature. 

Metal Dispersion. Particle sizes were measured by hydrogen chemisorption at 

373 K (3) and by electron microscopy. 

Catalytic activity. The rates of benzene hydrogénation of sintered and poi-

soned samples were measured in a conventional flow microreactor. The experimental 

conditions used were : temperature 353 to 378 K - hydrogen/benzene ratio : 12/1 -

atmospheric pressure. 
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Table 1 

Unit cell composition and metallic dispersion of H_ sintered samples 

Exchange 

complex 

Pd % 

weight 

Unit cell 

composition 
Name 

Mean par-
ticle 

size (nm) 
Dispersion 

Pd(NH 3) 4 Cl 2 5.9 
P d 6 . 7 № l 

( S i 0 2 ) 1 4 8 ( A 1 0 2 ) , 4 

PdA 2.8 0.38 

Pd(NH 3) 4 Cl 2 

then AgN0 3 

5.74 
P d 6 . 6 ^ 6 N a l 

( S i 0 2 ) 1 4 8 ( A 1 0 2 ) 4 4 

PdAgA 5.0 
2.0 to 15 

0.21 
Heteroge-

neous 

Pd(NH 3) 4 Cl z 

then Cu(N0 3) 2 

5.80 
P d 6 . 8 SNal 
( S i 0 2 ) 1 4 8 ( A 1 0 2 ) 4 4 

PdCuA 3.2 0.33 

Pd(NH 3) 4 Cl 2 

then Ce(N0 3) 3 

4.48 
Pd 5Ce 4Na 1 

( S i 0 2 ) 1 4 8 ( A 1 0 2 ) 4 4 

PdCeA 3.3 0.32 

Pd(NH 3) 4 Cl 2 

then La(N0 3) 3 

4.97 
P d 5 . 8 L a 6 N a l 

( S i 0 2 ) 1 4 8 ( A 1 0 2 ) 4 4 

PdLaA 2.7 0.39 

La(N0 3) 3 then 

Pd(NH 3) 4 Cl2* 
5.25 

La 7Pd 6Na 1• 

( S i 0 2 ) 1 4 6 ( A 1 0 2 ) 4 6 

LaPdA 2.4 0.44 

Pd(NH 3) 4 (OH)2 4.8 
P d 5 . 7 N a 0 . 8 

( S i 0 2 ) 1 4 4 ( A 1 0 2 ) 4 8 

PdB 2.8 0.38 

PdCl 2 5.4 
P d 6 . 2 N a l 

( S i 0 2 ) 1 4 7 ( A 1 0 2 ) 4 5 

PdC 4.6 0.23 

PdCl 2 then 

La(N0 3) 3 

4.57 
Pd 5La 3Na 1 

( S i 0 2 ) 1 4 7 ( A 1 0 2 ) 4 5 

PdLaC 6.4 
0.17 

Heteroge-
neous 

PdCl 2 then 

Ca(N0 3) 3 

5.1 
Pd.Ca.Na. 

6 L i . 

( S i 0 2 ) 1 4 ? ( A 1 0 2 ) 4 5 

PdCaC 5.6 
0.19 

Heteroge-
neous 

PdCl then 
** 

Ca(N0 3) 2 

5.1 
Pd 6Ca 2Na 1 

( S i 0 2 ) 1 4 7 ( A 1 0 2 ) 4 5 

PdCaC 
Dyn. 

3.8 
1.5 to 20 

0.28 
Heteroge-

neous 

* Part of La + ions exists as La 20 3.C0 3 

** This sample was reduced in dynamic conditions 
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Table 2 

Benzene hydrogénation rates before and after H_S poisoning. 

Sample 
Reaction rate 

at 378K 
mmole/h/gmetal* 

N E 
Kcal/mole 

Reaction rate 
at 378K 

after poisoning 
N 

PdA 134 15 5.4 1.6 

PdB 134 15 6 1.7 

PdLaA 112 15 3 0.8 

LaPdA 270 15 7 1.7 

PdCeA 128 15 2.4 0.7 

PdCuA 38 15 0.4 

PdAgA 4 15 . - -

PdC 13 6 6 4.4 2 

PdLaC 25 16 7 5 2.7 

PdCaC 27 1 6 8 4.4 

PdCaC-Dyn 63 24 6 4 1.5 

* Rate at the steady state for samples C and after one hour reaction for 

samples A and B. 
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RESULTS AND DISCUSSION. 

Catalysts C. This series of catalysts are characterized by a fairly stable ac-

tivity. The hydrogénation rates, measured at 378 K at the steady state, are listed 

in Table 2 . The activation energy for the reaction is 6-7 kcal.mole in agreement 

with previous works. 

The presence of additives - La^ + or Ca^ + ions - results on the one hand in a 

change in the particle dispersion and on the other hand in a marked increase of the 

turnover frequency N. As it was previously shown (3), PdLaC and PdCaC catalysts 

appear heterodispersed, small clusters ( 1 nm) being observed together with 

crystallites of up to 20 nm on the microphotographs. This heterogeneity is still 

more pronounced after a reduction in flowing hydrogen (PdCaC-Dyn sample). Pd parti-

cles smaller than 1 nm in size, although not detected by electrsn microscopy, could 

exist in the zeolite-cavities have an electrodeficient character (14) and thus play 

a part in the enhancement of the catalytic activity. However, due to the good agree-

ment between particle size determinations both by electron microscopy and hydrogen 

chemisorption methods, we do not think that clusters smaller than 1 nm are present 

in our samples. These small particles would exhibit a higher thioresistance than the 

larger ones. On the contrary, it appears (Table II) that the most highly dispersed C 

sample - PdCaC-Dyn - is also the most greatly poisoned by sulphur, although it has a 

population of little aggregates. It is more likely, considering the experimental 

conditions of this work (378 K and 94 kPa H^) that both the low specific activity 

and the apparently greater thioresistance of the largest clusters are related to 

the formation of a fi -hydride phase in the metallic palladium. This phase is known 

to be less active than the pure metal. Moreover, the dissolved atomic hydrogen is 

thought to bear a negative charge (15) so that Pd atoms may gain an electrodeficient 

character. The stability of the palladium -hydride increases with the particle 

size (16, 17). In the smallest aggregates, due to the ease of formation and decompo-

sition of this phase, a surface restructuration may also be postulated (10), resul-

ting in an increase of the number of low density planes flllj compared to jflOQj 

planes, the former being considered to be the most effective for acetylene hydrogé-

nation (18). In the case of benzene, it is difficult to put forward such a motive. 

However, the mechanism of hydrogen activation may be modified due to the fi -hydride 

instability in the small crystallites. The decrease in the specific hydrogenating 

activity and the enhanced thioresistance of coarse Pd aggregates may thus be explai-

ned, in agreement with the observations of Benedetti et al. (10). 

Catalysts A and B. The initial hydrogénation rate of samples A and B is very 

high compared to samples C, but it quickly decreases after a few hours and then 

I slowly and continuously diminishes, without reaching a constant value. However, in 

: order to compare the different catalysts A and B, we measured this rate after one 

| hour of reaction and extrapolated to zero time. The rate values so obtained are 
1 given in table II. PdCuA and PdAgA samples of this series exhibit the lowest catalytic 
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activity, presumably due to the formation of bimetallic particles and concomitant di 

lution of metallic palladium by copper and silver. The most active catalyst appears 

to be LaPdA which, as well as La^ + ions, contains a lanthanum oxycarbonate occluded 

in the structure. However, the metallic dispersion of this sample differs very lit-

tle from the others. Moreover, it seems difficult to ascribe the enhanced activity 

of samples A and B with respect to samples C, to differences in palladium disper-

sions only, because of the abnormally high activation energy (15 kcal.mole which 

suggests a new reaction mechanism. We suspect an influence of the support and possi-

bly that of spilled-over hydrogen. No benzene hydrogénation was detected by Angel 

and co-workers (19) by hydrogen activated on small rhodium clusters and possibly 

spilled over a mordenite carrier. However, in a previous work (2) we have shown that 

alumina species - and for the LaPdA sample also a lanthanum oxycarbonate - are found 

in the LZY-82 cavities. In the reduced samples, metallic particles in the zeolite 

supercages exist together with these extraframework entities. So, in spite of the 

low rate of H^ spillover at 37BK, the contribution of hydrogénation sites on the 

alumina phases inside the zeolite cavities may be postulated, due to their vicinity 

to the metal. Such an assumption was recently advanced by Vannice et al. (20) to 

explain the high benzene hydrogénation activity of Pd dispersed on Si02~Al20 3 and 

Ti0 2 supports, with similar values of activation energies. As a matter of fact, we 

previously shown that, due to the catalyst preparation conditions (pH — 3.5) the 

alumina species in samples C are cationic and located in the sodalite cages, i.e. 

far from the palladium clusters. In that case, hydrogen migration distances are 

presumably too long to allow the appearance of ne\/ hydrogénation sites on the alu-

minic carrier. 

Finally, because of their higher metal dispersion (the -hydride phase is 

not stable), A and B catalysts are more poisoned by sulphur than C catalysts. 

CONCLUSION 

This work was undertaken with the aim of a better understanding of the cata-

lytic behaviour of Pd/stabilized zeolites in the hydrogénation of benzene. Two main 

factors are assumed to govern the catalyst hydrogénation activity : the existence 

of extraframework entities in the zeolite cavities and the formation of a j3 -hydri-

de phase in the metallic palladium which could, too, weaken the Pd-S interaction. 
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Antoshin and Kh.M.Minachev 
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ABSTRACT 
The catalytic properties of meted-containing high-silica zeoli-

tes in ethane aromatization and XPS spectra of these catalysts have 
been investigated. Both electronic states of metals (Pt,Rh) and ca-
talytic activity strongly depended upon pretreatment conditions and 
changed in the course of the reaction. The development of the cataly-
tic activity observed during successive catalytic runs in pulse mode 
was accompanied by an increasing of positive charge on highly disper-
sed metallic clusters located in the vicinity of acidic OH-groups of 
zeolite. The Me centers in combination with acidic sites are li-
kely to be responsible for ethane transformations into aromatics 
over metal-containing high-silica zeolites. 

INTRODUCTION 
As shown earlier by the XPS studies /1-3/ , the interaction 

of highly dispersed metal particles (Pt,Pd,Ru,and Re) and electron 
acceptor sites of ¿f-AlgÔ  or zeolite Y yields electron deficient 
metal clusters which display high activity in various reactions. The 
state of metals can be modified additionally under catalytic reac-
tion conditions /4,5/. 

Investigations of ethane and ethylene aromatization in the 
presence of a number of metal-zeolite catalysts revealed /6/ that 
in the course of these reactions the Me/H-ZVM (Me=Pt or Pd) cataly-
tic system experiences the so-called activity development effect ac-
companied by increased yields of aromatics. The causes of the obser-
ved phenomenon have so far remained obscure, although an assumption 
has been put forward as regards the feasibility of metal valent sta-
te alternation during the reaction as a result of metal-support and 
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metal-reagents interactions. 
The present study was undertaken with a view to examining by 

the XPS method how the pretreatment conditions ( air,hydrogen or 
air and then hydrogen) and the reaction medium affect the electro-
nic state of Me(Pt,Rh)-containing pentasil-type high-silica zeoli-
tes (H-ZVM). Accordingly,the dependence of Me/H-ZVM catalytic acti-
vity in ethane aromatization process on the state of Pt or Rh in 
corresponding bifunctional system was investigated. In contrast to 
faujasites.in which the physico-chemical properties of Pt and Rh 
have been examined in detail /7,8/.practically no data are availab-
le in the literature on the valent state of these metals and their 
migration ability in high-silica zeolites of the ZSM-5 structure. 
It is further noteworthy that in the majority of investigations 
/3»5»9-11/ the structure of catalysts was determined prior to the 
reaction (after carrying out a particular pretreatment procedure) 
and upon reaction completion. Of greater information value are the 
data characterizing the catalyst at different reaction steps»which 
are obtained by the present authors /4/ and refined in the work re-
ported here* 

EXPERIMENTAL 
Catalysts. In this study use was made of two specimens of Pt 

catalysts prepared from NH^-ZVM.viz., 0.48% Pt/H-ZVM (Cat-I) and 
1.78S& Pt/H-ZVM (Cat-II) as well as of sample ca.2% Rh/H-ZVM (Cat-Ill) 
The starting material comprised Na-ZVM obtained by the crystalliza-
tion of alumosilicagels under hydrothermal conditions in the absen-
ce of organic cation /19/,molar ratio of SiOg/A^O^ =35»content of 
Na20 =3%,and of ?e20^«0.l2% ; 100% phase purity. The Me-containing 
zeolites were prepared by treating NH^-ZVM (after decationation,the 
residual content of Na^ was 0.1%) with [pttHH^Jcig or [Rh(HH3)5 
Cl)Cl2 aqueous solution under ion-exchange conditions,the degree of 
exchange being controlled by the residual oontent of Ue in the mo-
ther liquor. The resultant powdered specimens were dried and pres-
sed into pellets (without binders). In experiments,0.5-1.0 mm frac-
tions were employed. 

For spectral investigations,catalyst samples were subjeoted to 
different pretreatment procedures,viz.,1) calcination in a flow of 
air for 5h (Cat-II at 550°C,Cat-Ill at 450°C){ 2) calcination in 
air flow at the same temperatures and then in H 2 for 2h(Cat-II at 
520°C,Cat-Ill at 400°C). After above treatments the samples were co-



oled in dry argon to room temperature and transferred into spect-
rometer (see below). 

Catalytic experiments involving ethane were carried out in a 
pulse microcatalytic unit /20/. The samples of Cat-II or Cat-Ill 
were placed in an U-shaped reactor and pretreated according above 
procedure.followed by replacing H2 with He (20 ml/min),and in ~20 
min starting to feed ethane (0*082 ml). Upon reaction termination 
and analysis completion (about 30 min),the catalyst was cooled in 
a stream of He. The XPS spectrum of first sample was recorded after 
one ethane pülse,of second sample-after two ethane púlsemete, (see 
table 2). Each sample consisted of a fresh weighed portion of cata-
lyst. 

Spectral investigations. Prom the catalytic reactor,the samp-
les were transferred into a spectrometer in an inert atmosphere. To 
do so , the reactor was discharged in a box filled with pure argon, 
and a sample was pressed into a Pb plate and mounted on a holder 
followed by connecting the box to the sample insertion lock of the 
spectrometer and thereafter transferring the sample holder,in an Ar 
countercurrent.into the spectrometer vacuum system. XPS spectra we-
re recorded with an ES 200B spectrometer using the technique descri-—8 
bed in /12/. Spectral measurements were carried out at 5x10 Torr 
using the C 18 (Eb=285.0 eV) and Si 2p (Eb=103,8 eV) lines as refe-
rence standards. After the catalytic process,no pronounced distor-
tion of the C 1s line shape was observed. The Me/Al and Si/Al ato-
mic ratios were evaluated using respective integral intensities cor-
related for, the photoionization cross-sections /12/. Since the Pt 
4f spin-doublet and the Al 2p line are partially overlapping,deter-
mination of spectrum parameters comprised spectrum analysis by the 
program of deconvolution for the unresolved Gaussian lines using 
PDP 11/03L minicomputer. The accuracy of E^ determination was 0.2 eV, 
and that of estimating atomic ratios, 20-3036. 
RESULTS AND DISCUSSION 

Ethane catalytic conversion in the presence of Cat-I was studied 
in the 300-600°C temperature range in a pulse microreaótor (fig.1). 
Under these conditions ethane undergoes the following principal tran-
sformations: hydrogenolysis,formation of Cg-Cg aromatics,and also 
the formation of condensation products. Using the same catalyst under 
flow conditions yields closely allied results. 

Next,with Cat-II at 550°C a series of runs (A) was carried 
out,in which the effect of catalyst activity development became ma-



nifest,activity maximum being attained after 3-5 pulses (fig.2). 

Fig.1. Dependence of the yield of ethane conversion products 
over 0,5% pt/H-ZVM on temperature: a) 1-CH^; 2-un-
converted CgHg; 3-sum of Cg-Cg aromatice; b) 1-benzene; 
2-toluene; 3-xylene; 4-sum of C^-Cq aromatics 

With Rh/H-ZVM rather high yields of Cg-Cy aromatics were succeded 
at temperature as low as 450°C,similar development of the activity 
being observed,as in the case of Cat-II (fig.3). In both of cases 
increasing aromatics yield with pulse number is accompanied by sub-
stantial decreasing CH. amount which is maximum at the first pulses. 

No. of pulses No. of pulses 
Fig.2. Dependence of Cg-C^ aromatics yield over 1.8% Pt/H-ZVM 
pretreated subsequently in air and in H2 on the number of 
ethane pulses at 550°C. Series A-sample weight 100 mg; series 
B-sample weight 70 mg 
Fig.3. Dependence of Cg-C^ aromatics yield over Rh/H-ZVM pre-
treated subsequently in air and H2 on the number of ethane 
pulses at 450°C 
It is noteworthy that in the absence of metal (H-ZVM catalyst) 
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no such, effect was observed in the cases of ethane or ethylene,al-
though ethylene aromatization proceeded at an adequately high level 
/6/. The effect observed is,therefore, due to the presence of a me-
ted in the catedyst and appeals to be e^sociated with the veiriation 
of metal-support interaction during the reaction. A similar effect 
wets observed by us earlier when compeiring the catedytic properties 
and XPS spectra of edumina supported rhodium catalysts in ethylene 
cyclotrimerization /4/. During the reaction,the catalyst activity 
and the electronic state of Rh undergo significant changes with a po-
sitive charge (maximum shift for Rh 3d^y2~0.7 eV) appearing on Rh 
clusters in the Rh/AlgO^P catedyst. 

Taking this into account, in series of catedytic runs B (fig.2, 
table 1) investigations of catalytic activity were parallelled by 
determination of the Pt electronic state during ethane aromatization 
on seven Cat-II samples. As can be seen from fig.2, in series B the 
maximum activity falls,as in the case of series A, at third and fou-
rth pulses. Table 2 presents the data on the state of Pt in the 
Cat-II specimens. 

Table 1 
Ethane conversions over 1.8% Pt/H-ZVM catalyst at 550°C 

in pulse mode (Series B) 
Pulse Total product Gas and liquid products composition, 
No. yield, % wt.% 

CH 4 C2H4 « A benzene toluene 
1 76 35.6 5.4 27.0 1.6 0.4 
2 73 57.9 1.6 6.5 6.0 1.0 
3 80 56.6 3.2 8.7 9.0 2.3 
4 76 32.9 7.1 27.7 6.0 2.2 
5 70 24.4 9.? 28.9 4.5 2.0 
6 74 10.7 10.3 47.2 3.9 1.8 
10 74 26.4 13.6 50.1 2.5 1.4 

In the spectra of the starting specimen only the Pt 4d^2 li-
ne was observed,the Pt 4f doublet being completely meLSked by the A1 
2p line. The value of Ê j for Pt 4fy/2 f o u n d by "to® deconvolution of 
these spectra is close to that of the starting complex. After eiir 
calcination in the spectrum there appears a new line with 8^72.2 eV. 
Its position is nearly that observed in the spectra of reduced spe-
cimens and can be attributed to the finely dispersed Pt° particles 
/3,12/. The decomposition of Pt complex cations in air appears to 
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be accompanied, by partial reduction of Pt. Pt° formation was obser-
ved earlier in the oxidative treatment of [PttNH^J^] -NaY /7,8/. 

Although the positions of Pt 4f main peaks for two reduced 
specimens are close to each other,a significant increase ( six-
fold) of the Pt/Al atomic ratio was observed for the specimen re-
duced in H2 without preliminary treatment in air. This phenomenon 
results from Pt° migration to the external surface of zeolite 
/8,12/. The data obtained are consistent with the electron micro-
scopy measurements,according to which in the zeolite reduced in K, 

o o i 

at 500 C there are large metal crystallites from 30 to 150 A in si-
ze along with finely dispersed Pt particles 

Catalytic activity of three types of samples was also diffe-
rent. Maximum activity was displayed by sample calcined in air with-
out subsequent reduction (the highest yield of aromatics was 19*4%) 
whereas the spicemen reduced directly in H2 possessed the lowest 
activity (aromatics yield, 0.4%). To investigate Pt state modifica-
tion under the action of reaction medium,use was made of the speci-
men reduced by H2 after precalcination in the air (maximum aroma-
tics yield, 11.3%),the most pronounced effect of activity develop-
ment being observed for this catalyst in the pulse reactor (fig.2). 

- Activity variation was accompanied by definite changes in Pt 
4f parameters (table 2). For instanoe,after the second pulse of 
C2Hg the Pt 4f lines exhibited broadening from 2 to 3 eV and remai-
ned so after the third and forth pulses. Subsequently the lines be-
come somewhat narrower but their HWFM exceeds that of the starting 
sample. An increase in HWFM is likely to be caused by the appearan-
ce of several non-equivalent Pt states. Indeed,an analysis of the 
Pt 4f + A1 2p spectra after the second and third pulses disclosed 
that they are better approximated by A1 2p singlet and two Pt 4f 
spin-doublets having the Pt 4fy/2 of 71.3-71.7 eV and 72.7 eV, 
respectively. After 10 pulses, Pt 4f spectrum was likewise broade-
ned and resolved into two doublets,but the high-energy doublet pa-
rameters being close to thouse observed in initial spectrum (table 
2). The spectra of specimens after 4 to 6 pulses could be adequate-
ly approximated by one Pt 4f spin-doublet and the A1 2p line. 

It is,therefore,evident that Pt state changes occur in the 
course of catalyst activity development. According to the XPS data, 
two types of Pt centers could be discriminated which differ in the-
ir spectral characteristics: 1) Pt species with the spectra signi-
ficantly shifted (+1.3 eV) with reference to bulk metal spectrum; 
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Table.2 
IPS spectra parameters of 1.8% Pt/H-ZVM catalysts 

Sample Pretreatment Number of Binding energy for HWFM for I (Pt 4f) Pt Si 
No. conditions C2Hg pulses Pt 4f7/2,eV Pt 4f?/2, I (A1 2p) AL A1 

at 550°C 
Pt 4f7/2,eV 

eV 
1 starting - 73.4 2.1 0.9 0.027 
2 air,550°C - 73.6(5556) b)72.2(45%) 2.4;1.8 0.6 0.015 22 
3 H2,520°C - r 72.0 2.4 3.2 0.1 28 
4 air,550°C+ 

H2,520°C - 72.0 2.0 0.5 0.015 18 
5 1 72.2 2.1 0.5 0A015 20 
6 2 72.7(6756); 71.4(3356) 2.4;1.6 0.8 0.024 18 
7 3 72.7(67%); 71.7(33%) 2.4;1.6 0.7 0.021 20 
8 4 72.0 2.8 0.8 0.024 19 
9 5 72.2 2.4 0.6 0,018 18 
10 6 72.0 2.6 0.9 0.027 20 
11 .11. 10 72.3(6756); 70.7(33%) 1.8;2.1 0.8 0.024 25 

^ f or £p t (NH j ) Cl2 and Pt (metal) are equal to 73.6 and 71.5 eV,respectively 
b ) The percentage of a given Pt state is shovm in parenthesis 



2) Pt species characterized by the absence of a positive shift or 
by a small negative shift (e.g. after ten CgHg pulses). Positive 
shifts in the spectra of finely dispersed metal can be attributed to 
a number of factors /1,3,12/,such as a decrease in the extra-atomic 
relaxation energy,the metal-support interaction, and the inherent 
electronic structure of fine particles. In compliance with tentative 

o estimates /13/, the relaxation shift for Pt particles from 10 A to o 
15 A in size does not exceed 0.5 eV. Hence,the observed shifts stem, 
at least in part, from electron density transfer to the acceptor si-
tes of the support. In the course of catalyst activity development, 
the positive charge on Pt increses and , subsequent to maximum acti-
vity passage, undergoes slight diminution, although both in the star-
ting and deactiviated samples a part of Pt centers appear to carry 
a small positive charge. 

As it is shown by XPS a .modification of Rh electronic state 
in Rh-containing zeolite is also observed under reaction conditions. 
But before reaction (calcination in air at 450°C and then reduction 
with hydrogen at 400°C) substantial part of Rh is still remained in 
icnic state ( 40%). This makes more complicated to follow the chan-
ges of Rh state during reaction since some part of ions is additio-
nally reduced to Rh° at 450°C. Nevertheless, tha data obtained reve-
al that, as in the Pt case, some fraction of Rh has a positive char-
ge when maximum activity is reached. 

The second type of centers observed for Pt/H-ZVM 30% after 
the second and third pulses) is characterized, according to XPS da-
ta, either by charge absence or by a small negative charge. Large Pt 
crystallites disposed, as shown by electron mocroscopy, on the zeoli-
te external surface may be regarded as belonging to such centers. In 
the case of this size particles the relaxation effects are non-essen-
tial and the parameters of spectra should not be different from tho-
use of bulk metal. For this assignment, a more clearly defined mani-
festation of the second-type centers after the initial ethane pulses 
should denote that the reaction is accompanied by an additional si-
ntering of Pt. Although Pt/Al ratio growth observed in the course of 
the reaction may be due to additional Pt° migration to the external 
surface, this increase is insignificant and remains so during the 
reaction. The above assumption is further inconsistent with the fact 
that the catalysts containing a larger fraction of crystallites on 
the external surface exhibit much lower activity. 

The appearence of second-type Pt centers is more likely to be 
due to the so-called strong metal-support interaction (SMSI) /14/ 
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resulting in the inhibition of the adsorptive capacity of metals to-
wards H2 and in decreasing their activity in the processes of hydro-
carbon hydrogenolysis and hydrogenation /15/. Although the SMSI ef-
fect is most typical of metals supported on readily reducible oxides 
(TiOg.NbgO^.ZnO).recent data show this effect to be also valid in 
the case of Pt/AlgO, /16/. It is believed that under severe reacti-
on conditions (550 C,hydrocarbons,and H0) there occur the formation 3+ 
of oxygen vacancies in the zeolite lattice and the reduction of A1 
ions located in the vicinity of Pt. The interaction of Pt with such 
electron-donor centers is expected to result in the appearence of 
electron density excess on Pt.this being indeed the case as demon-
strated by XPS data. 

In the same manner as with faujasites.the reduction of Pt in 
high-silica zeolites gives rise the localization of Pt atoms or clu-
sters in the zeolite structure and their partial migration to the ex-
ternal surface. In view of geometric limitations,the localization of 
large clusters is impossible in the structure of ZSM-5,although for-
mation such clusters in large cavities of zeolite Y has been postu-
lated /6/. In the case of Pt/H-ZVM zeolite a more substantial migra-
tion of Pt atoms to the external surface was also observed during 
direct H2 reduction. At the same time,preliminary zeolite dehydration 
(in air) provides for retaining a significant fraction of Pt inside 
the structure. A positive charge arises on a part of Pt atoms as a 
result of interaction with the acceptor sites of the zeolite frame-
work (possibly,with Bronsted centers). As with Rh/AlgO^ /4/,the char-
ge grows with increase in the degree of ethane or ethylene conversi-
on into aromatics. In addition,a part of Pt centers is in the zero-
valent state or has a negative charge due to a strong interaction 
with the reduced A1 atoms. These Pt species may be responsible for 
a variation in reaction selectivity,in particular for the inhibition 
of feedstock ethane hydrogenolysis. 

Summarizing the data on the state of Pt in Pt/H-ZVM and taking 
into account catalytic activity variation,it is reasonable to sug-
gest the existence of the Pt form (Pt with shift of 1.3 eV) that 
appears to govern the aromatization activity of Cat-II in ethane con-
versions. Similar conclusion seems to be valid for Rh/H-ZVH. Since o 
the pore sizes of ZSM type zeolites are equal to 5.5-6 A /17/,the 
most likely reaction site would apparently be the channel mouths of 
a zeolite catalyst. It is believed that catalysis takes place on the o fraction of Me dispersed to a crystallite size of about 10 A and lo-
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cated in the pore mouths. These are probably the active centers for 
ethane dehydrogenation to ethylene. The latter.having penetrated into 
channels,undergoes further conversions into aliphatic oligomers and 
aromatics,the formation of which involves the participation of bridge 
acidic OH-groups identified by diffuse reflectance IR /18/. 
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ABSTRACT 

The extent of the reduction of nickel supported on sodium, hydrogen and steamed 
mordenites is different for the bulk and for the surface of the particles. Equili-
brium constants for the redox reaction are estimated for both processes. The nickel 
dispersion, the extent of bulk and surface reductions depend on the balance between 
the number of sites of suitable acid strength and the reduction hydrogen pressure. 
The enhanced catalytic properties of steamed mordenites are related to the specific 
occurence of Ni metal on the outer surface of the particles under high hydrogen pres-
sure. 
INTRODUCTION 

Applied research has shown the high catalytic performances in acidic catalysis 
of metal loaded zeolites. Thus, mordenites partly exchanged with transition metals 
are used in aromatic conversion under specific conditions of activation and reaction 
(1-3). The specific role played by the metal phase, besides the acid active phase, is 
not clear, probably in line with the changes in the metal state according to the type 
of support and pretreatment (4). In this work we have studied among various activa-
tion procedures the role and the effect of hydrogen pressure on mordenite supported 
nickel in close relation with toluene disproportionation data reported in (5). 

Besides the interest for catalysis it is also of importance to understand the 
reduction process of the transition metals supported on acidic carriers in order to 
control this process (6). Both the gas and the solid phases (reducible ion and sup-
port) are involved in the mechanism. The present study is an attempt to point out the 
respective influence of those parameters. 

EXPERIMENTAL 

Material. The protonic mordenite catalysts referred to as HM (Si/Al = 5) and 
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HMD when dealuminated (Si/Al = 9) have been already described in (1,7,8). The sodium-

form, Na-M (Si/Al = 5) was provided by Norton (Zeolon 900). Nickel was exchanged in 
the sodium (1.3 wt % Ni) or decationated (1.45 wt % Ni) forms with 0.5 M nickel ni-
trate solutions at room temperature to give NiNaM, NiHM and NiHMD zeolites. Each of 
the Ni samples has been either treated in flowing air (treatment (lj) or steamed 
(2) prior reduction at 773 K. 

Magnetic measurements. The nickel phase was studied by means of magnetic me-
thods as described in (4,9) giving the degree of nickel reduction and the average 
nickel particles diameters. Magnetic measurements under high H^ pressure (up to 1.2 
MPa) were carried out in a stainless steel cell allowing both a reduction under flo-
wing hydrogen and magnetic measurements using the Weiss extraction method. A typi-
cal experiment consists of reducing the sample at 773 К under a flow of hydrogen at 
the desired pressure (0.1-1.2 MPa), then cooling it down to room temperature without 
changing H^ pressure or flow conditions. The cell is then disconnected and isolated 
from the flow system and the sample internally transfered into the magnetic part of 
the cell. The magnetic isotherm can be recorded 1) under the reduction pressure (in 
this case, outer metal atoms with chemisorbed hydrogen do not participate in the col-
lective ferromagnetism), ii) after evacuation - or helium flush - of the cell at 
673 К for lh (in this case all the nickel atoms bulk or surface, which remain in 
their metallic state in vacuum or neutral atmosphere are taken into account). The 
comparison between i) and ii) magnetic isotherms allows to determine the amount of 
stable metallic surface onto the nickel particles. This is also evaluated from the 
amount of hydrogen chemisorbed onto the sample (volumetry) after its evacuation (or 
the flush) at 673 K. 

Electron microscopy. Electron micrographs were obtained using a JEM 100 CX 
transmission electron microscope. 

RESULTS 

Table 1 presents data from magnetic, volumetric and electron microscopy measu-
rements. Let us note-first that magnetic and electron microscopy informations are 
quite consistent, although the former гиге obtained "in situ" and the latter in the 
open air. The main features of these data are : i) the bulk degree of nickel reduc-
tion at 773 К is lower than unity whatever be the reduction procedure for the hy-
drogen forms of mordenite and very close to unity for the sodium forms. The increase 
in bulk reduction as a function of temperature (fig. 1) strongly depends on the zeo-» 
lite, the sodium and steamed forms being the more easily reducible samples, ii) The 

fraction of nickel metal for hydrogen mordenite is significantly improved when the 

reduction is carried out at high H„ pressure (1.2 MPa)instead of atmospheric pres-
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Table 1 
Magnetic, volumetric and electron microscopy (E.M.) data after reduction at O.l (X) and 1.2 MPa (IX) hydrogen pressure 

Catalysts Bulk degree Average particle diameter Size heterogeneity Fraction % of surface with Ni 
reduction (a) (nm) metal (from H v 2 adsorption) 

Magnetic E.M. . (b) Magnetic E.M, (c) Magnetic (d) Volumetric (e) 

I II I II I II I II I II I II I II 

NiHM (1) 0.85 0.93 20 20 35 * 0.5 * 1.4 * 0 0 0 0 
NiHM (2) 0.9 0.91 14.4 10.4 25 10.0 0.5 0.13 l.O 0.6 o 11 0 4 
NiHMD (¿) 0.65 0.89 20 20 * * 0.7 0.5 * * 0 o * * 
NiHMD (2) Ok 82 0.94 18.0 13.0 * * 0.6 0.5 0 5 * * 
NiNaM l.OO 0.98 12.4 10.8 * -it- 0.5 0.45 * * 9 12 lO 11 

(a) Calculated after outgassing at 673 K the samples reduced at 773 K. 
(b) Ratio of the difference between low and high field diameters to the average particle diameter (9). 
(c) Ratio of the difference between the highest and the lowest particle size to the average size of the whole distribu-

tion. 
(d) Ratio of the metallic nickel able to chemisorb hydrogen to the total content of metallic nickel. 
(e) Calculated from the adsorption capacity extrapolated at full surface coverage and from average particle diameter 

(H/Ni = 1 is assumed). 

* not determined 



200 400 600 
reduction temperature 

Fig. 1. Change in the degree of reduction at P =0.1 MPa as a function of re-
2 duction remperature. a : NiNaH, b : NiHM (2), c : NiHM (1_). 

sure.The same holds for nickel dispersion : average particle diameter, particle size 
distribution and size heterogeneity are shifted towards lower values (Table 1). It 
can be noted that the average diameter of nickel particles are for amy sample lar-
ger than the mordenite channels (ts/O.7 nm). Hie nickel particles are then located 
either outside the framework of the zeolite or entrapped in locally destroyed parts 
of the framework, iii) Only the sodium nickel samples (NiNaM) and the steamed nickel 
hydrogen mordenite (NiHM (2) and NiHMD (2)) are able to chemisorb hydrogen, i.e. 
display particles with metallic surface after evacuation. This coincides with the 
best nickel dispersion in electron microscope studies, iv) There is no specific ef-
fect of mordenite dealumination (i.e. Si/Al ratio) on the state of nickel for hy-
drogen mordenite material : similar relations between H^ pressure, steaming treat-
ment, nickel reduction and dispersion are observed, the samples being dealuminated 
or not. 

Catalytic performances. From refs. 5 and 7, table 2 reports some data concer-
ning the effect of pressure in toluene disproportionation carried out on similar 
H-mordenite samples, exchanged or not with nickel. 

The kinetics of the reaction (partial orders vs H 2 or toluene) has been discus-
sed in details in (2,5). It will only be emphasized from Table 2 that the best cata-
lytic performances (activity and selectivity) are obtained at high. H^ pressure with 
a nickel loaded sample which has been initially steamed (NiHM (2)). In all other ca-
ses (dry sir pretreated and/or low pressure catalysis), the nickel phase does not 
play any clear role in the disproportionation process. 



Table 2 
Catalytic activity in toluene disproportionation at 723 K, P /P , = 4 after 5h H

2 Toluene 
on stream (5,7) 

Catalyst -4 -1 
r(lO mole h 9Zeol! 

I II 

HM (_1) E 20 
NiHM (1) 2 15 
HM (2) 2 55 

NiHM (2) 5 85 

I : Total pressure =0.1 MPa 
II: " " =1.5 MPa 
In order to get more information on the state of nickel in catalytic course, 

some experiments have been performed with the present series of nickel mordenite in 
CO/H2 methanation considered as a probe reaction for metallic nickel. Corresponding 
data are reported in table 3. 

Table 3 
Catalytic activity in CO/3H2 , methanation (P = 0.1 MPa, T = 593 K, microdifferential 

reactor flow) 

Catalysts CO conversion Fraction of Ni metal 
(io-3 mole h"1 g^*) accessible (b) (%) 

x(a) II I II 

NiNaM (lj 9 28 9 12 
NiHM (i) O i 0 O 
NiHM (2) 0 34 O 11 

(a) I : activated in flowing H , P =0.1 MPa i Hg 
II : activated in flowing H^, P ^ = 1.2 MPa 

From table 1 

For all sauq>les yielding significant amounts of methane, the apparent activa-
tion energy was found around 20 kcal/mole in the 573-623 K range and methane selec-
tivity higher than 90 % which is quite consistent with the values reported for usual 
supported nickel catalysts g. Ni/SiOz (10)). Only nickel loaded on sodium mordeni-
te or on steamed hydrogen mordenite activated under high u^ pressure is reactive 
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towards CO/H^ mixture and so behaves as usual supported metal. The good coincidence 
noted in table 3 between the CO/H^ activity and the occurence of stabilized surface 
metal atoms after evacuation (or the flush) at 673 K for given activation and reduc-
tion conditions strongly suggests that the information in table 1 obtained by magne-
tic and volumetric methods at room temperature (degree of reduction, disper-
sion, metal/oxide surface) will reflect the state of the nickel phase even when fur-
ther experimental conditions (T,P) are different from those used for reduction. The 
reduction step primarily determines the nickel behavior. 

DISCUSSION 
Correlations with catalytic activity. The toluene disproportionation reaction 

has been shown to proceed on the Bronsted acid sites of the mordenite, whether hy-
drogen or nitrogen atmosphere is used (5,7). Yet, a kinetic inhibiting effect of 
hydrogen pressure has been put forward on the basis of the formation-decomposition 
equilibrium of the benzylic carbocation, proposed as an intermediate species in the 
disproportionation mechanism (7). The present study shows an obvious correlation bet 
ween H 2 pressure activation, good catalytic activity and stability in toluene dis-
proportionation and the occurrence of a metallic surface. The latter is ascertained 
either from physico chemical characterization (volumetry and magnetism) or from 
CO/H2 probe. It is reasonable to admit that this specific property to display a me-
tallic surface under reaction conditions (steamed H-mordenite activated at high H^ 
pressure) over- compensates the above mentioned inhibiting effect of H^ pressure. 
This role of metallic nickel is very probably in line with coke formation and pore 
fouling (5). The schematic process would be : hydrogen activation on the Ni parti-
cles , then hydrogénation of coke precursor avoiding the very fast deactivation 
which is noted in (5) for samples reacting at atmospheric pressure. In such a pro-
cess the migration of activated species from the partieles of-nickel to the coke de-
posits is likely to occur. This is consistent with the evidences of hydrogen spillo-
ver in partially reduced nickel catalysts provided in (11). 

Thermodynamics of reduction. Besides the correlation observed between the impro 
ved catalytic properties and the presence of nickel metal, the results allow to ob-
tain detailed information on the parameters of importance for nickel reduction. They 
will be discussed in terms of effect of the CH groups acidity, of hydrogen pressure, 
of temperature, of steaming and of dealumination. Sample NiNaM does not show any 
acidity. A Ni-SiO^ sample studied previously (4) and added here for comparison shows 
a large number very weak sites. The steamed NiHM (2) and NiHM (2) mordenites have a 
small number of strong acid sites and the two samples pretreated in an air flow, 
NiHM (1) and NiHMD (_1), a large number of strong sites (8). For those various sampl 
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rising the hydrogen pressure increases the degree of bulk reduction and decreases 
the particle size and size heterogeneity. It also gives nickel particles with metal 
lickel on the outside only when the number of strongly acidic hydroxyls is small 
[NiNaM, NiSiC>2, NiHM (2) and NiHMD (2)). Rising the reduction temperature increases 
the bulk reduction (fig. 1). Steaming modifies the acidity (decrease in the number 
Df acid sites but not of their strength (8). It also leeds to smaller particles and 
Interestingly gives particles with an outer surface of nickel metal only at high 
lydrogen pressure. By contrast, dealumination alone does not give any specific ef-
fect on nickel reduction. This is very likely related to the only small changes in 
nordenite acidity it produces (8,12). 

Average bulk reduction. The increase in bulk reduction with hydrogen pressure, 
temperature and decrease in strong acid sites concentration is in agrement with the 
cnown equilibrium (4,13-15). 

2+ Ni + 2 0 , + H„ a-t- Ni° + 2 OH (1) zeol. 2 — zeol. v ' 
For instance fig. 1 evidences that the extent of reduction at any given tempe-

rature higher than about 650 K and at P = O.l MPa increases from NiHM (1) to 
2 

IiHM (2) and then NiNaM following the order of decreasing number of strong acid si-
tes. Except for NiNaM none of the other mordenites reaches the complete reduction 
sven at P =1.2 MPa. A higher hydrogen pressure is necessary. »2 

The importance of zeolite acidity has been already shown for NiX and Y zeolites 
it atmospheric pressure (14). 

Surface reduction. Uncomplete average bulk reduction may result in heteroge-
leous particles. It was already shown that for instance a NiHM (V) sample reduced at 
f73 K arid low P (O.l MPa) consists of nickel particles with a core of metal and a "2 
shell of nickel oxide. Other Ni supported oxides such as the Ni-Si02 sample are un-
:ompletely reduced in the same conditions but display a metal character at the outer 
turface of some particles (4). This suggests a heterogeneous distribution of oxide 
uid of the metal particles. The nickel mordenites considered here give results de-
fending on the reduction conditions. Table 4 summarizes the occurence of nickel me-
tal on the particles surface. It can be easily seen that the surface reduction is al-
so governed by the reaction (1) (influence of acidity - number and strength of sites-
knd of hydrogen pressure). Nevertheless the conditions required for the complete 
lickel reduction at the surface differ from those in the bulk. For instance the stea-
ued samples (2) show metal on the surface under high hydrogen pressure while the par-
ticles average bulk reduction is only 91-94 %. This arises probably from the rela-
tive distribution of Ni ions and strong acidic OH groups and from the formation 
nechanism of the nickel particles, which may give heterogeneity in the phases distri-
jution. 

Qlafl 



Tablé 4 
Changes in nickel surface state as a function of hydrogen pressure and acidity (num-

ber and strength of sites) 

Catalyst Acid sites Me tail nickel on 
(a) surface particle 

P = O.l MPa P =1.2 MPa Hg Hg 

•5
 и 

jT
 V 

NiNaM no yes yes Kp <-o.i 
NiSiOa large number yes yes Kp <0.1 

very weak 
NiHM (2) small number no yes O.l < Kp с 1.2 

strong 
NiH№> (2) small number no yes O.l < Kp <rl.2 

strong 
NiHM (1_) large number no no Kp > 1.2 

strong 
NiHMD (1_) large number no no Kp > 1.2 

strong 
• 

(a) Reduction temperature 773 К 
(1J Mordenites pretreated in dry air 
(2) Steamed mordenites 

• A*1 attempt can be made to estimate the equilibrium constai 
of the reaction (1). It has to be noted that in the experimental conditions used al 
the water evolved from the zeolite is continuously removed by the hydrogen flow. At 
equilibrium the only vapor phase left in the system is hydrogen. It is also the onl; 
gas phase involved in reaction (1). The equilibrium constant can then be easily ex-
pressed as Kp = P . For the surface reduction at 773 К the values estimated from 

H2 
the shift of the equilibrium (1) to the left or to the right are given in table 4. 

For the average bulk reduction at 773 K, Kp would be less than O.l MPa for the 
non acidic NiNaM sample and higher than 1.2 MPa for the other mordenites. 

Nickel dispersion. The smaller particle sizes ( Ю to 13 nm) and better homoge-
neous size distribution are obtained for those samples which have particles with 
nickel metal on their surface (NiNaM, Ni-Si02 (4) and steamed mordenites). The thr« 
properties are very likely related to a good balance between the rate of nickel re-
duction and that of particle growing. The nickel transfer from its initial cationic 
sites inside the mordenite framework (16) to its final structure of metal particles 
probably occurs during the reduction treatments via a process of ionic species mi-
gration (4,16). No or little particle motion is effectively expected at 773 К (17). 

J) i 

The Ni migration from one cationic site to another one should be high vften the 



number of protonic sites, weak or strong is high i.e. for NiSiC>2 and NiHM (_1), 
NiHMD (1_) mordenites. If the nickel reduction is faster than the migration, i.e. for 
small number of protonic sites, weak or strong, the final dispersion is high. This 
occurs already at low hydrogen pressure for NiNaM and Ni SiC>2 (weak acidity) and only 
at high hydrogen pressure for the steamed mordenites (strong acidity). 

CONCLUSION 
This study relates the high catalytic activity of some Ni mordenites under high 

hydrogen pressure to the presence of nickel metal on the outer surface of the parti-
cles. This arises from the conjunction of steaming which reduces the concentration 
of strong protonic sites and the reduction under high pressure. The stabilized metal 
able to activate hydrogen, associated with a low concentration of strong protons 
plays a major role in the catalyst life time, limiting the deactivating coke deposi-
tion. 

The study of nickel reduction under two different hydrogen pressures allows an 
estimation of the equilibrium constant of the redox reaction to be made. Different be-
haviors regarding bulk and surface reduction are observed. The final nickel state 
(dispersion, bulk reduction, occurence of Ni metal on the outer surface of the parti-
cles) depends on the relative rates of the migration and of the reduction of nickel 
ions. A high number of hydroxyIs seems to favor the migration rate over the reduction 
rate while a small number would do the opposite. In addition, for similar OH groups 
concentration and hydrogen pressure, the higher the acid strength, the lower the re-
duction degree seems to be. As a consequence the balance between the number of acid 
sites of suitable strength and the hydrogen pressure determines the nickel particles 
characteristics. 
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PREPARATION AND CHARACTERIZATION OF Mo/Y-ZEOLITE AND ITS CATALYTIC 
ACTIVITY FOR PROPENE METATHESIS 

T. KOMATSU, S. NAMBA, T. YASHIMA 
Department of Chemis try, Tokyo Institute of Technology, Ookayama, 
Meguro-ku, Tokyo 152, Japan 

ABSTRACT 
The adjustment of the oxidation state of molybdenum in Mo/HNa-Y 

zeolite and the properties of the catalytically active si.tes for 
propene metathesis were investigated. 

Mo/HNa-Y zeolite was prepared by the adsorption of Mo(CO)g vapor 
on HNa-Y(proton exchange degree; 0 - 74 I) dehydrated at 473 — 873 K, 
followed by the decomposition of adsorbed Mo(CO)^ at 573 K. We could 
control the average oxidation number (AON) of molybdenum in the range 
of 0 — +2 by changing the concentration of proton in Y zeolite. 

The catalytic activity for propene metathesis increased with 
decreasing the AON of molybdenum on HNa-Y. The data of oxygen 
titration at 97 K and UV diffuse reflectance spectroscopy suggested 
that the dispersion of Mo species played the important role for the 
catalytic activity. From these results, it was concluded that the 
slightly aggregated Mo° species showed the highest catalytic activity 
for propene metathesis. 

t 
INTRODUCTION 

There have been so many reports in the field of zeolite catalysis 
in recent years. The major part of them has been related to the solid 
acid catalysis. On the other hand, the transition metal cations can 
be supported in a variety of oxidation state on the zeolites by an ion 
exchange method. These transition metal cations have the high 
catalytic activities in some organic reactions [1]. We have reported 
the polymerization of ethene on CrY zeolite [2], the selective dimeri-
zation of ethene on NiY and RhY zeolites [3], and the carbonylation 
of methanol to produce acetic acid on RhY zeolite [4]. 

Molybdenum oxides and sulfides have been used in chemical 
industries as catalysts for the hydrodesulfurization of petroleum 
products, the oxidation, the polymerization and the metathesis of 
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alkenes. Most of these commercial catalysts are prepared by the impreg-
nation method using oxide supports and ammonium molybdate aqueous 
solution. 

Recently, well-defined molybdenum catalysts were prepared by 
Yermakov et al. [5] and Iwasawa et al. [6]. Both researchers prepared 
their catalysts by using Mo(ir-C3H5)4 and silica or alumina and adjusted 
the oxidation number of molybdenum to + 2, +4 or +6. Bowman et al. [7] 
have reported that the low oxidation state molybdenum, whose average 
oxidation number is less than +1, can be prepared by using Mo(CO)^ and 
highly dehydroxylated alumina. 

MoY zeolite cannot be prepared by a conventional cation exchange 
process, because molybdenum species is not a cation but a molybdic anion 
as a stable state in aqueous solution. Lunsford et al. [8] have pre-
pared MoY using MoClj- and HY by means of a solid-solid ion exchange 
method without solvent. They have reported that their MoY shows the 
catalytic activity for the oxidation of cyclohexene and that the oxi-
dation number of molybdenum is +6. On the other hand, Gallezot et al. 
[9] have reported that Mo/HNa-Y zeolite can be prepared by the adsorpt-
ion of Mo(CO)g on HNa-Y followed by the thermal decomposition of Mo(C0)g 
and the simultaneous oxidation of molybdenum by the protons of HNa-Y. 

We have reported [10] that the oxidation state of molybdenum in 
MoY zeolite derived from Mo(CO)g and HNa-Y zeolite is changed by the 
decomposition temperature of Mo(CO)6 and the pretreatment temperature of 
HNa-Y. Namely, the average oxidation number (AON) of molybdenum 
increased with increasing the decomposition temperature or with 
decreasing the pretreatment temperature. We could adjust the AON of 
molybdenum in the range from +0.6 to +3.8. It has been found that 
Mo/HNa-Y shows the very high catalytic activity for ethene polymeri-
zation at the AON of about +1. It has been pointed out that the 
dispersion of molybdenum is a very important factor on the catalytic 
activity. 

In this paper, we present a control method of AON of molybdenum 
by changing the proton exchange degree of HNa-Y and discuss the 
oxidation states and the dispersion of molybdenum in Mo/HNa-Y catalyst 
for the propene metathesis. 

EXPERIMENTAL 
Catalysts preparation. Na-Y zeolites(Toyo Soda Ind. Co., Lot 

Y-30) were treated with 0.05 N NH4C1 aqueous solution at room tem-
perature to form NH^Na-Y. After calcination at 743 K in air, H(x)Na-Y 
was obtained, where x is the percent degree of proton exchange. 



A certain amount of HNa-Y powder set in a quartz tube was heated 
in vacuo at various temperatures to get dehydrated HNa-Y. The desired 
amount of Mo(CO)^ was added to the dehydrated HNa-Y in nitrogen or 
argon atmosphere. After the nitrogen or argon gas was pumped out for 
20 s, the tube was put in a thermostated oven at 333 K and allowed to 
stand for 15 h to adsorb Mo(CO)6 on HNa-Y. Mo/HNa-Y was obtained by 
heating in vacuo at 573 K. 

The content of sodium in HNa-Y and that of molybdenum in 
Mo/HNa-Y were analyzed by flame emission spectroscopy and atomic 
absorption spectroscopy, respectively. 

Average oxidation number of molybdenum. The average oxidation 
number (AON) of molybdenum in Mo/HNa-Y after the decomposition of 
Mo(CO)^ adsorbed on HN^-Y was determined by the 0£ titration method. 

Mo/HNa-Y was exposed to oxygen which was introduced into the 
system at the rate of 20 Torr/min up to 200 Torr at room temperature. 
Then the sample was heated at 573 K for more than 30 min. The amount 
of O2 consumed by the oxidation of molybdenum was measured volumetri-
cally by subtracting the amount of physisorbed O2. The AON of Mo was 
calculated by taking account of the observation that all of the Mo 
species were oxidized to Mo^+ [11]. 

Metathesis of propene. The metathesis of propene on Mo/HNa-Y 
which was prepared from a certain amount of Mo(CO)^ and 0.2 g of HNa-Y, 
was carried out at 274 K with a usual closed circulation system of 230 
ml dead volume. Propene was purified using a freeze-pump-thaw tequnique. 
The initial presure of propene was 190 Torr. 

The reaction products were analyzed by gas chromatography using 
a 4 m column of propylene carbonate. 

The turnover frequency calculated from the amount of ethene 
produced for 1 h and the amount of molybdenum in catalyst was used as 
the catalytic activity of Mo/HNa-Y. 

Oxygen chemisorption. The oxygen chemisorption on Mo/HNa-Y was 
investigated with a static system. First, the amount of oxygen 
adsorbed at 77 K was measured volumetrically. The pressure of oxygen 
used was lower than 110 Torr(the vapor pressure of oxygen at 77 K is 
156 Torr). After evacuation at 195 K for 30 min, oxygen was readsorbed 
at 77 K. The amount of chemisorbed oxygen was calculated from the 
difference between the amounts of oxygen in the first and the second 
adsorptions. 

Ultraviolet spectra. The diffuse reflectance technique was used 
to obtain the ultraviolet(UV) spectra on a Shimadzu UV-240 spectrometer. 

HNa-Y(28 — 60 mesh) was put into a pyrex tube having a branch of 
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Degree of proton exchange / I 

Fig. 1 Effect of degree of proton exchange in HNa-Y on AON of Mo 
quartz cell. After Mo/HNa-Y was prepared in the tube, molybdenum was 
oxidized by O2 in the same manner as the 0^ titration. Then Mo^+/HNa-Y 
sample was transferred into the quartz cell in vacuo. The UV-diffuse 
reflectance spectra were recorded at room temperature in the range of 
190 — 700 nm using the parent HNa-Y as a reference. 

RESULTS AND DISCUSSION 
Oxidation state of supported molybdenum. It has been reported [9 

that molybdenum is oxidized by the surface hydroxyl groups of HNa-Y 
zeolite during the decomposition of Mo(CO)g adsorbed on the HNa-Y. 
Therefore, it is expected that the oxidation state of the supported 
molybdenum is dependent on the concentration of the hydroxyl groups of 
HNa-Y. We have reported [10] that the average oxidation number (AON) 
of molybdenum decreases with the increase of the pretreatment tempara-
ture of the HNa-Y zeolite. On the other hand, the concentration of the 
hydroxyl groups of HNa-Y can be varied with the degree of the proton 
exchange in Na-Y zeolite. In this study, we changed the proton exchangi 
degree from 0 %(parent Na-Y) to 74 % by using the various amounts of 
NH^Cl aqueous solutions in the NH^+ exchange process. 

Fig. 1 shows the AON of molybdenum supported on the HNa-Y 
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zeolites with various degrees of proton exchange. It was found that 
the AON of molybdenum increased with increasing the degrees of proton 
exchange when HNa-Y were dehydrated at the same temperature. It is 
concluded that the higher content of the hydroxyl groups of HNa-Y 
causes the higher oxidation degree of molybdenum. In this study, AON 
of molybdenum was measured by the 02 titration method. We have 
evaluated [11] the AON of molybdenum also by the measurement of H2 
formed during the simultaneous oxidation of molybdenum by proton with 
the decomposition of adsorbed Mo(CO)^. The decomposition and oxidation 
of Mo(CO)^ was described as follows; 

Mo(CO)6 + n(-OH) — — • (-0-)nMon+ + 6C0 + £ H2 (1) 
The AON obtained by this method agreed with that measured by the 02 
titration. 

The maximum content of molybdenum for this catalyst system has 
been reported [9,10] to correspond to one Mo atom per supercage of Y 
zeolite. However, we found [11] that the maximum content corresponded 
to two Mo atoms per supercage in the case of H(x)Na-Y (x = 0 — 74 
supports. The surface area of HC82)Na-Y used as a support in the 
earlier work [10] was considerably smaller than that of the parent Na-Y. 
From this result we suggested that the partial destruction of the 
zeolite crystal structure caused the decrease in the maximum content of 
molybdenum to some extent. The content of molybdenum used in this 
study usually corresponded to two Mo atoms per supercage of Y zeolite 
to avoid the heterogeneous distribution of molybdenum. 

In order to prepare Mo/HNa-Y catalysts having various AONs of 
molybdenum, we varied the dehydration temperature of HNa-Y in addition 
to the degree of proton exchange. The results are shown in Fig. 2. 
Less effect of the dehydration temperature on AON was observed in the 
case of the HNa-Y supports having the lower degrees of proton exchange, 
because these zeolites have a small amount of protons. 

Propene metathesis. The metathesis of propene was carried out at 
274 K on Mo/HNa-Y catalysts. Ethene, trans- and cis-2-butenes and a 
trace amount of 1-butene were detected as reaction products. The 
amount of ethene formed was larger than that of butenes in every case. 
We expressed the catalytic activity of Mo/HNa-Y for the propene 
metathesis in terms of the ternover frequency of the ethene formation. 

Fig. 3 shows the relation between the catalytic activity of 
Mo/HNa-Y and the AON of molybdenum. The catalysts used were Mo/HNa-Y 
whose AON were controlled by changing the proton exchange degree >nd the 
dehydration temperature of HNa-Y zeolites as presented in Fig. 2. 
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In addition, Mo/H(74)Na-Y(Mo content=0.68 Mo atoms/supercage; AON=2.83), 
Mo/H(82)Na-Y(Mo content=0.68 Mo atoms/supercage; AON=3.75) and Mo/HNa-Y 
oxidized with oxygen at room temperature or 573 K were used as catalysts. 

In the cases of Mo/H(74)Na-Y, Mo/H(65)Na-Y and Mo/H(36)Na-Y, the 
catalytic activity increased with decreasing the AON.of molybdenum. 
When Mo/HNa-Y was oxidized with oxygen at room temperature, the AON 
increased from +1.1 to +3.0, while Mo/HNa-Y oxidized at 573 K had the 
AON of +6. These oxidized catalysts exhibited very low activities 
compared with the parent Mo/HNa-Y. 

The active Mo species for the propene metathesis have been 
reported to be Mo^+ [12,13] or Mo^+ [14] in some supported molybdenum 
catalysts. In the case of Mo anchored catalysts prepared from Mo( it-
CjH^)^ and Si02 or A^Oj, it has been reported [12,13] that the 
activity was increased by oxygen treatment of Mo^+ species at room 
temperature. Similarly, Brenner et al. [15] have reported that the 
activity of ( a-0 ) s P e c i e s w a s increased by the oxygen treatment at 
room temperature. 

In our catalyst system, however, the activities of the Mo species 
whose AON were around +4 were much lower than those of Mo species in a 
low oxidation state for propene metathesis. Besides, the oxygen treat-
ment on the Mo species in the low oxidation states caused the decrease 
in activity to a considerable extent. Therefore, it is concluded that 
the oxidation number of the most active Mo species for propene 
metathesis is not +4 but less than +4, probably 0. 

In the case of H(14)Na-Y and Na-Y supports, however, the catalytic 
activities were relatively low, though the AON of molybdenum in these 
Mo/HNa-Y were as low as those in more active catalysts using H(36)Na-Y 
or H(65)Na-Y support. It was suggested that some other differences in 
the supported Mo species caused the change in activity. We thought 
that one of these differences consisted in the dispersion of the Mo 
species. To confirm this speculation, we carried out the oxygen chemi-
sorption studies using some Mo/HNa-Y catalysts. 

Dispersion of Mo species. Table 1 shows the turnover frequency 
and the amount of chemisorbed oxygen in terms of the 0/Mo atomic ratio. 
We have already reported [10] the apparent dispersion of Mo calculated 
from the amount of irreversibly adsorbed oxygen at 298 K. But at 298 K, 
the oxygen uptake was gradually increased for more than 40 h. This 
result suggested that the oxidation of molybdenum in bulk phase occured 
at 298 K. On the other hand, when oxygen adsorption was carried out at 
77 K, the adsorption reached the equilibrium state in 20 min. 
Therefore, to get the information about the dispersion of Mo species, 



Table 1 
Oxygen chemisorption on Mo/HNa-Y 

Zeolite Dehydration Amount of irreversible Turnover 
support temperature adsorption of 02 frequency 

/K /0 atom(Mo atom)"1 /10"4s"1(Mo)~1 

Na-Y 573 0. . 27 0. .69 
H(36)Na-Y 773 0. .58 6. .47 
H(65)Na-Y" 573 ' 1. .26 2. ,00 

773 0. ,90 5. ,45 

it is better to adsorb oxygen at 77 K. From Table 1 it is clear that 
the dispersion of molybdenum in Mo/Na-Y is considerably low compared 

' with that in- Mo/H(65)Na-Y prepared by a similar procedure. This 
difference in the dispersion corresponded to the difference in the 

. activities. However,.the dispersion of molybdenum in the highly active 
Mo/H(36)Na-Y pre/treated at .773 K was lower than that in the less active 
Mo/H(65)Na-Y pretreated at 573 K. Similarly in the case of H(65)Na-Y 
support, the dispersion in the more active catalyst pretreated at 773 K 
was lower than that in the other pretreated at 573 K. It seems that 

0 ' 

the Mo species aggregated slightly are the most active for propene 
metathesis. 

We studied the dispersion of Mo species also using ultraviolet 
diffuse reflectance spectroscopy. It has been reported [16,17] that 6 2 -Mo with tetrahedrally and octahedrally coordinated 0 exhibit UV 
absorption bands at 260 — 280 nm and 300 — 320 nm, respectively. An 
additional band at 220 — 240 nm is common to tetrahedral and octahedral 
configurations. The Mo^+ species in the tetrahedral configuration were 
thought to be monomeric species, while those in the octahedral configu-

2 -
ration were attributed to polymeric species with bridging 0 [18] . 

Fig. 4 shows the UV diffuse reflectance spectra of two different 
Mo/HNa-Y measured after all of the Mo species were oxidized to Mo^+, 
and the spectra of Na2Mo04'2H20 and (NH4)6Mo7024•4H20. The spectrum of 
Mo^+/H(65)Na-Y had a peak at ca. 255 nm and a shoulder at around 220 nm 
similarly to the spectrum of Na2Mo04-2H20 which consists of tetrahed-
rally coordinated molybdenum. The spectrum of Mo^+/Na-Y had a peak at 
ca. 295 nm and three shoulders at around 230, 270 and 320 nm. 
(NH4)gMoy024•4H20 which consists of octahedrally coordinated molybdenum 
exhibited two absorption peaks at ca. 260 and 295 nm and two shoulders 
at around 2 20 and 320 nm. 

Accordingly it is clear that the Mo species in Mo6+/H(65)Na-Y 
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consist almost exclusively of the tetrahedrally coordinated molybdenum. 
Therefore, the Mo species in this catalyst should be dispersed nearly 
monomerically in the zeolite. On the other hand, it seems that most of 
the Mo species in Mo^+/Na-Y have the octahedral coordination, that is, 
the Mo species are probably aggregated to form bulk oxide. These 
results are consistent with the results of oxygen chemisorption. 
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ISOMERIZATION AND HYDROCRACKING OF ALKANES ON Pt/CeY, Pt/LaY AND 
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ABSTRACT 
MeNaY zeolites (Me = Ce3+ or La3+, degree of exchange = 

72 equiv.-%) were loaded with 0.03 to 0.50 wt.-% of Pt or Pd. The 
resulting Pt/ and Pd/MeY-72 catalysts were tested in isomerization 
and hydrocracking of. n-undecane at P„ = 2 MPa. Neither the rate nor 
the selectivity of isomerization depend on the content of noble metal, 
the selectivity being, moreover, independent of its nature. Hydrocrack-
ing typically starts at conversions around 40 %, then leading to large 
amounts of i-alkanes. Much lower rates of reaction and very different 
selectivities are encountered on non-acidic 0.50 Pt/NaY and 
0.27 Pd/NaY. The detailed discussion of all results strongly suggests 
that, on Pt/ and Pd/MeY-72, bifunctional isomerization and hydrocrack-
ing predominate. However, on the Pt/MeY-72 zeolites, the bifunctional 
pathways tend to be accompanied by some hydrogenolysis at the noble 
metal, especially at high Pt loadings. 

INTRODUCTION 
Catalysts consisting of a large-pore zeolite in a BrSnsted acid 

form and small amounts of a noble metal are used in isomerization of 
light alkanes and in hydrocracking of heavy petroleum distillates 
[1]. Since these catalysts possess different kinds of active sites, 
there is an inherent ambiguity as to mechanisms of reaction [2,3]. In 
particular, both isomerization and hydrocracking may proceed via a bi-
functional mechanism or on the noble metal alone. In the bifunctional 
mechanism [3-5], skeletal rearrangement and carbon-carbon bond rupture 
occur at the level of carbocations chemisorbed at the acidic sites, 

while the main role of the noble metal is to open a fast route for 
interconversion of alkanes and carbocations via alkenes. In the metal-
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lie mechanism [6-8], on the other hand, rearrangement and cleavage 
take place during chemisorption of the hydrocarbon at a metal cluster. 

On platinum, two different mechanisms of isomerization have been 
identified [6-8] which are usually referred to as the bond shift and 
the cyclic mechanism, respectively. Hydrocracking on metals is often 
called hydrogenolysis. 

According to Weisz [3], the bifunctional mechanisms predominate 
over typical catalysts consisting of platinum on an acidic carrier, 
provided that the carbon number of the feed is sufficiently high. In-
deed, a pronounced shift from bifunctional hydrocracking to hydrogeno-
lysis was observed [9] with a Pt/CaY zeolite catalyst, when the chain 
length of the feed was lowered from n-octane to n-hexane. Some more re 
cent papers tend to emphasize the importance and to generalize the va-
lidity of the metallic mechanisms; Christoffel and Pa&l even went so 
far to claim that, with bifunctional catalysts made from platinum on 
an acidic carrier, mainly platinum catalyzed reactions contribute to 

the measured product distributions at temperatures below 350 °C [10]. 
Unfortunately, these authors used an ill-defined zeolite catalyst (be-
side Pt/Al203 and Pt black) referred to as 0.5 wt.-% Pt/Y, the acidic 
nature of which was not disclosed. 

In the present study, an attempt was undertaken to resolve these 
contradictions. Series of catalysts were prepared based on zeolite Y. 
The nature of the noble metal, its content, and the acidity were va-
ried. The catalysts were comparatively tested in the hydroconversion 
of n-undecane which possesses enough carbon atoms to avoid non-typical 
side reactions. 

EXPERIMENTAL 
NaY zeolite with a unit cell composition Nas 4AI5 «Si'i 3 g03 8 4 was 

the starting material for all catalysts. Cerium or lanthanum were in-
troduced by repeated ion exchange at 80 °C using aqueous solutions 
(0.03 mol-%) of the respective nitrates. After excessive exchange cyc-
les, chemical analyses gave the formulas Mei3Na,$Als4Siij8O3•« (Me = 
Ce or La), i.e., the final degrees of Ce and La exchange were 
72 equiv.-% (MeY-72). The washed zeolites were dried at 110 °C and 
then stored at room temperature over the saturated aqueous solution of 
NH4CI. After equilibration, the water content was determined by TGA. 

NaY, CeY-72, and LaY-72 were loaded with a noble metal by ion 
exchange with [Pt(NH3)4]C12 or [Pd(NH3)4]Cl2. A slurry of the zeolite 
was vigorously stirred at room temperature while the ammine complex, 
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dissolved in several hundred times its weight of water, was added 
dropwise over a period of two hours. Afterwards, stirring was con-
tinued for 48 h. It was ascertained that under these conditions, the 
complexes were taken up quantitatively by the zeolites. After drying 
at 110 °C the zeolite powder was pressed without a binder, the tablets 
were ground, and the particle size 0.2-0.3 mm was further used. 

The ammine complex was decomposed in a purge of O2 (0.1 MPa, 
10 1/h, T „ = 300 °C; for Pt/CeY-72 T = 350 °C). The zeolite was max. max. 
then transferred to the fixed bed reactor and dried in flowing N2 
(0.1 MPa, 5 1/h, T = 350 °C) . Finally, the metal was reduced in a ulaX • 
purge of H, (0.1 MPa, 5 1/h, T =300 °C, for Pt/CeY-72 T = 

m a x • lucix • 

400 °C). In the catalyst notation used hereinafter the content of noble 
metal is given in wt.-% on a dry basis. A total of 12 catalysts were 
prepared, viz. 0.05, 0.10, 0.25, and 0.50 Pt/CeY-72; 0.05, 0.20, and 
0.50 Pt/LaY-72; 0.027, 0.055, and 0.27 Pd/LaY-72; 0.50 Pt/NaY; 
0.27 Pd/NaY. 

The flow-type apparatus with a high-pressure saturator for the 
feed hydrocarbon has been described earlier [11]. The purities of n-
undecane and hydrogen were at least 99.8 wt.-% and 99.99 vol.-%, re-
spectively. The products were analyzed by high-resolution capillary 
GLC [12] with on-line sampling. Platinum dispersions were determined 
by conventional H2 chemisorption techniques. 

RESULTS AND DISCUSSION 
Activities, isomerization vs. hydrocracking. Fig. 1 shows the 

conversion of n-undecane along with the yields of isomerized and 
cracked products for two Pt/CeY-72 catalysts which differ in their con-
tent of noble metal. The results are typical for all Pt/ and Pd/MeY-72 
zeolites employed in this study and resemble those obtained earlier on 
0.5 Pt/CaY [12] or 0.5 Pt/ultrastable Y [13]: Under mild conditions, 
isomerization predominates. With increasing severity, the yield of iso-
mers passes through a maximum indicating that the i-undecanes formed 
are consumed by consecutive hydrocracking. The height of this maximum 
was between 50 and 60 % for all Pt/ and Pd/MeY-72 catalysts. 

A closer look at Fig. 1 reveals that, on 0.05 Pt/CeY-72, there 
is virtually no hydrocracking up to ca. 40 % conversion, whereas on 
0.50 Pt/CeY-72 some hydrocracking does occur even at much lower con-
versions. It will be shown later that this hydrocracking at low conver-

sions (as opposed to hydrocracking starting at Xn_Un
 s 40 %)_ is probab-

ly due to hydrogenolysis on platinum. In agreement with this interpre-
tation, 0.10 Pt/CeY-72 and 0.25 Pt/CeY-72 gave intermediate extents of 



Fig. 1. Conversion of n-undecane, yield of i-undecanes, and yield of 
cracked products in dependence of reaction temperature (p

n_Un = 20 kPa 
Pu = 2.0 MPa, W/F .. = 150 g-h/mol). II2 n~un 
hydrocracking at low conversions. Moreover, the same qualitative beha-
vior was observed on the Pt/LaY-72 series, even though, at comparable 
conversions below 40 %, the extent of hydrogenolysis over 0.50 Pt/LaY-
72 was somewhat lower than on 0.50 Pt/CeY-72. On the Pd/LaY-72 series, 
there was no hydrocracking at all at Xn_Un < 40 %, even not on the ca-
talyst with the highest Pd loading, i.e., 0.27 Pd/LaY-72. It seems 
that, in an acidic faujasite, Pd has a lower activity for hydrogenoly-
sis than Pt. 

At this point already, it appears unlikely that, over the Pt/ or 
Pd/MeY-72 catalyst, isomerization occurs on the metals. If it did, the 
one would expect (based on the results of numerous investigations on 
the conversion of light alkanes over noble metal catalysts, e.g., 
[6-8])that (i)isomerization is always accompanied by some hydrogenoly-
sis and (ii) there is only little, if any, isomerization on palladium. 

The same conclusion can be drawn from Fig. 2 in which the rates of iso 
merization (as determined in the differential reactor regime at X n-un 
~ 20 %) are plotted versus the metal content of the acidic catalysts. 
With one exception (0.05 Pt/LaY-72), the rate is practically indepen-
dent of the metal content. Hence, it is unlikely that isomerization 
takes place on the metal clusters to any significant extent. One might 
argue that an increasing metal content could have been counterbalanced 
by a decreasing dispersion. This, however, was not the case, at least 
not for the Pt/CeY-72 and Pt/LaY-72 series (Pt dispersions around 40 
and 55 %, respectively). The reasons for the relatively low activity 
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Fig. 2. Influence of the content of noble metal on the rate of n-unde-
cane isomerization (T = 240 °C, P„ „ = 20 kPa, P„ = 2.0 MPa). n—un H2 
of 0.05 Pt/LaY-72 are not clear, at present. Nor can we explain the 
different activity levels of the Pt/LaY-72 and Pd/LaY-72 series. 
Perhaps, the nature of the noble metal influences the acidity somewhat. 
The relatively low activity level of the Pt/CeY-72 catalysts might be 
due, at least in part, to the higher pretreatment temperatures (loss 
of Br5nsted acid sites by dehydroxylation). 

It must be concluded that, on the Pt/ and Pd/MeY-72 zeolites, 
isomerization occurs via a bifurictional mechanism. One would then ex-
pect that the acidity of the zeolite (number and/or strength of Bron-
sted sites) has a pronounced influence on its activity. This is, in-
deed, the case as demonstrated in Table 1: With 0.27 Pd/NaY and 0.50 
Pt/NaY (Pt dispersion = 50 %) which are practically non-acidic (except 
for some few OH groups formed during reduction of the noble metal), 
there is hardly any conversion even at 300 °C. At this temperature, 
most or all of the undecane is converted on the acidic zeolites (cf. 
also Fig. 1) . 

To arrive at a somewhat higher conversion on 0.50 Pt/NaY, the hy-
drogen partial pressure was lowered to 0.48 MPa at Pn_Un = 20 kPa, 
T = 300 °C, and W/Fn_Un =150 g-h/mol. The resulting conversion and 
yields were Xn_Un = 4.5 %, Yi_Un = 0.6 %, and YCr = 2.8 % (in additi-
on, there were some unidentified hydrocarbons, presumably Ci1-naphthe-
nes, with a total yield of 1.1 %)• 

Selectivities of isomerization. In Table 2, the selectivities of 
isomerization are compared for 0.5 Pt/NaY and several selected Pt/ and 
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Table 1 
Influence of acidity on conversion and yields (P „ = 20 kPa, n-un 
P„ = 2.0 MPa, W/F = 150 g-h/mol). U] n—un 

non-acidic acidic 
Catalyst 0.50 Pt/NaY 0.27 Pd/NaY 0.50 Pt/LaY-72 0.27 Pd/LaY-72 
T, °C 260 300 260 300 260 300 260 300 
Xn-Un' % 0 0.5 0 0.1 58 100 27 95 
Yi-Un' % 0 0 0 0 48 0 27 32 
YCr. ' % 0 0.5 0 0.1 10 100 0 63 

Pd/MeY-72 catalysts at low conversions. All the acidic zeolites give 
practically identical distributions of i-undecanes, irrespective of the 
nature and the content of noble metal. This is again strong evidence 
for a common mechanism of skeletal rearrangement at the acidic sites, 
i.e., for a bifunctional mechanism. It has been shown [14,15] that ionic 
rearrangements in which a branching is created are best interpreted in 
terms of a pathway via protonated cyclopropanes. It has, moreover, been 
deduced [12] that such a mechanism of branching is expected to result 
in low rates of formation of 2-methyldecane amounting to about one half 
of the rates of formation of 3-, 4-, and 5-methyldecane. Table 2 reveals 
that this is approximately fulfilled on the Pt/ and Pd/MeY-72 catalysts. 
On 0.50 Pt/NaY, on the other hand, a substantially different isomer 
distribution is encountered. Its salient feature is the preponderance 
of 4-methyldecane which has also been found during isomerization of n-
undecane over platinum on non-acidic AI2O3 [16]. It can be shown [16] 
that the so-called cyclic mechanism [7,8] indeed predicts 4-methyldecane 
as a major product. We conclude that isomerization on 0.50 Pt/NaY occurs 
mainly or totally on the noble metal. 

Selectivities of hydrocracking. It is relatively easy to discri-
minate between bifunctional hydrocracking and hydrogenolysis on metals: 
Hydrogenolysis inevitably gives a certain amount of methane and ethane 
[6-8], whereas in g-scission of classical alkylcarbenium ions which 
is involved in bifunctional hydrocracking [4], C1- and C2~moieties are 
forebidden (besides, an ionic mechanism of bond rupture via non-classi-
cal alkylcarbonium ions has been claimed [17] which, however, is un-
likely to play an important role under our conditions). Furthermore, 
starting from a normal alkane, the primary products of hydrogenolysis 
are again n-alkaries, whereas i-alkanes prevail in bifunctional hydro-
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Table 2 
Selectivities of n—uridecane isomerization (moles of i—undecane formed/ 
100 moles of n-undecane isomerized; Pn U n = 20 kPa, W/Fn U n = 
150 g.h/mol). 

Catalyst 0.50 Pt/ 0.50 Pt/ 0.05 Pt/ 0.20 Pt/ 0.50 Pt/ 0.27 Pd/ 
NaY CeY-72 LaY-72 LaY-•72 LaY-•72 LaY-72 

T, °C 300 240 220 220 220 220 
PH , MPa 0.48 2.0 2.0 2. 0 2. 0 2. 0 
Xn-Un' % 4.5 5.5 2.6 5. 5 5. 4 2. 5 
Yi-Un' % 0.6 4.3 2.6 5. 5 5. 1 • 2. 5 

2-M-De 13 12 12 12 12 11 
3-M-De 16 23 23 23 23 23 
4-M-De 36 25 25 25 25 25 
5-M-De 14 28 29 28 27 30 
3-E-No 4 3 3 3 3 3 
4-E-No 5 5 5 5 5 5 
5-E-No 0 2 2 2 3 2 
4-P-Oc 4 2 1 2 2 1 
others 8 0 0 0 0 0 

cracking because ionic 3-scission is preceded by rapid skeletal rear-
rangements . 

Typical selectivities of hydrocracking observed in this study are 
depicted in Fig. 3. On 0.27 Pd/LaY-72 both the carbon number distribu-
tion and the content of i-alkanes are representative for a pure prima-
ry cracking via a bifunctional mechanism [4,9,11]. With this catalyst, 
the selectivity of hydrocracking was found to be virtually independent 
of YCr . Moreover, the results shown for 0.27 Pd/LaY-72 are represen-
tative for the whole Pd/LaY-72 series and for the Pt/MeY-72. zeolites 
with low metal loadings. 

An entirely different selectivity is encountered on 0.50 Pt/NaY. 
Ci and C2 as well as C10 and C» now do occur and there are no branched 
alkanes at all in the cracked products. Without any doubt, they are 
formed on the noble metal. 

On 0.50 Pt/LaY-72, the selectivity of hydrocracking is seen to 
depend markedly on the yield of cracked products. The cracking reac-
tions which take place at low values of Y_ and, hence, at low aon-
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Fig. 3. Selectivities of n-undecane hydrocracking (T = 240 to 300 °C, 
partial pressures see Table 2, W/Fn_Un = 150 g-h/mol). The full curves 
comprise all products with a given carbon number, the bars are valid 
for branched alkanes. 

versions (cf. also data for 0.50 Pt/CeY-72 in Fig. 1) are best inter-
preted in terms of a hydrogenolysis which is superimposed to ionic 
isomerization. This is concluded from a comparison of the selectivi-
ties with those found on 0.50 Pt/NaY. At elevated yields of cracked 
products the selectivities are much more representative for a bifunc-
tional mechanism, i.e., ionic cleavage is much more accelerated than 
the superimposed hydrogenolysis. 

CONCLUSIONS 
Several independent results of this study suggest that, on cata-

lysts encompassing a noble metal and a typical Brônsted acid (e.g., 
Pt/ or Pd/MeY-72), both isomerization and hydrocracking proceed mainly 
or exclusively via bifunctional mechanisms. This is at least true for 
(i) elevated conversions, (ii) elevated hydrogen partial pressures, 
and (iii) a sufficiently high carbon number of the feed, which are 
all relevant to industrial catalysis. Contrary statements as made in 
[10] should be considered with great caution. 

Of course, the metallic mechanisms always compete with the bi-
functional ones and their contributions to the overall hydrocarbon 
conversion are simply a matter of relative rates. If desired, the 
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importance of metallic catalysis can be enhanced by several factors, 
above all by lowering the acidity of the catalyst. On 0.50 Pt/NaY, 
n-undecane isomerization and hydrocracking probably occur at the noble 
metal, at least under the conditions applied in this investigation. 
But even on Pt/MeY-72 zeolites, some hydrogenolysis may be superim-
posed to the bifurictional pathways. Expectedly, the extent of hydro-
genolysis increases as the Pt content is raised. The metal loading 
of zeolites should, therefore, be carefully optimized for every cata-
lytic application. It can, furthermore, be concluded from this study 
that Pd is a better catalyst component than Pt, if pure bifunctional 
reactions of alkanes are aimed at. 
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ALKYLATION OF HYDROCARBONS WITH ZEOLITE CATALYSTS - COMMERCIAL 
APPLICATIONS AND MECHANISTIC ASPECTS 
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Engler-Bunte Institute, Division of Gas, Oil, and Coal, University of 
Karlsruhe, D-7500 Karlsruhe 1, Federal Republic of Germany 

ABSTRACT 
HZSM-5 zeolite is now used commercially in the Mobil-Badger pro-

cess for alkylation of benzene with ethylene. Due to the relatively 
high temperature (ca. 400 °C) and the shape selective catalyst, the 
chemistry and the by-products differ substantially from those in con-
ventional ethylbenzene processes. The shape selective alkylation of 
toluene with ethylene in modified HZSM-5 gives para-ethyltoluene which 
is a raw material for poly-para-methylstyrene, a competitor for poly-
styrene which waits for its acceptance in the polymer industry. Selec-
tive side chain alkylation of toluene with methanol on basic faujasites, 
especially CsX, leads to a mixture of styrene and ethylbenzene. Bron-
sted acid faujasites in a fresh state are able to catalyze the alkyla-
tion of i-butane with light olefins. However, side reactions inevitab-
ly lead to carbonaceous deposits which bring about a deterioration of 
the catalytic performance: After a relatively short time on stream, 
the zeolite no longer alkylates i-butane; instead, it oligomerizes the 
olefins. 

INTRODUCTION 
Alkylation is best defined as the generation of an alkyl group, 

usually at a C, O, N, or S atom, in an arbitrary substrate. Typical 
alkylating agents are alkenes, alcohols, alkyl halides, and esters. 
The new bond may be formed by an addition, insertion, or substitution 
type of reaction. It is evident that such a definition covers a vast 
number of organic reactions, the mechanisms of which may differ sub-
stantially from each other. Indeed, alkylations may proceed via carbo-
cations, via carbanions, via radicals or via transition metal complexes. 

In practice, alkylations via carbocations play by far the most 
important role. They are catalyzed by acids: In petroleum refining, 
alkylation of i-butane with light olefins is widely used to produce 
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high octane gasoline. Since many decades, the commercial processes have 
been relying on liquid catalyst systems, viz. H2SO« or HF. In petro-
chemistry, various aromatic raw materials are upgraded by alkylation. 
In particular, benzene is alkylated with ethylene, propene or a mixture 
of Cio to C20 alkenes to manufacture ethylbenzene, cumene, and linear 
alkylbenzenes, respectively. In almost all these processes, either so-
called Friedel-Crafts type catalysts, e.g., AlCl3/HCl, or one of the 
above-mentioned liquid acids are traditionally employed [1]. However, 
some years ago, HZSM-5 zeolite has been introduced on a commercial scale 
as a catalyst for benzene/ethylene alkylation. 

Without any doubt, there is additional commercial potential for 
acid zeolite catalysts. Among their principal advantages over conventio-
nal acids are (i) the easy recovery of products, (ii) the regenerabili-
ty, (iii) the lack of corrosiveness, (iv) the absence of noxious or 
environmentally hazardous streams, and (v) the possibility of shape 
selective alkylation. Furthermore, basic zeolites are attractive cata-
lysts because they enable selective side chain alkylation in alkylaro-
matics. 

In the present article, the industrial use of zeolites as alkyla-
tion catalysts will be reviewed. Moreover, mechanistic aspects of alkyl-
ation will be discussed with emphasis on zeolites as catalysts. For 
space reasons, the discussion will be confined to alkylation of hydro-
carbons. 

ALKYLATION OF AROMATICS 
Ethylbenzene, the Mobil-Badger process. Ethylbenzene is the key 

intermediate in the manufacture of styrene which is one of the most 
important industrial monomers. Almost all ethylbenzene is synthesized 
from benzene and ethylene, the worldwide capacity amounting to ca. 
10-106 t/a. 

In the conventional ethylbenzene technology, liquid phase and 
gas phase processes are usually distinguished. In the liquid phase pro-
cesses, A1C13/HCl is the most widely used catalyst. The temperatures 
and pressures are 90 to 150 °C and 1 to 10 bar, respectively. In the 
gas phase processes, solid catalysts such as Si02~Al203 (Koppers) , 
H3P04/Si02 (OOP), or BF3/A1203 (UOP, Alkar process) are employed. The 
temperatures are around 300 °C and the pressures above 50 bar. 

In 1976, the Mobil-Badger ethylbenzene process was announced [2]. 
It is based on HZSM-5 zeolite [3] modified, perhaps, by phosphorus [4] . 
The first commercial unit with a capacity of 500000 t/a went on stream 
in 1980 at the American Hoechst Corp., Bayport, Tex. Somewhat earlier 
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the process was implemented at Cosden Oil & Chemical Co., Big Spring, 
Tex., by revamping an idle Alkar unit [5]. A simplified flow sheet of 
the Mobil-Badger process is depicted in Fig. 1. 

Alkylation is carried out in the gas phase at ca. 400 °C and 20 
bar. The molar benzene/ethylene ratio in the feed is 6 to 7. The heat 
of reaction (ca. 100 kJ/mol) is removed by injection of cold reactants 
between the catalyst beds. The conversion of ethylene is 100 %. During 
alkylation, coke deposits slowly onto the catalyst. For regeneration, 
the deposits are burnt periodically, hence at least two reactors are 
required for a continuous operation of the plant. The cycle length bet-
ween successive regenerations is in the order of one to several weeks. 
In the separation section, excess benzene is first recovered for recyc-
le. Ethylbenzene is then separated from the heavier by-products. In 
the final column, a diethylbenzene cut is removed from the heavy ends. 
Upon recycling, the diethylbenzenes undergo transalkylation with ben-
zene, whereby additional ethylbenzene is formed. 

Compared to conventional liquid phase processes, the Mobil-Badger 
process offers all the aforementioned advantages. It is, moreover, ener-
gy efficient since the heat of reaction is recovered at a high tempera-
ture level. Although hardly any yield data have been published by the 
licensors, it is known [3] that the nature and concentrations of by-
products differ substantially from those encountered in conventional 
ethylbenzene processes. In the latter, polyethylbenzenes (up to hexa-
ethylbenzene) are typically formed by multiple alkylation. It is very 
unlikely that, inside the shape selective ZSM-5 catalyst, the bulky 

Fig. 1. The Mobil-Badger ethylbenzene process. 
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polyethylbenzenes with three or more ethyl groups form. Nor could such 
bulky products diffuse out of the pentasil pore system. On the other 
hand> certain by-products do occur in the Mobil-Badger process which 
do not normally play a significant role in the conventional processes, 
viz. alkylaromatics with side chains other than ethyl groups. Even to-
luene and xylenes are formed, especially at elevated temperatures [4]. 
Possible reaction paths which lead to such by-products will be dis-
cussed below. 

Of utmost importance for the commercial success of HZSM-5 zeolite 
was its low tendency to build up coke deposits. Probably, the rapid 
coking of acid faujasites and mordenites, especially when in contact 
with olefins, prevented such large pore zeolites from attaining commer-
cial acceptance as catalysts in alkylation of aromatics. 

Para-ethyltoluene. Toluene is a less expensive raw material than 
benzene, and the price gap between the two aromatics has been steadily 
widening over the past decade. Hence, there is an increasing incentive 
for replacing benzene by toluene. In principle, the whole chemistry 
from benzene to polystyrene (alkylation with ethylene, dehydrogenation, 
polymerization) can be based on toluene as well. However, the acid cata 
lyzed alkylation of toluene with ethylene gives a mixture of ortho-, 
meta-, and para-ethyltoluene. During the subsequent dehydrogenation, 
part of the ortho isomer undergoes cyclization to indane and indene. 
These impurities are difficult to remove from the vinyltoluene monomer 
and deteriorate the final polymer. 

All these problems can be avoided by alkylating toluene in a shap 
selective catalyst which prevents the formation of the bulky ortho-
ethyltoluene. Unmodified HZSM-5 zeolite still gives the three isomers, 
essentially in their equilibrium distribution [6]. However, by modify-
ing HZSM-5^with certain reagents, para-ethyltoluene is formed almost 
exclusively, together with minor amounts of the meta isomer. Suitable 
modifyers contain P, Ca/P, Mn/P, B/P, B/Mg, or Si [6]. It has been pro-
posed [7] that they bring about subtle changes in the effective pore 
width of the zeolite. 

Pure para-ethyltoluene can be readily dehydrogenated to para-
methylstyrene [8]. Polymerization of the latter gives poly-para-methyl-
styrene which has been claimed to be superior to conventional polysty-
rene [8-10], at least for some applications. 

In 1982, an idle styrene facility at American Hoechst Corp., Ba-
ton Rouge, La., was reactivated for the manufacture of para-methylsty-
rene [10,11]. Its capacity is low (16000 t/a). It'remains to be seen 
whether poly-para-methylstyrene and, hence, shape selective alkylation 
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Fig. 2. Mechanism of acid catalyzed alkylatipn of an aromatic hydro-
carbon with an alkene. 

of toluene with ethylene will be accepted on a large scale by the poly-
mer industry. 

Mechanistic aspects of acid catalyzed alkylation of aromatics. 
It has been repeatedly demonstrated, e.g. in ref. [12], and re-emphasi-
zed recently [13] that Bronsted OH groups are the active sites for hy-
drocarbon conversion in acid zeolites. The generally accepted mechanism 
of benzene/ethylene alkylation is shown in Fig. 2. Protonation of the 
alkene at the acid site gives an alkylcarbenium ion. Its electrophilic 
attack on the aromatic n-electrons results in a benzenium cation which 
re-aromatizes by loss of a proton. While the Bronsted sites is restored, 
the alkylated hydrocarbon desorbs. 

It is clear that, in any ethylbenzene process the monoalkylated 
product can again enter the catalytic cycle. This way, polyethylbenzenes 
are formed at high olefin conversions. An alternative pathway for their 
formation is the acid catalyzed transalkylation, e.g., of ethylbenzene 
into diethylbenzenes and benzene. In HZSM-5 this reaction has been shown" 
[14] to proceed readily above 250 °C, probably by a pure Streitwieser-
Reif mechanism [15] via diphenylmethane type carbocations. This same me-
chanism then accounts for the reverse reaction, i.e., transalkylation- of 
diethylbenzenes (which are recycled in the Mobil-Badger process, cf. Fig. 
1) with benzene into the desired ethylbenzene. Due to steric constraints, 
very little, if any, polyethylbenzenes with three or more ethyl groups 
will be formed inside the ZSM channel system. 

As pointed out earlier, alkylaromatics can be formed in the Mobil-
Badger process, which contain C3, C4 or even higher side chains. A good 
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Fig. 3. Products from the conversion of propene in HZSM-5, after [18]. 

explanation for their occurrence emerged recently from model studies 
on the conversion of olefins in HZSM-5 [16-18]. Haag [18] published 
product distributions obtained from propene at different temperatures 
but comparable conversions (Fig. 3). At 150 °C, true oligomers (C«Hij, 
CsHis, C12H2«, C,5H30) predominate. At 288 °C, by contrast, there is 
no indication at all for a common C3 source. Rather, a pool of olefins 
is formed with a carbon number distribution governed by a temperature 
and pressure dependent pseudo-equilibrium [18] . The olefins are inter-
converted by ionic oligomerization and cracking. Ethylene, though less 
reactive than propene, gave essentially the same result [17]. Hence, 
some propene, butenes and, perhaps, even higher alkenes will form in 
the Mobil-Badger process and eventually take part in the alkylation 
of aromatics. It appears that the existence of a pool of olefins with 
different carbon numbers also provides a key to the mechanism of the 
methanol-to-hydrocarbons conversion in HZSM-5 [18] and related material 
[19] . 

Still other mechanisms must be invoked to account for the format! 
of methyZaromatics in the Mobil-Badger process. It is likely that the 
methyl groups arise from cracking of C2, C3, C«, or other alkyl chains 
at elevated temperatures. One possible mechanism is acid catalyzed crac 
ing via non-classical carbonium ions. For paraffinic substrates, it 

% has recently been claimed [20] that such a mechanism is favored both by 
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the steric constraints in pentasils and by high temperatures. Alterna-
tively, thermal cracking via free radicals might occur at the zeolite 
surface [21]. 

Coke is inevitably formed as a by-product in almost all hydrocar-
bon reactions on acid catalysts. The low rate of coke formation in 
HZSM-5 is nowadays interpreted in terms of restricted transition state 
shape selectivity [22,23]. For a detailed discussion of coke formation 
and its inhibition in medium pore zeolites, the reader is referred to 
the excellent reviews by Csicsery [24] and Derouane [25]. 

Beside olefins, various alcohols have been used in numerous in-
vestigations to alkylate aromatic hydrocarbons on acidic zeolites. Me-
thanol as an alkylating agent enables the introduction of a methyl 

group (no olefin is available for this purpose). As with olefins 
(Fig. 2), the reaction is envisaged [26,27] to proceed via protonation 
of the alkylating agent followed by electrophilic attack of the result-
ing cation on the aromatic ring. By use of suitable zeolites, alkylation 
with alcohols can be conducted in a shape selective manner. For instance, 
more than 90 mol-% of p-xylene (as compared to ca. 25 mol-% in equili-
brium) were obtained from toluene and methanol in HZSM-5 modified with 
P or B [27,28]. 

Base catalyzed side chain alkylation of toluene with methanol. 
On acid catalysts, alkylation inevitably occurs at the aromatic ring 
which is easily understood in terms of the high electron density at 
this location (cf. Fig. 2). By contrast, alkylation in the side chain 
of alkylaromatics can be attained on basic catalysts. In recent years, 
particular attention has been paid to the side chain alkylation of tolu-
ene with methanol which leads to styrene and ethylbenzene (in a rigo-
rous sense, only the formation of ethylbenzene represents a true al-
kylation) . The commercial incentive stems from using toluene, instead 
of the more expensive benzene, as a raw material for the production 
of styrène. 

Faujasite type zeolites exchanged with large alkali cations, es-
pecially RbX and CsX, were found to be the most effective catalysts for 
toluene/methanol side chain alkylation [29-33]. Special care must be 
taken during their preparation to eliminate acid sites, otherwise ring 
alkylation interferes [33]. Boron oxide acts as a promoter [30,32,34] 
which enhances the selectivity for styrene/ethylbenzene. Typically, the 
reaction temperatures are around 400 °C. 

The precise nature of the basic sites in CsX is not clear. It has 
been suggested [35] that they consist of CS2O and metallic Cs formed 
by reduction of Cs20 with carbonaceous residues. Interaction of toluene 
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with a free basic site gives a carbanion. The new carbon-carbon bond 
is then generated by addition of this carbanion to formaldehyde which 
results from dehydrogenation of methanol. The 2-phenylethanol type 
intermediate is dehydrated to styrene which is either desorbed or hydrc 
genated to ethylbenzene. An undesirable side reaction is the decompo-
sition of formaldehyde into CO + H2-

It has been argued [30,32] that the role of the large alkali cat-
ions in the supercages of zeolite X is twofold: They strongly interact 
with the H electron system of toluene. Moreover, due to their bulkinesa 
and relatively high concentration, they occupy a considerable portion 
of the free space within the faujasite supercage. In such an environ-
ment, toluene is envisaged to be adsorbed with the ring residing bet-
ween two or more cesium cations. This way, the aromatic portion of the 
molecule is shielded and the attack of formaldehyde on the side chain 
is favored. If this picture is correct, then the toluene/methanol reac-
tion in CsX represents a unique example for shape selectivity in fauja-
sites. The boron oxide promoter inhibits the undesired decomposition 
of formaldehyde. 

ALKYLATION OF ISOBUTANE 
Its place in petroleum refining, stoichiometry of the reaction. 

Fluid catalytic cracking (FCC) is used in many refineries to produce 
gasoline from vacuum distillates. With modern zeolite catalysts, the 
gasoline yields in FCC are slightly above 50 wt.-%. Besides, some 
15 wt.-% of C3 and C« hydrocarbons are formed. The main constituents 
of this side stream are i-butane, butenes, and propene. Additional high 
octane gasoline can be manufactured by alkylation of i-butane with the 
mixed butenes and/or propene. TodaLy, the worldwide capacity for alkyla 
tion gasoline amounts to nearly 50-10® t/a. 

Isobutane/olefin alkylation cannot be described adequately by 
a simple stoichiometric equation. Alkylate always consists of a complex 
mixture of i-alkanes ranging from C5 to ca. C12. Typical carbon number 
distributions are listed in Table 1. It will be shown later that all 
possible i-alkanes with at least one tertiary carbon atom are usually 
formed. 

The conventional liquid phase processes. In the commercial proces 
ses, liquid acids, viz. concentrated H2SO4 or anhydrous HF, are used 
exclusively. Today, the installed capacities of the H2SO4 and HF pro-
cesses are roughly equal, with a trend towards HF alkylation [36]. 

The reaction is carried out at low temperatures (5 to 10 °C in 
H2SO4, 25 to 40 °C in HF) and moderate pressures, such as to keep the 
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Table 1 
Alkylation of i-butane with butenes. Typical product distributions in 
wt.-%, after [36] . 

H2S04-process HF-process 
"Light ends": i-CsH,2 8 5 

i-C6Hi4 7 4 
i-C7H!6 6 4 

i-CaHi8 64 74 

."Heavy ends": i-C 9H20 
and higher 15 13 

hydrocarbons liquid. The i-butane/olefin ratio in the feed is very high 
(10 to 20) in order to suppress undesirable side reactions of the ole-
fins. An efficient removal of the heat of reaction is essential. Even 
under optimum process conditions, some tarry by-products are formed, 
especially in the H2S04 processes. Propane and n-butane are completely 
inert. 

Although the liquid phase processes have been operated success-
fully for decades, they are not free from drawbacks and shortcomings. 
Among these are the corrosiveness and toxicity of HF and the large 
amounts of tarry by-products formed in H2SO« which are difficult to 
dispose of in an environmentally acceptable way. A viable and clean 
process based on a solid catalyst remains highly desirable. 

Attempts to use zeolite catalysts. The principal feasibility of 
i-butane/olefin alkylation on acid faujasites was demonstrated as early 
as 1968 in the open literature: Mobil researchers published a note on 
i-butane/ethylene alkylation over deammoniated ammonium/rare earth X 
zeolite [37]. Much more detailed information was released by the group 
at Sun Oil Co. [38-42]. They alkylated i-butane with a variety of ole-
fins, mostly on deammoniated ammonium/rare earth Y zeolite. In subse-
quent years, the fundamentals of the reaction were investigated by a 
relatively small number of academic groups [43-53]. The contributions 
of Schollner et al. [43-46] and the recent papers by Daage and Fajula 
[52,53] deserve particular attention. 

It emerges from all these studies that faujasites in a Brbnsted 
acid form indeed give product distributions with all features of alky-
late produced in H2S04 or HF. Typical carbon number distributions of 
i-butane/n-butene alkylation (1-butene, cis-2-butene, and trans-2-
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butene give identical results) over cerium exchanged faujasites are 
shown in Fig. 4. The degree of cerium exchange is given in equiv.-%. 
All products are i-alkanes. As in H2S0« or HF (cf. Table 1), a com-
plex mixture of i-alkanes with 5 to 12 carbon atoms is formed. In all 
cases, i-octanes predominate. It is, moreover, seen that the carbon 
number distributions depend upon the time on stream: As the reaction 
proceeds, more heavy ends are produced at the expense of the light ends 
(C5H,2 to C7H,6). 

Distributions of individual isomers in various alkylates are give 
in Table 2. The data are limited to the C5 through C8 fractions because 
an individual analysis of the Cs to Ci 2 i-alkanes is not feasible, even 
with the most powerful GC techniques. The data for the zeolite catalyst 
are considered to be more reliable than those for the liquid acids. 
As a whole, it is evident that the same hydrocarbons form in H 2 S O 4 , 

HF, and acid faujasites: All i-alkanes with at least one tertiary carba 
atom are present (although sometimes in traces only). Conversely, all 
alkanes lacking tertiary carbon atoms (e.g., n-alkanes, 2,2-dimethylbu-
tane, 3-ethyl-3-methylpentane, or 2,2,3,3-tetramethylbutane) are absent 
Some apparent violations of this rule are probably due to n-pentane im-
purities in the feed ar„d analytical difficulties in the experiments 
with the liquid acids. 



Table 2 
Alkylation of i-butane with butenes (technical C« cut for H2SO< and HF, 
pure n-butenes for zeolite catalysts). Isomer distributions in mol-%, 
after [36,50,51]. 

Catalyst H2S04 HF CeY-46 CeY-•98 CeX-96 
Time on stream, min - - 8 1 15 30 25 

n-Pn 3 0 0 0 0 0 0 
2-M-Bu 97 100 100 100 100 100 100 
2,2-DM-Pr 0 0 0 0 0 0 0 
n-Hx 0 0 0 0 0 " 0 0 
2-M-Pn 17 25 12 15 19 17 19 
3-M-Pn 9 11 45 22 23 27 20 
2,2-DM-Bu 0 0 0 0 0 0 0 
2,3-DM-Bu 74 64 43 63 58 56 61 
n-Hp 0 0 0 0 0 0 0 
2-M-Hx 3 6 6 6 8 6 9 
3-M-Hx 2 3 15 7 11 11 12 
3-E-Pn 0 0 3 1 1 2 1 
2,2-DM-Pn 4 4 0 0 0 0 0 
2,3-DM-Pn 34 35 60 29 39 42 39 
2,4-DM-Pn 57 52 13 51 38 35 36 
3,3-DM-Pn 0 0 0 0 0 0 0 
2,2,3-TM-Bu '0 0 3 6 3 4 3 
n-Oc 0 0 0 0 0 0 0 

0.1 0.1 0.1 0.2 -0.3 0.2 0.5 
0.4 0.3 0.3 0.4 0.8 0.8 1.1 
0 0 0.2 0.1 0.2 0.1 0.3 

2,2-DM-Hx 0 0 0 0 0 0 0 
2,3-DM-Hx 6 7 10 5 13 12 14 
2,4-DM-HX 5 6 4 6 7 5 8 
2,5-DM-Hx 8 5 0.3 3 4 2 5 
3,3-DM-Hx 0 0 0 0 0 0 0 
3,4-DM-Hx*) 0 4 0.8 45 7 14 24 10 
3-E-2-M^Pn 0 0 2 1 1 2 1 
3-E-3-M-Pn 0 0 0 0 0 0 0 
2,2,3-TM-Pn 2 2 4 4 3 3 3 
2,2,4-TM-Pn 39 53 4 22 18 12 22 
2,3,3-TM-Pn 18 12 16 28 21 20 20 
2,3,4-TM-Pn 21 14 14 23 18 19 15 
2,2,3,3-TtM-Bu 0 0 0 0 0 0 0 

2-M-Hp 
3-M-Hp \ 
3-E-Hx J 
4-M-Hp 

both diastereomers 



The main constituents of the i-octane fraction are trimethylpen-
tanes (except 2,2,3-trimethylpentane). From a technical point of view, 
these highly branched isomers are the most desirable products since 
their octane numbers are very high (around 100). In addition, consi-
derable amounts of dimethylhexanes always occur. Note that the content 
of 3,4-dimethylhexane may vary over a broad range: In the liquid acids, 
it is formed in negligible amounts. On CeY-46 (with a low density and, 
presumably,a low strength of acid sites), by contrast, 3,4-dimethylhexa-
ne is by far the most abundant i-octane. The data for CeY-98 further 
reveal that the content of 3,4-dimethylhexane increases significantly 
with time on stream. All these results suggest that 3,4-dimethylhexane 
is a key isomer with a mechanism of formation which deviates from the 
desirable pathway of»alkylate production. 

Up to this point, the discussion was restricted to the catalytic 
behavior of zeolites in a fresh state. At low times on stream, alkyla-
tion is extremely selective, no olefins, naphthenes or aromatics are 
formed, even not in traces. During this initial alkylation stage the 
conversion of the feed olefin is always 100 %, regardless of the reac-
tion conditions. 

After a certain time on stream, the alkylation stage ends. At 
this point, butenes begin to appear (Fig. 5), i.e., the olefin conver-
sion drops. Concomitantly, more and more alkenes occur in the Cs to 

CtY-46 
ISOBUTANE/ 
t-BUTENE 

C«Y- 96 
ISOBUTANE/ 
CIS-2-BUTENE 

C . X - 9 6 
ISOBUTANE/ 
l-BUTENE 

TIME ON STREAM, min 

0.05 0.1 0 0.03 OH) 0 
CATALYST AGE, Ig Butin* Chargtd / g Catalyst) 

0.1» 

Fig. 5. Differential yields in alkylation of i-butane with n-butenes 
on Ce faujasites at 80 °C, after [51]. 
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Fig. 6. Isobutane/cis-2-butene conversion on CeY-98. Composition 
of the Cs products, after [51]. 

Ct 2 products. This is shown quantitatively in Fig. 6 for the Ce fraction 
produced on CeY-98. It can be seen that, late in the run, the Ca frac-
tion mostly consists of octenes (in this section, the curve is dashed 
which is to indicate that the analytical accuracy is relatively low). 
In other words, the reaction is now better described in terms of butene 
dimerization or oligomerization. The dramatic shift in selectivity is 
due to catalyst aging. It is convenient to use the composition of the 
Cs fraction [51] as a quantitative measure for the duration of the alky-
lation stage. Arbitrarily, we define the end of the alkylation stage 
as the particular time on stream at which the content of alkanes in 
the C» fraction has dropped to 90 mol-% (30 min on CeY-98, according 
to Fig. 6). 

A stationary state is never attained in i-alkane/alkene alkyla-
tion on faujasite catalysts, at least not in a fixed bed reactor. An 
adequate investigation of this reaction requires experimental techniques 
which cope with the simultaneous occurrence of complex product distri-
butions and rapid catalyst decay. One appropriate technique has been 
described [49-51]. It combines differential (or instantaneous) sampling 
in glass ampoules with high resolution capillary GLC. If, moreover, 
an internal standard (such as propane or 2,2-dimethylbutane) is added 
to the feed mixture in a known concentration, then the analysis of each 
differential sample can be evaluated for the olefin conversion, the 
yields of individual products, and other quantities. Differential 
yields obtained in this manner are plotted in Fig. 5 and Fig. 7 versus 
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TIME ON STREAM / min 

Fig. 7. Isobutane/cis-2-butene conversion on CeY-98. Differential 
yields of butenes and C5 to Ci2 hydrocarbons, after [51]. 

time on stream. In both Figures, a second abscissa referred to as cata-
lyst age [40] is used. It is defined as the cumulative mass of butene 
fed to the reactor per unit mass of catalyst. Catalyst age is propor-
tional to time on stream. It is seen that the differential yield of 
Cs to C,2 hydrocarbons passes through a maximum. Late in the run, the 
total yield approaches 1 g/g butene charged. 

In Fig. 5, the differential yield curves end at the respective 
time on stream, at which the content of i-octanes in the Cs fraction 
has dropped to 90 mol-%. Integration of the C5-C12 curves gives the 
following integrated yields of alkylate: 9, 70, and 125 mg alkylate/g 
catalyst for CeY-46, CeY-98, and CeX-96, respectively. For deammoniated 
ammonium/rare earth Y, the Sun Oil group [40] reported values which 
are better by one or two orders of magnitude (a continuous stirred tank 
reactor was employed and a different quality criterion for alkylate 
was chosen, so a direct comparison of the figures cannot be made). For 
a commercial process, such yields of alkylate are unacceptably low. 
The development of acid zeolites with much higher lifetimes in i-butane/ 
olefin alkylation remains a challenge in the field of catalysis. 

Mechanistic aspects. Almost always, the mechanism of i-butane/ole-
fin alkylation is interpreted in terms of a chain reaction which is 
delineated in Fig. 8 for linear butenes. Protonation of the olefin gives 
the secondary butyl cation. Hydride transfer from i-butane then leads 
to n-butane and the tertiary butyl cation. These steps are considered 
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Fig. 8. Classical mechanism of i-butane/n-butene alkylation. 
I 

to initiate the kinetic chain only, hence the fact that virtually no 
n-butane occurs in the product is not a contradiction. Double bond shift 
in the alkene is considered to be rapid, therefore the tertiary butyl 
cation can add either 1-butene or 2-butene (which is much more abundant 
in equilibrium) , regardless of which n-butene isomer is used in tfie 
feed. The original octyl cations formed in the addition step can rear-
range whereby a variety of dimethylhexyl and trimethylpentyl cations 
are generated. Hydride transfer between the i-octyl cations and i-bu-
tane yields a mixture of i-octanes and the tertiary butyl cation which 
propagates the chain. 

One important difference between the alkylation of aromatics 
and i-butane becomes evident from a comparison of Fig. 2 and Fig. 8: 
In alkylation of aromatics, the intermediate carbocation stabilizes by 
loss of a proton. By contrast, transfer of a hydride ion is required 
to produce the desired i-alkanes from alkylcarbenium ions. Of course, 
the latter can also stabilize by loss of a proton, but then olefins are 
formed, i.e., the overall reaction is olefin oligomerization instead 
of alkylation. It is likely that, at the relatively low temperatures 
around 100 °C, strong acid sites are needed to catalyze hydride trans-
fer. These sites are soon deactivated by carbonaceous deposits. 

While the classical mechanism (Fig. 8) provides a straightforward 
interpretation of the events which might lead to i-octanes, it suffers 
from severe shortcomings. For example, it does not give any explanation 
for the fact that alkylate always contains i-alkanes with carbon numbers 
other than the sum of the i-alkane and the olefin used in the feed. 
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Moreover, the skeletal isomerization steps postulated at the level of 
trimethylpentyl and dimethylhexyl cations (cf. Fig. 8) are in poor 
agreement with the knowledge collected in the field of catalytic iso-
merization of long-chain alkanes. In the first place, it is doubtful 
whether such isomerization steps are catalyzed at all by zeolites at 
the low temperatures employed. In addition, it is difficult to under-
stand why so little 2,2,3-trimethylpentane is formed from i-butane 
and n-butanes (cf. Table 2) whereas this particular isomer is predic-
ted to be the primary i-octane (cf. Fig. 8). Compilations of thermody-
namic data [54] do not give any indication for an unfavorable equili-
brium. To account for these and other inconsistencies, a variety of 
side reactions have been invoked [55-57]. Among these are the so-called 
destructive alkylation and self-alkylation of i-butane. Another side 
reaction which leads from n-butenes to 3,4-dimethylhexane seems to be 
important in faujasites: If the secondary butyl cation adds 2-butene, 
then a 3,4-dimethylhexyl cation results. Hydride transfer gives 3,4-
dimethylhexane. According to Table 2, this pathway is important on 
CeY-46 and on CeY-98 at high times on stream. 

New insight into the H2S04 catalyzed i-butane/olefin alkylation 
was gained by Albright et al. in the 1970's. By using sophisticated ex-
perimental techniques, these authors showed that the mechanism is ex-
tremely complex. The most important ideas were summarized by Albright 
[58]. Many of these ideas are probably very useful for a better under-
standing of alkylation in zeolites. In particular, Albright et al. 
suggest that high molecular weight carbocations and hydrocarbons play 
a much more important role in the mechanism than hitherto assumed. There 
is no clear borderline between such species and the carbonaceous resi-
dues. The latter are envisaged by Schollner et al. [43] to consist of 
highly unsaturated hydrocarbons with cyclic structures. 

Daage and Fajula [52,53] introduced the ^ C tracer technique to 
investigate the mechanism of i-butane/propene alkylation on deammoni-
ated ammonium/cerium Y. Either i-butane or the alkene were labelled. 
A wealth of novel insight into the reaction mechanism was achieved. 
Among the most interesting conclusions are: There is little, if any, 
isomerization of tertiary carbocations, because stabilization of a ter-
tiary alkylcarbenium ion by hydride transfer 'is faster than skeletal 
rearrangement. The authors divide the constituents of alkylate into 
four classes. Different mechanisms of formation are sketched for each 
class. There is no doubt that further application of the tracer 
technique can contribute to' a better 'understanding of the extremely 
complex chemistry of i-butane/olefin'alkylation, both in liquid acids 
and in zeolites. 
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SYMBOLS AND ABBREVIATIONS 
m mass kg 

_ 1 
m mass flux kg-h 
n molar flux mol'h 
P pressure Pa 
T" reaction temperature °C 
WHSV weight hourly space velocity h 

(mfeed/mcatalyst) 
X conversion 

D di 
T tri 
Tt tetra 

M methyl 
E ethyl 

Pr propane 
Bu butane 
Pn pentane 
Hx hexane 
Hp heptane 
Oc octane 
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ABSTRACT 

The behaviour of N a - , H - , C a - , M g - , K - , L a - , totally or partially 

ion-exchanged X , Y and ZSM5 zeolites and of silicalite in catalysing 

the methylation of thiophene with methanol was systematically compared 

and the effect of the most important reaction parameters on catalyst 

performance was s t u d i e d , within the 240-300°C temperature r a n g e . 

Interesting selectivity to m o n o - m e t h y l - t h i o p h e n e s , coupled with reason-

able l i f e , was obtained with partially protonated NaY z e o l i t e , other 

catalysts giving less satisfactory r e s u l t s . Some correlations were 

found between physico-chemical properties and activity of the c a t a l y s t , 

which can be easily regenerated. 

INTRODUCTION 

It is well-known that methanol (M) may be easily converted into 

hydrocarbons over some zeolite catalysts [1,2]. F u r t h e r m o r e , owing to 

its particular reactivity [3], thiophene (T) tends to polymerise when 

put in contact with acidic substances. In spite of t h i s , some data 

have been p u b l i s h e d , concerning the alkylation of T with a l c o h o l s , in-

cluding M , on X- and Y-zeolite-based catalysts [4-6]. U n f o r t u n a t e l y , 

these studies were performed in different c o n d i t i o n s , so that it is not 

easy to compare the results and to find correlations between catalyst 

properties and p e r f o r m a n c e . T h e r e f o r e , it seemed interesting to carry 
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out a systematic comparison of the behaviour of catalysts prepared fron 

X , Y, ZSM5 zeolites and from s i l i c a l i t e , in promoting the m e t h y l a t i o n o1 

T with M . Some preliminary data were recently reported [7]. In the 

present w o r k , the comparison has been further e x t e n d e d , in order to pu1 

in evidence the limitations connected with a process based on such a 

reaction. 

EXPERIMENTAL 

Catalysts. X- and Y-zeolite-based catalysts were prepared from 

commercially available powder cake (LZY-52, S K - 4 5 , SK-500 and Na13X 

from Union Carbide). ZSM5 and silicalite were prepared in our labora-

t o r y , following the well-known procedure [8]. XRD showed that both the 

latter materials were fully c r y s t a l l i n e , their diffraction patterns 

matching perfecly the corresponding ones reported in the l i t e r a t u r e . 

"Analytical grade" pure chemicals were used for the preparation of 

catalysts and of ion-exchange s o l u t i o n s , as described elsewhere [9]. 

After i o n - e x c h a n g e , drying and c a l c i n a t i o n , the powder was pressed 

(maximum pressure 200 MPa) in ca. 1 mm thick w a f e r s , which were then 

gently crushed and s i e v e d , collecting the" 40-60 mesh f r a c t i o n . The ion 

exchange degree was determined by AA s p e c t r o m e t r y . Surface acidity was 

determined by titration with n-butyl-amine (n-BA) in anhydrous solvent 

after pretreatment at 500°C in a slow flow of dry a i r . The main charac 

teristics of the catalysts employed are summarised in Table 1. 

A p p a r a t u s , procedure and analysis. Alkylation runs were carried 

out in a c o n t i n u o u s , fixed-bed m i c r o r e a c t o r , previously described [10]. 

Hydrogen was used as carrier g a s . Before each r u n , the catalyst was ac 

tivated "in situ" overnight in a slow flow of nitrogen at 500°C. 

Standard reaction conditions were as follows: 240°C; molar ratio ( R u ) 

of carrier gas to liquid feed = 3; WHSV (g of liquid feed/g of cat.x h) 

= 1; feeding T/M molar ratio = 2; catalyst weight 1.5 g . 

Reaction products w e r e % c o l 1 e c t e d in traps cooled to -80°C and analysed 

by G C , on a capillary glass c o l u m n , 0.3 mm I.D. and 50 m l o n g , coated 

with Carbowax 20M and kept at 60°C. Usually four samples for analysis » 

were c o l l e c t e d , after 1, 3 , 5 and 10 h o n - s t r e a m , r e s p e c t i v e l y . 



Table 1 

Main ch a r a c teristics of catalysts employed and results of activity 

comparison runs in standard c o n d i t i o n s . Data after 1 h o n - s t r e a m . 

C a t a l y s t
3 Surface acidity (mmol n- BA/g cat.) y S

m T 
Ay/At

 b 

H 0 = - 1 .5 - 1 . 5 S H 0 S 3 . 2 3.2SH 6 .8 mol% mol% mol%/h 

NaY c 0 0 0 no reacti on 

HNaY-17 0 0.03 0.02 2 19 0.05 

HNaY-30 0 0.10 0. 06 4 65 <0.05 

HNaY-55 0 0.65 0.81 32 13 0.5 

HNaY-67 0.07 0.87 0.94 75 7 . 3.1 

HNaY-98 0.13 0.87 1 .00 82 6 3.6 

MgNaY-25 0 . 0 1 0 . 05 0.11 12 6 0.5 

MgNaY-55 0 . 0 6 0.25 0.92 30 1 0 0.5 

MgNaY-76 0.09 0.57 1.19 50 11 1 .9 

CaNaY-76 0.05 0.19 0.42 10 12 0.5 

CaNaY-91 0. 06 0.29 0.76 26 15 2.2 

LaNaY-30 0. 05 0.12 0.50 29 8 2.0 

REY d 0.12 0.18 1 .53 72 8 2.6 

HKY-36 e 0 0.08 0 . 1 8 22 2 0.3 

NaX f 0 0 0 no reacti on 

HNaX-95 0 0.20 0.07 17 2 0.5 

CaNaX-82 0 0.05 0.10 9 13 0.5 

CaNaX-98 0. 05 0.06 0.57 7 32 0.9 

NaZSM5 9 0 0 0.02 20 5 1.2 

HZSM5 h 0.18 0.14 0.56 52 4 3.0 

Si 1icali te 0 0 0 no reaction 

a ) figures represent the % ion-exchange d e g r e e , with respect to the 

original N a - f o r m ; b) decay rate relative to the initial 10 h on-stream; 
c ) LZY-52 c a k e , "mother" material of the Y - s e r i e s , Si O2/AI2O3 wt ratio 

(s/a) = 2.80; d) SK-500 c a k e , s/a=2.86; e ) from SK-45 c a k e , s/a=3.18; 

f) 13X c a k e , "mother" material of the X - s e r i e s , s/a=1.73; 9) "as pre-

pared" ZSM5 c a k e , s/a=15.0; h) from N a Z S M 5 , maximum obtainable ion-

sxchange d e g r e e . 
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RESULTS AND DISCUSSION 

Besides 2- and 3-methy1 -thiophene and unreacted M and T , usually 

some 2,5-dimethyl-thiophene was found in the collected liquid. In 

hi gher-temperature (^270°C) runs, various poly-methyl-thiophenes were 

also found, especially trimethyl-thiophenes and methyl-ethyl-thiophenes 

as identified by GC-MS. In any c a s e , the ratio 2- to 3-methy1 -thiopheni 

was ca. 2:1. 

0.4 1.2 2.0 

meq. n-BA/g cat. 

1.2 1.6 

meq. n-BA/g cat. 

Fi g . 1 . Conversion ( O ) , selectivity ( A ) and decay rate (•, mol%/h) for 

fully protonated zeolites as a function of surface acidity 

(H 0SI6.8). T = 24 0 °C , R u =3 , R , =2 , WHSV = 1, t i me-on-s t ream = 1 h. 
H I / M 

Fig.2. Conversion and selectivity vs. surface acidity ( H 0 S 6 . 8 ) 

for CaNaY-9 1 ( A ) , REY ( O ) and HNaY-98 (•) catalysts. Reaction 

conditions as for Fig.1. 

Results have been expressed in terms of mol % conversion (y) of 

M and mol % selectivity (S ^.)-to mono-methyl-thi ophenes (mT) , defined 

as follows: 

« ^ E r V « 

mT 
mT formed 

M reacted 
1 0 0 

(1) 

(2) 

The carbon atoms balance, with respect to the feed and referred to 

liquid products collected within the sampling t r a p , usually ranged 

from 94 to 99 %. In two cases this figure was 93% and in only one case 

it was 91%.. 

Data from activity comparison runs in standard conditions are 



collected in Table 1. These results show that: i) As a general t r e n d , 

c o n v e r s i o n increases with increasing s u r f a c e a c i d i t y , the "as supplied" 

fully-Na forms and s i l i c a l i t e being c o m p l e t e l y i n a c t i v e . The "as prepa-

red" NaZSM5 z e o l i t e cannot be c o n s i d e r e d as a fully-Na f o r m , due to the 

presence of protons formed during c a l c i n a t i o n , by d e c o m p o s i t i o n of re-

sidual t e t r a a l k y l a m m o n i u m i o n s . The latter are trapped within the zeo-

0.4 1.2 

meq, n-BA/g cat. 

£ 40 

1 1 

o. 98 
-

0 
-

— 0 _ O" ——o 55 — 0 
— o 

fl fl 5=0— 30 .17 
= f l 

F i g . 3 . C o n v e r s i o n (O) and s e l e c t i v i t y (A) v s . s u r f a c e acidity 

(H 0 S 6 . 8 ) for MgNaY c a t a l y s t s . Reaction c o n d i t i o n s as for F i g . 1 . 

F i g . 4 . C o n v e r s i o n v s . t i m e - o n - s t r e a m as a funetion of ion-

e x c h a n g e degree (figures on the c u r v e s ) . Reaction c o n d i t i o n s as 

for F i g . 1 . C a t a l y s t s : HNaY s e r i e s . 

litic f r a m e w o r k during s y n t h e s i s , ii) When c o m p a r i n g H N a - t y p e cata-

l y s t s , prepared from d i f f e r e n t z e o l i t e s , one may notice t h a t , in gene-

r a l , both Y- and ZSM5-based c a t a l y s t s are m o r e a c t i v e , the former 

showi ng,al so a b e t t e r s e l e c t i v i t y . HNaX c a t a l y s t s , on the other h a n d , 

are less active (see also Figure 1). The d i f f e r e n t b e h a v i o u r of H N a Y , 

with r e s p e c t to HNaX c a t a l y s t s , seems clearly due to d i f f e r e n t concen-

tration of surface acid c e n t r e s . The lower s e l e c t i v i t y of Z S M 5 - b a s e d 

catalysts is very likely connected also with the w e l l - k n o w n ability of 

such a z e o l i t e in c a t a l y s i n g the c o n v e r s i o n of M into h y d r o c a r b o n s 

[1]. I n d e e d , some t e s t s , p e r f o r m e d by feeding pure M in our standard 

c o n d i t i o n s , confirmed t h a t , with any c a t a l y s t based on such a z e o l i t e , 

no more than 80% of the alcohol could be recovered u n c o n v e r t e d , even 

at t e m p e r a t u r e s as low as 210°C. iii) A net increase in p e r f o r m a n c e 
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seems to be conferred by Ca ions in the case of X - z e o l i t e . On the 

other h a n d , exchange by either M g , C a , La or K ions does not change sut 

stantially the performance of Y-zeolite c a t a l y s t s , with respect to the 

HNaY s e r i e s . H o w e v e r , some interesting correl ati onsî may be found when 

60 

30 

60 

. <* 

30 

240 270 300 2 6 10 

° C h~1 

Fig.5. Conversion (O) and selectivity (Д) v s . reaction temperatu-

re. HNaY-30 c a t a l y s t . 

Fig.6. Effect of W H S V . T = 270°C. Catalyst and symbols as for F i g . 5 . 

considering Y-based c a t a l y s t s . By comparing the results obtained at the 

highest ion-exchange d e g r e e , ( H N a Y - 9 8 , REY and CaNaY-91) one may see 

(Figure 2) that conversion regularly increases and selectivity decrea-

ses with increasing surface a c i d i t y , in agreement with an early corre-

lation reported by Venuto |11,12|. Mg- and Ca-exchanged series behave 

differently: both conversion and selectivity increase wi'th increasing 

acidity (see e . g . Figure 3). This may be explained when considering 

that alkylation of T , as well as undesired coking or polymerisation 

r e a c t i o n s , are catalysed by acid c e n t r e s , although of different -

strength. It is known [13] that a different distribution in acid site 

strength is conferred to the zeolite by bivalent C a ^ + and M g ^ + i o n s , 

with respect to that conferred by H + , the latter favouring stronger 

sites. This is confirmed by our data (Table 1): a higher c o n c e n t r a t i o n 

of both stronger ( H 0 S - 1 . 5 ) and medium-strength ( - 1 . 5 S H 1 . 5) sites is 

usually present in HNaY z e o l i t e s , with respect to Ca- or Mg-NaY o n e s . 

U n f o r t u n a t e l y , in the present case, the ion-exchange p r o c e d u r e 

seems unsuccessful in providing selectively only the desired type of 

centres at any exchange degree and with any of the ions here e m p l o y e d . 
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In any c a s e , weaker s i t e s , promoting preferentially the alkylation 

r e a c t i o n , form f i r s t , conferring to the catalyst a higher selectivity 

at low c o n v e r s i o n . H o w e v e r , when attempting to increase c o n v e r s i o n , 

either by increasing the ion-exchange degree or by changing the i o n , 

the unavoidable simultaneous formation of higher-strength centres 

confers to the catalyst a progressive ability in promoting also unwant-

ed react ions. The result is the simultaneous decrease in s e l e c t i v i t y , 

usually accompanying the increase of c o n v e r s i o n . 

From a practical point of v i e w , the best compromise seems to be 

attainable with the catalysts of HNaY series. In this case overall con-

version progressively i n c r e a s e s , with increasing the ion-exchange 

d e g r e e , while selectivity goes through an interesting maximum (for 

HNaY-30). In correspondence of the l a t t e r , side reactions are still at 

a reasonable level, as shown by the decay rate (last column in Table 1 ), 

which attains the lowest value observed for any of the catalysts 

tested. Activity decay is shown in Figure 4 for the whole set of HNaY 

catalysts. T h e r e f o r e , HNaY-30 catalyst was selected for the following 

a n a l y s i s , aiming at the optimisation of reaction conditions. 

As e x p e c t e d , conversion increases and selectivity decreases by 

increasing temperature (Figure 5) or by decreasing WHSV (Figure 6). To 

enhance the effect of W H S V , Figure 6 data were collected at 270°C. 

o 

3 6 

T/M , mol/mol 

9 

F i g . 7 . Effect of T/M feeding ratio (mol). T=240°C. Catalyst: 

H N a Y - 3 0 . (O) c o n v e r s i o n , (A) s e l e c t i v i t y . 
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In a d d i t i o n , decay rate increases with t e m p e r a t u r e , particularly at 

300°C, where any reaction stops within a few h o u r s . As for the effect 

of R y / M » an increase of conversion is noticed with increasing such a 

parameter (Figure 7 ) , while selectivity shows a strong increase for 

R T going from 0.5 to 2 , reaching a maximum at R T ...M and then 
T/M T/M 

decreasing slowly for higher values. 

In view of a possible a p p l i c a t i o n , since the activity of any of 

the zeolites tested decays more or less r a p i d l y , it is important to 

ascertain if the catalyst may be regenerated. This aspect was investi-

gated by performing a series of reaction-regeneration runs on the same 

sample of HNaY-30 catalyst. To speed up the t e s t , only standard reac-

tion conditions were considered and time-on-stream was limited to 30 

h. After r e g e n e r a t i o n , the reaction was immediately retaken for the 

next 30 h run. Three reaction-regeneration cycles were carried o u t , so 

that the total working time was 90 h . After a short purging with ni-

t r o g e n , regeneration was performed by simply burning-off c a r b o n a c e o u s 

deposits in a slow flow of air at 350-500°C. The formation of CO^ was 

monitored by bubbling the outcoming gas in B a ( 0 H ) 2 s o l u t i o n , that of 

SO^ by bubbling in A g N 0 3 s o l u t i o n . In any reaction cycle conversion 

remained unchanged during the first 24 h o n - s t r e a m , then decaying 

quite slowly. The resuits showed that regeneration restores completely 

the activity shown by the fresh c a t a l y s t , the behaviour of which was 

perfectly matched in both the runs following each r e g e n e r a t i o n . 

CONCLUSION 

The results of the present work permit to conclude that; 

i) Vapour-phase alkylation of T by M may be obtained over zeolites 

with reasonable selectivity only when acid sites of relatively low 

strength are present on the catalyst surface. 

ii) HNaY-30 catalyst showed the best compromise between a c t i v i t y , sel-

ectivity and durability. 

iii) Reaction temperature should not exceed 250°C and R y ^ should not 

be lower than 2 , to keep within reasonable limits the formation of 

polymethylates and c o k i n g - p o l y m e r i s a t i o n . 

iv) The activity decay is essentially due to fouling by carbonaceous 

298 



deposits. H o w e v e r , the latter can be easily burned-off with a i r , so 

restoring completely the behaviour of fresh c a t a l y s t . 
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- THE USE OF LAYERED CLAYS FOR THE PRODUCTION OF PETROCHEMICALS 
D.J. Westlake, M.P. Atkins, R. Gregory 

BP Research Centre, Sunbury-Upon-Thames, Middlesex, England 

ABSTRACT 

Some exchanged Wyoming montmorlllonlte clays are effective catalysts 
for the alkylatlon of benzene with propene or ethylene in the liquid 
phase. Under these conditions the clay catalysts give equilibrium product 
distributions. In contrast zeolites are generally poor catalysts 
and do not give equilibrium product distribution under these mild conditions. 
INTRODUCTION 

The alkylatlon of benzene by propene and ethylene is widely practised 
in the petrochemical industry. Cumene has been manufactured on a large 
scale for more than 40 years, firstly as a high octane component for 
aviation gasoline and subsequently as an intermediate for the production 
of phenol. Ethylbenzene is also manufactured on a large scale as a 
precursor for the production of styrene. 

Acidic catalysts are used in the production of both cumene and 
ethylbenzene. The former is generally manufactured using a supported 
phosphoric acid catalyst in a fixed bed reactor with the reactants in 
the liquid phase although aluminium chloride and sulphuric acid catalysts 
have also been used (1,2). Ethylbenzene is generally produced using 
either aluminium chloride as catalyst with the reactants in the liquid phase 
or with a zeolite catalyst and the reactants in the vapour phase (3,4). 

There has recently been considerable interest in the application of 
layered montmorlllonlte clays as acidic catalysts so it seemed 
reasonable to examine these materials for the alkylatlon of benzene. 
Montmorlllonlte clays possess both Lewis and Br^nsted acid sites which 
are responsible for the diverse catalytic activity of these materials 
eg in ether formation from alcohols and alkenes, olefin hydration, ester 
formation from carboxylic acids and alkenes and many other reactions (5, 
6,7). 
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The detailed structure of montmorillonlte minerals is still the 
subject of debate although it is generally agreed that they are formed 
from an octahedrally coordinated alumina sheet sandwiched between two 
tetrahedrally coordinated silicate sheets. The layers carry an 
overall negative charge which may arise from isomorphous substitution of 
Al3+ by Fe2+ or Mg2+ in the octahedral sheet and to a lesser extent 
of Si4+ by in the tetrahedral sheet. These negative charges on 
the layers are balanced by hydrated cations, usually Na+ or in 
the naturally occuring state, which are situated in the interlamellar 
space and which can be readily ion-exchanged. By suitable choice of 
cation the acidity and polarisation of coordinated water and other 
molecules in the interlamellar environment can be varied. 

The Bronsted acidity of the cation-exchanged clays can be accounted 
for by dissociation of coordinated water in the interlamellar space, 

M(H20)xn+ 5==^|M(0H)(H20)x_1](n-1)+ + H+ 

and Lewis acidity may arise from dehydroxylation of the framework hydroxyl 
groups, 

Si 

OH 

A1 
heat 

.Si > 
\ 0 0 0 

In this paper the performance of montmorillonlte clays is compared 
with zeolite catalysts for the alkylation of benzene with propene and 
ethylene. The generally accepted mechanism for aromatic alkylation is 

IT1" 
R-CH = CH9 RCH-CH, ® C % \ J / R 

C 
+ H 

0 
where R = alkyl or H. 
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Further alkylation of the alkylated product can be reduced, If desired, 
by the use of large benzene:olefin reactant ratios. Alternatively, 
lower ratios can be used in commercial processes provided the catalyst 
chosen is also effective for transalkylatlon reactions such as 

R R 

¿ 1 + 0 2 ® R 

since the unwanted polyalkyl-benzenes can be separated and recycled with 
fresh feed. 

EXPERIMENTAL 
Catalyst Preparation. Hydrogen and aluminium exchanged Wyoming 

montmorillonites were prepared by methods described previously (6,7). 
The zeolite catalysts were either synthesised by known methods or were 
commercial samples and converted to the hydrogen form by calcination of 
the ammonium form. The amorphous aluminosllicate (85.5% S102) was 
obtained from Strem Chemicals Incorporated. 

Apparatus• Alkylation experiments with both ethylene and propene 
were carried out in stainless steel autoclaves in the normal manner. The 
autoclaves were heated to the reaction temperature, held for 2.5 hours, 
and allowed to cool overnight. Continuous experiments were carried out 
with a premixed feed under pressure in a small continuous unit whose 
schematic flow diagram has been described previously (6). 

Analysis. All reaction products were analysed by capillary gas 
chromatography using calibration factors derived from authentic standards. 

RESULTS AND DISCUSSION 
Cumene. The performance of Wyoming montmorillonlte clay catalysts 

is compared with that of a range of zeolite and other catalysts for the 
alkylation of benzene with propene in Table 1. In these batch reactions 
the H"1" and exchanged Wyoming montmorillonlte clays gave complete 
conversion of propene at 150°C with the former giving virtually the same 
product over the temperature range 125° to 230°C. In contrast none of 
the other catalysts examined gave more than 65% propene conversion at 
150°C. The best result was obtained with the commercial amorphous 
aluminosllicate and the worst with the large pore size zeollte-Y. 
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TABLE 1 

FORMATION OF CUMENE FROM BENZENE AND PROPENE 

Reaction Propene Product Distribution 
Catalyst Temp Conversion 

°C % Benzene Cumene DIPB3 
(MoleZ) (MoleZ) (Mole%) 

ff^-Montmorillonite 125 100 84.4 14.7 0.9 
ff*"-Montmorillonite 150 100 84.3 14.7 1.0 
ff^-Montmorillonite 230 100 84.3 14.7 1.0 
A13+-Montmorillonite 150 100 85.6 13.9 0.6 
H-Y Zeolite 150 5 99.3 0.7 tr 
H-Mordenite 150 20 97.8 2.0 0.2 
H-MFI 150 25 96.7 3.3 tr 
Aluminosilicate 150 65 90.5 8.9 0.6 

Reactants:- Benzene 120g, Propene lOg, Catalyst 5g, 0^:03 = 6:1 
a) DIPB = di-isopropylbenzene 

In a second series of experiments the catalysts were compared for 
the reaction of benzene, propene and meta-di-isopropylbenzene (DIPB) in 
order to determine how much, if any, of the DIPB was transalkylated to 
give additional cumene (Table 2). Only ff^-Montmorillonite gave any 
significant conversion of DIPB under these conditions. The best result 
with the remaining catalysts was obtained with zeolite-Y whilst the 

TABLE 2 

FORMATION OF CUMENE FROM BENZENE, PROPENE AND DIPBa 

Temp DIPB (Prod) Product Distribution 
Catalyst °C DIPB (React) 

Benzene 
(MoleZ) 

Cumene 
(MoleZ) 

DIPB3 
(MoleZ) 

ff^-Montmorillonite 230 0.6 72.6 24.7 2.7 
H-Y Zeolite 230 0.9 93.9 2.1 4.0 
H-MFI 230 1.3 90.2 5.6 4.1 
H-MFI 270 1.1 85.3 9.7 4.9 
Aluminosilicate 230 1.1 83.5 11.7 4.8 

Reactants:- Benzene 120g, Propene 12g, meta-DIPB 12g, Catalyst 5g 
a) DIPB = di-isopropylbenzene 
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C6 : C3 Mole ratio 

Figure 1. Calculated thermodynamic (solid lines) and experimental (plotted 
points) product distributions for the formation of cumene. 

TABLE 3 

CONTINUOUS PRODUCTION OF CUMENE 

Catalyst 
Temperature (°C) 
Pressure (bar). 
LHSV (h_1) 

Feed (Mole %) 
benzene 
Propylene 
DIPB 
C6:C3 

Product (Mole %) 
Benzene 
Cumene 
DIPB 

H^-Montmorillonite 
190 
30 

2 . 1 

82 
15 
2.1 
5:1 

79 + 1 
18 ±.1 
2.3 + .25 

3 0 5 



others gave a net production of DIPB. Thus, with the exception of the 
ff1" -Montmorillonite catalysed reaction, the initial DIPB behaves as an 
inert diluent in these systems. 

The reaction product distribution with the Wyoming montmorillonite 
catalyst in both sets of experiments is close to the calculated 
thermodynamic equilibrium. In Figure 1 the calculated and experimentally 
observed product distributions are plotted for a wide range of initial 
benzene and C3~alkyl fragment compositions. The experimental points 
were obtained from reactions using various combinations of propene, 
benzene and DIPB as the initial reactants and the calculated equilibrium 
compositions show little variation with temperature over the range 120° 
to 230°C which is in agreement with the experimental results in Table 1. 

The performance of the IT1"- Montmorillonite was also examined 
in the continuous production of cumene using a feed comprising benzene, 
propene, and DIPB. The product composition shown in Table 3 remained 
constant over a test period of 50 hours on stream at constant 
temperature and LHSV. The product composition was also close to the 
calculated thermodynamic value shown in Figure 1 Illustrating that 
equilibrium is also achieved in continuous reactions with this catalyst 
and a relatively short contact time. 

Ethylbenzene. The performance of Wyoming montmorillonite clay 
catalysts is compared with the H-MFI zeolite for the alkylatlon of benzene 
with ethylene In Table 4. In these batch reactions at 230°C where benzene 
is in the liquid phase both the IT1" and Al3+ Wyoming montmorillonite catalysts 
gave complete conversion of ethylene compared to only 20% with H-MFI. 

As In the earlier experiments with propene only the Wyoming 
montmorillonite clay catalysts give product distributions which are 
close to the calculated thermodynamic equilibrium composition. Thus, 
at a Cg:C2 ratio of 2.5 :1, the experimentally observed product 
distribution is ethylbenzene 28.4% and dlethylbenzene 5.5Z compared 
to 32.4% and 3.8% respectively for the calculated thermodynamic 
equilibrium. 

Reaction mechanism and catalytic activity. There would seem to be 
no reason to suggest that the generally accepted mechanism for the acid 
catalysed addition of an olefin to an aromatic ring should not be extended 
to reactions catalysed by Wyoming montmorillonite clay, zeolite, or 
alumlno8lllcate catalysts. All of these catalysts have acidic sites 
capable of supplying the necessary proton for formation of the carbonlum 
ion Intermediate. 
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TABLE 4 

FORMATION OF ETHYLBENZENE 

Ethylene Product Distribution 
Catalyst Temp Convn 

°C % Benzene Ethyl- DEBa 
(Mole%) benzene (Mole%) 

(Mole%) 

H^-Montmorilloniteh 230 100 65.1 28 .4 6.4 
Al3+-Montmorilloniteh 230 100 66.1 28 .4 5.5 
H-MFIb 230 20 92.6 6 .3 tr 
H*"-Montmorillonitec 250 100 89.6 9 .8 0.6 

a) DEB = diethylbenzene 
b) Reactants:- Benzene 120g, Ethylene to 40bar, Catalyst 5g 
c) Reactants:- Benzene 120g, Ethylene to 40bar, DEB 12g, Catalyst 5g 

It Is proposed that the substantial difference in catalytic activity 
between the clay and zeolite catalysts is due to the ready accessibility 
of the acidic sites to the reactants in the former case. In liquid phase 
reactions diffusional constraints for reactants or products will be 
greatest for catalysts with rigid mlcroporous structures such as zeolites. 
The expanding layer structure of the Wyoming montmorlllonlte clay catalysts 
allows access to the lnterlamellar acidic sites with few diffusional 
constraints and hence these have greater activity. Similarly the acidic 
sites on the amorphous alumlnosllicate are more accessible than those in 
the zeolite structure. 

It is known that zeolite catalysts such as MFI are effective for 
the vapour-phase alkylatlon and transalkylatlon of benzene and ethylene 
at 425°C (4). Under these conditions the diffusional constraints would 
probably be much less significant but collapse of the lnterlamellar 
space in Wyoming montmorlllonlte would decrease the activity. 

CONCLUSION 
It is concluded that Wyoming montmorlllonlte clays are effective 

catalysts for the alkylatlon of benzene with propene or ethylene in liquid 
phase reactions to give cumene and ethylbenzene respectively. Under 
these conditions, these catalysts are also effective for transalkylatlon 
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reactions thereby allowing recycle of unwanted polyalkylated products to 
extinction in commercial processes. They are also more effective than 
zeolite catalysts in these liquid phase reactions. 
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ABSTRACT 
The catalytic properties of zeolites Y, stabilized under self-

steaming conditions, were studied in the reactions of the dimethyl 
ether decomposition -to hydrocarbons and of the toluene disproportiona-

2+ tion. It has been found that Cu cations introduced into the lattice 
of a stabilized, partially decationized zeolite enhance the zeolite 

2+ 
activity in both the reactions. The favourable effect of the Cu ca-
tions is mainly due to their easy reducibility leading to additional 
acidity. The Bronsted acidity form substantially increases the cata-
lyst activity, while the Lewis form decreases the activity. 
INTRODUCTION 

Stabilized forms of decationized zeolites of the Y type exhibit 
some properties that differ from those of nonstabilized decationized 
zeolites /1-5/. The main advantages of stabilized samples involve the 
material stability in the processes of activation and regeneration 
at high temperatures. An interesting, property, which is important 
for catalysis, is the localization of exchangeable cations in the 
large cavities in the crystal structure of these zeolites /4,5/. 
The possibilities in the use of these zeolites as catalysts in various 
processes have only rarely been described. 

In the present paper, the catalytic conversion of dimethyl 
ether and the catalytic disproportionation of toluene were studied 
on H- and Cu-forms of stabilized zeolites Y. This study was stimula-
ted by the fact that Cun+ cations exert positive effects on the acti-
vity of zeolitic catalysts in many reactions involving carbonium ions 
/6,7/. 
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EXPERIMENTAL 
A series of decationized zeolites NH^Na-Y with varying degree 

of the Na+ exchange for NH* (15-80%) was studiëd. The materials were 
subjected to a stabilizing process in the form of powders, in a rota-
ry quartz furnace. The ammonium zeolite form was decomposed in a clo-
sed system with a water vapour pressure of ca. 1.8 kPa (13 torr) , by 
increasing the temperature up to 570°C at a rate of 4 degrees per 
minute. The H,Na-Y zeolite thus obtained and stabilized under hydro-

2+ 
thermal conditions was further converted into the Cu form in 
a CuSO^ solution. The samples were washed, dried and their crystal-
Unity was checked by argon adsorption, IR spectra and x-ray diffrac-
tion. 

The state of the Cu cations in the zeolite was followed using 
the IR spectra of adsorbed CO and by photoelectron spectroscopy. The 
IR spectra were measured on a Nicolet MX-1 interferometer, using 2 
sample pellets 10-15 mg/cm thick, in the transparent arrangement. 
The main characteristics of the samples are given in Table 1. 

Tab. 1: Characteristics of zeolites Y 

Zeolite Chemical ccmpsition of original zeolite mole Sorption capacity ,Ar 
itmol/g 

IP Symbol Na20 nh4 2o cuo ai2o3 Si02 Unstabi-
lized 
in vac. 
350 ° 

Stabilized 

1 NaY 0,94 - 1 5,4 10,4 -

2 NH4Y-15 0,78 0,14 1 5,9 10,6 9,9 
3 NH4Y-37 0,61 0,35 1 5,8 11,1 10,1 
4 'NH4Y-53 0,42 0,55 1 4,6 11,6 9,5 
5 NH4Y-62 0,31 0,61 1 4,3 11,3 10,7 
6 NH.Y-77 

1/ 7 Cu,HY-St 
0,18 
0,19 

0,75 
_2/ 0,11 1 

4,3 
4,5 

11,1 10,5 
9,1 

8 CUjHY-St1/ 0,1« _3/ 0,17 1 4,6 - 9,1 

1/ .Sample prepared from the stabilized sample No 5 
2/ 0,35 H20 structural OH groups 
3/ 0,49 H20 dtto 

The catalytic tests were carried out in flow-through apparatus 
at atmospheric pressure. Dimethyl ether was injected in a mixture 
with nitrogen. The products of its conversion were analyzed chromato-
graphically on a column packed with Carbopack-C (Supelco) with 0.02% 
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picric acid /8/. Chromosorb P with 10% polydiethyleneglycol succinate 
78°, helium was used in the analysis of the products of toluene 

disproportionation. The composition of the isomers of aromatic hydro-
carbons was determined on a chromatographic column packed with Benton 
245 with a paraffin oil /9/. 

The catalysts were activated for 8 hours in a stream of dry ni-
trogen at 350°C prior to the reaction of dimethyl ether (dme). Before 
the disproportionation reaction of toluene, the samples were activa-
ted for 5 hours at 500 °C in the air stream. The toluene dispropor-
tionation was studied without the use of a carrier gas. 

RESULTS AND DISCUSSION 
1. Conversion of Dimethyl Ether into Hydrocarbons 

The dimethyl ether conversion was studied at 300°C and 
WHSV = 1.2 h-"*" on a number of NH^,Na-Y zeolites with various NH^ con-
tents, in nonstabilized form (the ammonium form was decomposed at 
350°C in a stream of dry nitrogen) and in stabilized form (decomposi-
tion under hydrothermal conditions, 570°c).The DME conversion' yielded 
ca. 45-55% of the C^ - C^ aliphatic hydrocarbons; the main reaction 
products included ethylene and propylene, and saturated hydrocarbons, 
isobutane, isopentane and n-butane. The time course of the reaction 
and the composition of the products were analogous to those corre-
sponding to the methanol decomposition on HY zeolites /10/. The cata-
lyst activity is strongly affected by the presence of Bronsted acidic 
sites. These sites are more acidic in nonstabilized H,Na-Y zeolites 
than in stabilized zeolites /2,3,11/. In agreement with these facts, 
a lower DME conversion was found on stabilized zeolites see Fig. 1 . 
For example, a H,Na-Y St catalyst with a 15% decationization is inac-
tive at 300°C, whereas its nonstabilized form with the same degree of 
decationization exhibits a 50% conversion of DME into hydrocarbons. 

2+ 
The positive effect of Cu cations introduced by ion exchange into 
the stabilized form, H,Na-Y St, with a 70% decationization, is ma:.i-
fisted by a substantial increase in the catalyst activity: the conver-
sion reaches 90% and the selectivity remains unchanged /12/. 

It should be pointed out that H,Na-Y St zeolites lose their acti-
vity much faster than nonstabilized zeolites or stabilized zeolites 
containing copper cations, apparently because of rapid coking. As all 
stabilized zeolites contain extra-lattice, nontetrahedrally bonded 
aluminium that was released from the lattice T-positions during the 
stabilizing process /13,14/, it can be assumed that this form of alu-
minium is responsible for the intense formation of polyaromatics and 



Fig. 1: Dependence of the conversion 
K of DME 30 min on the decatio-
nization degree at 300°C 
O . . . nonstabilized Y zeolites 

activated at 350°C 
nonstabilized Y zeolites 
dehvdroxylated at 500°C 

• ... stabilized Y 
•... Cu, H-Y St,(sample 7) 

coke and that it hastens the loss af activity of these catalysts /15/. 
The presence of these A1 species is probably not the only cause of 
zeolite deactivation, but it is known that these forms of aluminium, 
which have the cl^racter of a "Lewis acid, strongly catalyze the oligo-
marization of ethylene, propylene and other unsaturated compounds /2, 
3/. It cannost be excluded that the favourable effect of copper cati-
ons is related not only to the formation of additional Bronsted acidi-

but also to the displacement of 

%H> 100 

2+ + 
ty after the reduction of Cu to Cu , 
a certain small fraction of readily exchangeable cationic forms of 
aluminium Al^+, AlO+ that also exhibit the highest Lewis acidity /16/. 
These readily exchangeable Al species may affect the reaction in the 
large cavities of a faujasite, while a substantial part of nontetra-
hedrally bonded aluminium remains in the lattice apparently in the so-
dalite units or in the form of associates eith a low Lewis electron-
acceptor strength /16.17/. 
2. Toluene disproportionation 

A decationized, stabilized H,Na-Y St zeolite and a Cu,H-Y St 
zeolite prepared from the former were studied in this reaction at 
various temperatures see Table 2 and with various methods of activa-
tion Table 3. A certain period, during which the activity increased, 
was observed with both the catalysts. The time after which a maximum 
toluene conversion and the maximum degree of disproportionation were 
attained the pertinent values are given in Tables 2 and 3 depended 
on the zeolite composition and the reaction temperature. This time 
was usually 2 to 4 hours and decreased at higher reaction temperatu-
res. This phenomenon is apparently connected with the kinetic proper-
ties of the process, adsorption-desorption factors and with the effect 
of the reaction mixture on the formation of catalytically active 
sites. Toluene demethylation also occured to a very small extent under 
the reaction conditions and was observable at higher reaction tempe-
ratures. 



Tab. 2: Results of toluene disproportionation on stabilized Y zeolites 
LHSV =1,2 h"1 

Conver- Dispro-
Q sion of portio-

T, C toluene nation 
% degree % 

Products w.% fron the injected 
toluene 

Composition of the CqH. 
fraction % 

Composition of ethyl-
toluenes % 

Benzene xylenes ethyl̂  
toluenes 

trime-
thylben- o-xy- m-xy- p-xy- ethyl- o-
zene lene lene lene benzene 

m-

Zeolite H,Na-Y 62 St 

350 1,15 0,5 0,28 0,17 0,02 0,05 15 34 40 11 - - -

400 7,1 5,85 2,6 3,06 0,17 0,07 16 48 35 1 11 62 27 
450 24,4 20,6 10,4 10,6 0,22 0,74 21 51 26,8 1,2 14 59 27 

Zeolite Cu,H-Y 62 St (sample 8) 

350 15,0 13,2 5,76 6,81 0,16 0,44 19,0 52 29 traces 24 41 35 
400 25,0 21,0 . 11,8 10,6 0,15 0,96 20 52,5 27 , 0,5 15 60 25 
450 20,0 12,4 9,4 6,5 0,1 0,4 19 52 29 - 5 55 40 



Tab. 3: Influence et the treatment on the catalytic properties of Cu,H-Y St /8/ zeolite 
in the reaction of toluene disproportionation 

Temperature of reaction t = 350°C LHSV s 1,2 h_1 

Product in w. % from the Composition et the Composition of 
injected toluene C3H10 fraction % ethyltoluenes 

Sanp- Conditions of Toluene Dispro- — 
le the sample oonver- portio- ben- xyle- ethyl- trime- o-xy- m-xy- p-xy- ethyl- o- m- p-
No. treatment sion nation zene nes tolue- thyl- lene lene lene benze-

% degree nes benze- ne 
% nes 

1 Air, 500°C, 5h 15,0 13,2 6,73 6,81 0,16 0,44 19 52 29 traces 24 41 35 
2 Air, 500°C, 5h 

and 
CO, 400°C 5h 11,1 10,1 5,01 5,35 0,12 0,22 17 49 34 - 15 50 35 

3 Treatment of sample 
No 2 after experiment 
Air, 500°C, 5h 10,8 10,2 4,9 5,45 0,14 0,18 17 52 31 - 13 55 35 

4 Air, 500°C, 5h 
and 

H^ 400°C, 5h 25,0 23,5 10,0 10,9 0,83 1,18 18 50,6 27 4,4 14 58 28 
5 Treatment of 

the sample No 4 
Air, 500°C, 5h 16,6 14,2 7,0 7,25 0,2 0,5 18 53 28,5 0,5 20 56 24 



The fact that ethyltoluenes were formed with both catalysts in 
addition to sylenes, trimethylbenzenes and benzene is worth attention. 
This indicates the formation of carbene-type intermediates in the sys-
tem, whose interaction with the CH3 groups from xylenes produces 
ethyltoluenes. The possibility of the formation of ethylene by recom-
bination of carbenes followed by alkylation of toluene cannot be ex-
cluded, although it seems that this recombination is less probable 
than the direct interaction /18/. These considerations are in agree-
ment with the fact that the CL - C4 hydrocarbons were found dissolved 
in the liquid reaction product. 

After treatment of the Cu,H-Y St zeolite with carbon monoxide 
400°C, 5 h the zeolite activity decreased by 25%, but the original 

value was not attained on reoxidation. On the other hand, the catalyst 
reduction by hydrogen 400°C, 5 h increased the conversion by 70%. 
The conversion attained the original value on reoxidation. It seems 
that copper cations have a direct effect on the formation of the zeo-
lite active sites in this reaction. 

As can be seen from the above results, the Cu,H-Y St zeolite is 
more active in the two reactions than the corresponding decationized 
stabilized zeolite. The increase in the activity is apparently caused 
by the formation of additional protonic acidity due to the reduction 

2+ + of Cu cations to Cu by hydrogen that is often present in trace 
amounts in the reaction products. In this way OH groups are formed in 
the zeolite structure, whose protonic acidity is higher than that of 
the OH groups in the stabilized H,Na-Y St zeolite from which the 
Cu,H-Y St zeolite was prepared. The relatively small amount of protons 
formed in the Cu,N-Y St zeolite can considerably increase the catalyst 
activity, if the steep dependence of the (cH3)20 conversion on the 
degree of decationization Fig. 1. is taken into consideration. 

The infrared spectra of a reduced zeolite given in Fig. 2 confirm 
certain changes in the spectrum of OH groups after treatment with hy-
drogen at 400°C. It can be seen that a higher reduction temperature 
leads to partial dehydfOXylation of the sample, which is apparently 
also the reason of a mild decrease in the toluene conversion at a tem-
perature of 450°C see Table 2, Cu,H-Y St zeolite . It can also be seen 
from the spectra of adsorbed carbon monoxide given in Fig. 3 that an 
intense band appears at 2140 cm-1 after the reduction with hydrogen; 
the band is characteristic of the Cu+... CO complex. On the other harid, 
a zeolite treated with oxygen exhibits an intense band at 2160 cm-1. 
Easy reducibility self-reducibility of copper ions is well known and 
has also been confirmed in our zeolites by photoelectronic spectra. 
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Fig. 2. Infrared spectra of Cu,H-YSt 
sample 8 in OH stretching region: 
1.. Activated in vacuo 350 , 8h 
2.. Reduced with H2, 3 50° 8h, vac.lh 
3.. Reduced with H2, 600° 8h, 

vac. 350°, lh 

2200 2000 2200 2000 
v cm1 V tin1 

Fig. 3. Infrared spectra of adsorbed carbon monoxide on Cu,H-YSt 
(sample 8). 
A. Sample treated with oxygen, pQ = 2 Torr, 45C°C, 8h 

in vacuo at 350° lh - adsorption of CO, p C Q = 1 Torr. 
B. Sample treated with hvdrogen at 450°C, 4h, p„ =250 Torr Hi 

CO adsorption: 1.. p = 0,1 Torr, 2.. p = t Torr 
-2 u -4 CO desorption: 3.. p = 4.10 ' Torr, 4.. p = 10 Torr. 
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2+ + It should be pointed out that Cu was reduced to Cu very readily in 
the stabilized forms; at higher temperatures e.g. during the activa-
tion in vacuo at 350°C or at higher temperatures the presence of Cu2+ 

could not be detected using shake-up satellite lines /20/. During the 
reduction with hydrogen, only the Cu 2—Cu + reduction was observed, 
but not the reduction to metallic copper. This reduction process was 
monitored by photoelectron spectroscopy and by the IR spectra of adsor-
bed carbon monoxide at 25 °C; absorption bands at 2140, 2160 and, at a 
CO pressure above 25 Torr (3 kPa), also a band at 2180 cm 1 were only 
found. These bands correspond to valence vibrations of CO in the co-
ordination sphere of copper cations. No absorption band characteristic 
of CO adsorbed on copper metal Cu° /21/ or of Cu carbonyls /22/ and 
located at lower wavenumbers was found with the studied zeolites. 

The positive effect of Cun+ cations need not be caused only by 
the formation of additional protonic acidity during the reduction, but 
may also be connected with coordination unsaturation of these cations. 
These coordination-unsaturated sites can ensure, together with the 
existence of protons in the lattice, the optimal configuration of the 
active sites on which active complexes can be formed that take part 
in the alkylation of the aromatic ring, isomerization and disproportio-
nation /23/. 
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ABSTRACT 
Similar LaY zeolite catalyzed xylene isomerization rates are obtained 

whether a pure xylene reactant or a mixture of a xylene isomer with either 
ethylbenzene or toluene is used. TrimethyIbenzenes formed from xylene 
disproportionation are kinetically controlled products that conform to a 
selectivity determined by the ortho-para directing influence of alkyl 
substituents. Ethyl containing aromatic disproportionation products, formed 
in nearly equal concentrations and in parallel with trimethylbenzenes, are 
present in a nearly equilibrium distribution even at low conversions. In 
these studies, it appears that shape selectivity and diffusion play a dominant 
role in determining the product distribution for ethyl containing alkyl 
aromatics. 

INTRODUCTION 
Kinetics for the isomerization, and in some cases disproportionation, of 

xylenes have been obtained for a variety of catalysts [1-6]. In most of the 
studies, it was concluded that isomerization followed a series of 1,2 methyl 
shifts. However, other isomerization mechanisms have been reported [7]. In 
general, the relative rate constants departed from those expected for a series 
reaction and approached those expected for a coupled reaction system (in 
effect, both 1,2- and 1,3- methyl shifts are allowed) as catalyst pore size 
decreased until, with the intermediate pore size zeolite HZSM-5, pore 
diffusion caused all relative rate constants to approach one [5]. 

Methyl groups direct ortho-para for electrophilic substitution. Hence, 
this rule permits a prediction of the initial aromatic products that result 
from disproportionation. For ortho-xylene the allowed substitution products 
are 1,2,3-trimethylbenzene and 1,2,4-trimethylbenzene but the 
1,3,5-trimethylbenzene isomer is not allowed. With aluminum chloride [1] and 
LaY [4] catalysts it appears that this rule is obeyed. It also appears to 
apply for trimethylbenzene disproportionation with a LaY catalyst [4]. Little 
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attention has been paid to the mechanism for disproportionation of aromatics 
with alkyl groups larger than methyl. This study examines disproportionations 
where the larger side, present in chain ethylbenzene, may undergo 
transalkylation reactions. 

EXPERIMENTAL 
Catalyst Used. A sodium Y zeolite was multiply exchanged with lanthanum 

nitrate solutions [4]. The exchanged material was calcined in air at 873°K 
prior to use. The catalyst particles were very uniform in size and were 
approximately 80-120 microns in diameter. 

Conversion and Analytical Procedures. Conversions were effected in a plug 
flow reactor containing one gram of catalyst. The catalyst was activated at 
775°K prior to use. Reactant, without diluent, was passed over the catalyst 
at 623°K and lOlkPa. The reaction mixture, unless otherwise noted, 
contained equal molar quantities of each reactant. Samples were collected at 
intervals and these were analyzed by g.c. using either a DB-5 or 
Bentone/dissodecylphthalate column to obtain conversion and product 
compositions [4]. 

Normalized xylene product data are plotted in figure 1 for the three 
xylene plus ethylbenzene reaction mixtures. Also included in figure 1 are 
lines representing earlier data [4] for the isomerization of the pure 
xylenes. Isomerization data obtained for three xylene plus toluene mixtures 
are similar to that shown in figure 1 except that the agreement between 
reference 4 data and the data from the present study is not as good. The 
experimentally determined straight line intercept in figure 1 corresponds to 

Fig. 1. Wei-Prater plot for xylene products from the conversion of ethyl-
benzene and xylene mixtures (solid lines from ref. 4). 

RESULTS 
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0.53 fraction of ortho-xylene; this compares to 0.54 (reference 4) and 0.50 
(reference 8) for isomerization of pure xylenes. The intercept was the same 
whether toluene or ethylbenzene was mixed with xylene. The relative rate 
constants calculated for the pure reactants with A.1C13> LaY and HZSH-5 are 
presented in Table 1 along with those obtained with the mixed reactants used 
in the present study. The relative rate constants obtained for the 
ethylbenzene/xylene reaction mixture using a LaY catalyst are similar to those 
obtained earlier with the pure xylene reactants using another portion of the 
same LaY catalyst batch. The constants calculated for xylene plus toluene 
mixtures are somewhat less indicative of a series isomerization mechanism than 
when ethylbenzene was used as the diluent. 

Table 1 
WEI-PRAJH RELATIVE RATE CONSTANTS HSZM-5 AICI3 

This Study 
Pure Pure Pure 

Xylene +• Xylene + Xylene Xylene Xylene [1] 
Rate Constants Ethylbenzene Toluene [4] [51 60°C 
Ortho Meta, k 2 x 9.50 5.39 10.9 2.13 2.H105) 

Meta Ortho 4.18 2.35 4.79 1.12 5.8Q04) 

ParaMeta, k23 8.80 4.95 8.08 2.58 2.8(105) 
Meta Para, kß 2 3.93 2.21 3.61 0.84 9.4(104) 
ParaOrtho ,k^3 1.0 1.0 1.0 1.0 1.0 
OrthoPara,k31 1.02 1.02 1.02 1.14 1.2 

Ethylbenzene disproportionates to form equal molar amounts of 
diethylbenzene and benzene. A plot of benzene versus diethylbenzene show that 
the experimental data fit rather well the straight expected for 
disproportionation. The normalized diethylbenzene product compisition 
(figure 2) is constant for a wide range of ethylbenzene conversions. Toluene 
can disproportionate to form xylene and benzene. At low conversions, xylene 
formation appears to be controlled by ortho-para directing effects. With 
increasing toluene conversion the xylenes approach an equilibrium mixture and 
attain this equilibrium value when about 30% toluene has been converted. 

Normalized diethylbenzene distributions for the conversion of an 
ethylbenzene ortho-xylene mixture are shown in figure 3. The products 
resemble those obtained for the conversion of ethylbenzene alone except that 
slightly less of the meta and para isomers, and more of the ortho isomer, are 
formed. With ortho-xylene present, the equilibrium composition [9] is 
obtained whereas the one obtained with ethylbenzene alone has more of the meta 
isomer and less of the ortho isomer than an equilibrium mixture. Similar 
diethylbenzene distributions were obtained if either meta-xylene or 
para-xylene was substituted for ortho-xylene in the reaction mixture. 
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20 40 60 
Ethylbenzene Conversion, Mole % Ethylbenzene Conversion. Mole % 

Fig. 2 (left). Disproportionation products from ethylbenzene conversion. 
Fig. 3 (right). Diethylbenzenes formed from ortho-xylene/ethylbenzene conversion. 

Xylene plus ethylbenzene can disproportionate by two reaction pathways: 
(1) xylene + ethylbenzene = toluene + ethyltoluenes, and 
(2) xylene + ethylbenzene = benzene + ethyldimethylbenzenes. 

Three isomers of ethyltoluene and six isomers of ethyldimethylbenzene may be 
formed by reactions (1) and (2). Each ethyldimethylbenzene isomer was not 
related to a g.c. peak due to the small amount of these components and to the 
lack of suitable standards. Thus, the relative importance of the above two 
reactions was estimated from the benzene/(benzene plus toluene) fraction; this 
ratio increases with decreasing conversion and it appears that the transfer of 
the ethyl group is favored over that of the methyl group by a factor of 3 to 
4. Both benzene and toluene can be formed by the disproportionation of 
ethylbenzene and xylene, respectively; however, correcting for the 
disproportionation (A in figure 4) leads to a similar conclusion. Comparing 

Conversion Ethylbenzene Conversion Ethylbenzene 

Fig. 4a (left). Fraction of benzene ( • ) and corrected (see text) fraction 
of benzene ( A ) for ortho-xylene/ethylbenzene conversion. 
Fig. 4b (right). Ethyltoluene fraction of C^ aromatics ( A ), and 
ethyltoluene plus diethylbenzene ( • ) . 
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Fig. 5 Trimethylbenzene fraction from para-xylene/ethylbenzene conversion.(left) 
Fig. 6. Trimethylbenzene distribution from meta-xylene/ethyiben zene 
conversion.(right) 

the self-disproportionation (i.e. trimethylbenzene from xylene or 
diethylbenzene from ethylbenzene) to the crossed disproportionation (i.e. 
ethyltoluene) formation shows: (a) that ethylbenzene and xylene undergo 
disproportionation at about the same rate and (b) that crossed dispro-
portionation is favored by a factor of 2 over self-disproportionation as 
expected on a statistical basis for the equal-molar mixture used in this study. 

Disproportionate of xylene to trimethylbenzenes and toluene has been 
shown to proceed in a one-to-one molar ratio to produce a trimethylbenzene 
isomer distribution dictated by the ortho/para directing nature of methyl 
substituents [A]. From methyl group directing effects, it is expected that 
only 1,2,4-trimethylbenzene should result from gara-xylene dispro-
portionation. The trimethylbenzene distribution data obtained with a 
para-xylene plus ethylbenzene mixture (figure 5) show that 1,2,4-tri-
methylbenzene is indeed the predominant product and that its fraction 
increases with decreasing conversion. Both 1,3,5- and 1,2,3-trimethylbenzene 
decrease with decreasing conversion and appear to approach zero at zero 
conversions. The data in figure 6 for meta-xylene plus ethylbenzene 
conversion also agree with the pattern expected for directing effects since 
the 1,3,5-trimethylbenzene fraction decreases with decreasing conversion so 
that the lower conversion products are only the two expected isomers: 1,2,4-
and 1,2,3-trimethylbenzene. The ortho-xylene plus ethylbenzene reaction 
mixture also follows the trend expected for ortho-para directing effects. 
Thus, the selectivity patterns for disproportionation of xylene to 
trimethylbenzenes in the xylene/ethylbenzene mixtures are very similar to the 
ones obtained for pure xylene reactants. 

Two reactions must be considered for disproportionation of a xylene plus 
toluene mixture: 
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(3) xylene ¥ xylene = TMB toluene, and 
and 

(4) xylene +• toluene = TMB + benzene. 
If pathway (4) applies, disproportionation products, trimethylbenzene and 
benzene, will form in equal molar amounts. However, the amount of TMB 
produced is much greater than the amount of benzene (figure 7). Consequently, 
the predominate pathway for trimethylbenzene formation is via xylene-xylene 
disproportionation. 

Figure 8 illustrates the normalized trimethylbenzene isomer distributions 
versus total trimethylbenzenes formed for para-xylene disproportionation in 
the presence of toluene. The data indicate that an equilibrium 
trimethylbenzene mixtures are formed over the entire conversion range. 
Similar results were obtained when ortho-xylene or meta-xylene was substituted 
for the ortho-xylene reactant. 

Disproportionation of ethylbenzene and ortho-xylene produces 
ethyltoluene. From 20% to 70% conversion of ethylbenzene the ethyltoluene 
distribution is essentially constant and contains more than the equilibrium 
concentration of meta-ethyltoluene and less than the equilibrium concentration 
of para-ethyltoluene. It appears that the para isomer concentration increases 
rapidly as the conversion decreases; parallel to this, the concentration of 
both the ortho- and para- isomers decreases with decreasing conversion (figure 
9). The diethylbenzene products, formed along with the ethyltoluenes shown in 
figure 9, are at a nearly equilibrium composition; however, at low 
ethylbenzene conversion the ortho-diethylbenzene fraction is greater, and the 
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Fig. 9. Ethyltoluene products from the conversion of an ortho-xvlene/ 
ethylbenzene mixture.(left) 

Fig. 10. Diethylbenzene from the conversion of ortho-xylene/ethvlbenzene 
mixtures.(right) 

para-diethylbenzene fraction is less, than the equilibrium amount. Similar 
results were obtained if either meta- or para-xylene was substituted for 
ortho-xylene. 

The trimethylbehzenes formed in the samples represented in figure 9 and 10 
resemble those found earlier [4] with the 1,2,3- and 1,2,4 isomers, both 
allowed by methyl directing effects, being the dominant, low conversion 
product (figure 11). 1,3,5-Trimethylbenzene, not allowed by alkyl directing 
effects, approaches a low, or zero, concentration at low conversions. 

An equimolar mixture of toluene and ethylbenzene was also converted over 
the catalyst at 623°K. With these reactants the meta isomer, both diethyl-
benzene and ethylbenzene, was in excess of the equilibrium amount while the 
ortho isomer was lower than the equilibrium amount (figure 12). 
DISCUSSION 

The relative isomerization rates of xylene are essentially the same 
whether the reactant is a pure xylene or a xylene isomer in a mixture with 
ethylbenzene or toluene. This result suggests that the predominant xylene 
isomerization pathway with LaY is not by a disproportionation mechanism as has 
been proposed by some [7]. Rather, the isomerization occurs by a series of 
1,2 methyl shifts. 

Disproportionation is complex. With xylene reactants initial, primary 
disproportionation products include only those trimethylbenzene isomers that 
are allowed by alkyl ortho-para directing influences. Also, rate constants 
for trimethylbenzene isomerization with LaY are very similar to those for 
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Fig. 11. Trimethylbenzenes formed during the conversion of an ortho-xvlene/ 
ethylbenzene mixture.(left) 

Fig. 12. Ethyltoluene and diethylbenzene product distribution from the 
conversion of a toluene/ethylbenzene mixture.(right) 

xylene [10]. This is the case whether ethylbenzene is present or not. 
However, for ethyl containing disproportionation products, diffusion as well 
as chemical selectivity both appear to play a role in determining reaction 
products. 

Kaeding and co-workers [11] show that shape selectivity will favor the 
isomer with the minimum dimension with intermediate pore size zeolites such as 
HZSM-5. With ethyltoluene and diethylbenzene, the para isomer has the 
smallest minimum dimension, followed by the meta and then the ortho isomer. 
In our study, the products show evidence for a small degree of shape 
selectivity. In addition, diffusion of ethyl containing products appears to 
be considerably slower than for trimethylbenzene products. Thus, initial 
trimethylbenzene distributions are clearly controlled by chemical selectivity 
and are far removed from the equilibrium values Whereas ethyltoluenes or 
diethylbenzene isomers are produced, in the bulk liquid, in nearly equilibrium 
concentrations even at low conversions. This is true even though 
trimethylbenzene and ethyl containing disproportionation products are formed 
in nearly equal amounts in the catalyst pores. To learn the extent that 
ortho-para directing effects influence the disproportionation products for the 
transfer of ethyl or longer carbon-chain substituents will require the use of 
much smaller size zeolite catalyst particles than employed in the present 
study on the use a catalyst with pores much larger than those present in this 
LaY catalyst. 
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CORRELATIONS BETWEEN THE ACIDITY AND CATALYTIC PROPERTIES OF H,Na-MOR 

D.Kallo, I.Bankos, J.Papp 
Central Research Institute for Chemistry of the Hungarian Academy of 
Sciences, H-1525 Budapest, P.O.Box 17 

ABSTRACT 
Acid centres formed by different degrees of decationization 

have been characterized by the adsorption heat of ammonia and by I.R. 
spectroscopy. We have established that H,Na-MOR shows a broad acid 
strength distribution with distinct steps representing different acid 
strengths. The active sites for m-xylene disproportionation and iso-̂ -
merization can be attributed to centres having adsorption heats for 
ammonia above 150 kJ/mol, and 120-150 kJ/mol, resp. The disproportio-
nation centres are formed at higher degrees of decationization, 

INTRODUCTION 
Both isomerrzation and disproportionation of xylenes take place 

on acid sites of zeolite catalysts. The ratio of the two transforma-
tions i.e. the selectivity depends on the reaction conditions, and on 
the type and pretreatment of the catalyst [J , 21. Therefore, different 
mechanisms have been suggested for the monomolecular isomerization 
and for the bimolecular disproportionation, which involve different 
interactions between the acid catalyst and xylene. As a consequence 
of this difference the selectivity can be expected to be influenced 
by the strength and the number of acid sites. In addition, steric 
factors may play an important role in the case of zeolites having pore 
sizes commensurable with the molecular dimensions of xylenes [2]. 

The correlation between the catalytic properties and the degree 
of decationization has been widely investigated for H,Na-0f>FAU Ql ]. 
It has been found that active sites of different activities were 
formed at lower and at higher degrees of decationization C3, 4]. Sim-
ilar conclusions have been drawn for H,Na-M0R Q5-7] but without any 
detailed correlation with the acidity. 

As it is well known acid sites can be studied conveniently by 
I.R. spectroscopy [81. The method provides with very important inform 
mations on the nature of acid centres, but the quantitative evalua-
tion of the results in rather troublesome. The strength and the number 
of acid sites can also be determined by titration, the conditions of 
which differ, however, essentially from those of catalytic reactions. 
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WAVENUMBER (cm*1 ) 

Fig. 1. Infrared spectra of NH^,Na-M0R samples 
after evacuation at 823 K for 5 hours. 1.: M-33; 
2.: M-46; 3.: M-83; 4.: M-98. 

The measurement of the adsorption heat of bases like ammonia seems more 
promising [9, JO]. The microcalorimetric determination of differential 
adsorption heat of small doses of ammonia affords to obtain the acid 
strength distribution of the sites on the catalyst sample. 

The aim of the present work was to determine the nature and the 
acid strengths distribution of active sites in H,Na-MOR, and to cor-
relate them with the catalytic activities for xylene isomerization and 
disproportionation. 

EXPERIMENTAL 

Preparation of catalysts 
H,Na-M0R samples were prepared from Na-MOR (Zeolon 100, Norton 

Co., USA) by ion-exchange for ammonium to different degrees in the 
usual way. Samples of 33, 46, 83 and 98 per cent degree of ion-exchange 
were produced (M-33, M-46, M-83, M-98). Thereafter they were pelletized 
without binder. Activation was carried out in the reactor at 823 K for 



WAVENUMBER (cm*1 ) 

Fig. 2. Infrared spectra of M-98 sample. 
1.: after pretreatment at 773 K for 5 hours; 
2.: after pyridin adsorbed on the sample at 
room temperature, at a pressure of 2.66 kPa. 

8 hours in a flow of hydrogen. 

Catalytic measurements 
Transformations of m-xylene were determined in an integral flow 

reactor at 573 K, at space velocities between 2.5 and 13 hour \ at 
0.5 MPa hydrocarbon pressure and 1.5 MPa hydrogen pressure. Gaseous 
and liquid products were analyzed with a JEOL 810 gas chromatograph. 

1.R. measurements 
I.R. measurements were performed in a Perkin Elmer 577 spectro-

photometer in the range of 1000-4000 cm ^. The samples were pressed 
2 without binder in wafers of a thickness around 10 mg/cm . 

Calorimetric investigations 
Differential adsorption heat was measured in a Calvet calori-
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Fig. 3. Infrared spectra of NH^,Na-MOR samples 
after evacuation at different temperatures for 5 
hours, 1., 2., 3.: at 623, 573, 473 K for the 
sample M-33; 4., 5., 6.: at 723, 673, 573 K for the 
sample M-46; 7., 8., 9.: at 773, 723, 673 K for the 
the sample M-83; 10, 11, 12.: at 823, 773, 673 
for the sample M-98. 

meter connected to a volumetric adsorption apparatus. Before adsorp-
tion samples were pretreated at 753 K for 40 hours at 10-^ Pa. Calori-
metric measurements were carried out by admitting small doses of ammonia 
at 573 K. The details of the method are described in [J J]. 

RESULTS AND DISCUSSION 
I.R. spectra in Fig. 1 show the intensity changes of acidic OH 

bands for samples of different degree of decationization. It is strik-
ing that practically no OH groups are detectable on the sample having 
been exchanged for ammonium up to 33 per cent. Dehydroxylation should 
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accompany the total deammoniation being very pronounced in the case of 
low degree of decationization. Dehydroxylation has been traced also for 
the deeply exchanged sample M-98. Since dehydroxylation results in the 
formation of Lewis acid sites [12] which can be easily detected by the 
appearance of the typical absorption bands of pyridin bound to these 
sites, the pyridin adsorption on sample M-98 pretreated at 773 K was 
studied by I.R. spectroscopy (Fig. 2). Pyridin adsorption both on 
Br6nsted and on Lewis acid sites can be observed. The presence of Lewis 
acid sites indicates a significant dehydroxylation Similar measurements 
were carried out with sample M-33 after pretreatments at 623 and 823 K. 
Even at 623 K dehydroxylation was detectable, and the ratio of Lewis 
and Bronsted acid sites was as high 27.7 after a pretreatment at 823 K. 
This ratio after a pretreatment at 823 K was 3.7 for sample M-98. 

It is to be remarked that pyridin adsorption does not result in 
the total disappearance of acidic OH vibration band (cf. spectra 1 and 
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2 in Fig. 2 in the range of 2800-4000 cm-1), which may indicate that a 
considerable fraction of BrSnsted sites is not accessible for pyridin 
and neither it is for xylene. 

The changes of deammoniation of samples M-33, -46, -83, -96 ari 
illustrated in Fig. 3. The intensities of the bands in the range of am' 
monium deformation vibrations show that the higher the NH^-ion exchan< 
degree is the higher temperature is needed for the decomposition of th< 
ammonium form under the given conditions. Acid sites of different 
strength can be concluded: increasing the degree of ion-exchange ammo-
nium occupies stronger acidic sites. 

A quantitative correlation between the strength and the number 
of acid sites can be established by the determination of differential 
adsorption heat of ammonia as a function of the adsorbed amount of am-
monia for samples of different decationization degree (Fig. 4). In thii 
way all the-uncertainities of non-isothermic determination of isosteric 
adsorption heat can be avoided; i.e. on changing the temperature the 
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Fig. 6. initial of i^oiueriz^tton Co) and 
disproportionation Cx) as a function of the ion-r 
exchange degree. Reaction conditions are the same 
as in Fig. 5B. 

acid sites can be modified consequently the adsorption heat can change. 
The curves in Fig. 4 show that the differential adsorption heat 

decreases with the coverage. 
Being the adsorption heat of ammonia on Na-zeolites around 90 

kJ/mol [11], the amount of ammonia bound with a higher energy has to 
be considered as chemisorbed on decationized sites. 

A heterogeneous acid site distribution can be evidenced from the 
curves in Fig. 4. They are significantly different for the different 
decationized samples: the lower the degree of decationization by far 
less the number of stronger acid sites. Well-defined steps at the 
same heights are often observed on different curves reflecting the 
existence of distinctly different acid sites. 
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We tried to find correlation between the acidity and the activ-
ity for m-xylene isomerization and disproportionation. Isomerization 
and disproportionation conversions measured under identical condi-
tions are plotted against the degree of ammonium ion-exchange (Fig. 
5.B). As it has been mentioned the two transformation proceed on 
centres of different acid strength. We looked for acid sites of dif-
ferent strength having a number which shows a similar function of the 
ammonium ion-exchange as the activities. 

The number of acid sites characterized by ammonia adsorption 
heats between 120 and 150 kJ/mol seems to change similarly with the 
ammonium ion-exchange (Fig. 5A) as the isomerization conversion, and 
the number of sites above 150 kJ/mol shows a similar curve (Fig. 5A) 
as the disproportionation conversion. 

If the degree of ammonium ion-exchange is 33 %,.no catalytic 
activities are observable, and the numbers of the corresponding active 
sites are practically zero. 

More accurate and more reliable correlation can be established 
between the activities and acidities when the initial rates of isomer! 
zation and disproportionation are plotted against the number of the 
above active sites (Fig. 6). 

The linear correlation substantiates the existence of distinct 
active sites responsible for the two transformations. The sections 
on the abscissa correspond either to the active sites accessible for 
amnonJa but not for xylene (cf. pyridin adsorption in Fig. 2) or to 
the dehydroxylation which may be suppressed during the low tempera-
ture long time pretreatment for calorimetric measurements but takes 
place to some extent during the activation in the reactor. 

These recognitions permit to prepare a decationized mordenite 
catalyst of high isomerization selectivity and of satisfactory 
activity: acid sites with more than 150 kJ/mol ammonia adsorption 
heat must hot be formed. This can be attained by partial decatena-
tion and/or partial poisoning. 
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CONVERSION OF ALKYLAROMATICS ON HIGH-SILICA MORDENITES 

V. Mavrodinova, Ch. Minchev, L. Kozova, V. Penchev 
Institute of Organic Chemistry, Bulgarian Academy of Sciences, 
Sofia 1040, Bulgaria 

ABSTRACT 
Comparison is made on the acidity and catalytic behaviours during 
toluene and o-xylene conversion on silica-rich mordenites with 
close chemical compositions obtained by direct synthesis or by 
dealumination with HC1 and EDTA. The samples acidity is studied 
by the TPD of NH^. The catalytic activity is measured in a flow 
reactor at temperatures between 453 and 513K and atmospheric presure 
in presence of H2 or Ar as carrier gases. It is found, that samples 
obtained by direct synthesis possess a higher disproportionation 
activity and are deactivated much more rapidly than the modernites 
dealuminated with HC1 and EDTA. On the basis of the results obtained 
some differences and peculiarities in the catalytic action of the 
mordenite samples with nearly the same chemical composition, prepa-
red in various ways were interpreted. 

INTRODUCTION 
The discovery of the new class of high-silica zeolites of the ZSM-5 
type have rekindled the interest in the silica-rich mordenites too. 
The catalytic activity of these mordenites can be influenced by 
varying the 8102^120^ ratio over a very large interval using dealu-
mination with mineral acids or chelating agent /1/. Another possibi-
lity to reduce the aluminium content is the direct^synthesis, vary-
ing the composition of the initial gel /2, 3/. Thus, silica-rich 
mordenites appear to be a suitable model system for studying the 
effect of the preparation method on the catalytic performance of zeo-
lites with equal crystalline structures. The increasing interest 
in these systems is also due to recent data concerning the differen-
ces in A1 distribution in the zeolite crystal depending on the prepa-
ration conditions /4, 5/. In other words, high silica mordenites 
present a possibility to investigate the effect of both the content 
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and the distribution of aluminium on its properties. In the litera-
ture there are no comperative data on the catalytic behaviour of 
silica-rich mordenites prepared by direct synthesis and by dealu-
mination excepting the data from the systematic studies of 
Minachev et al. on o-xylene conversion /5/ and ethylene aromati-
2ation /2/. 
The catalytic action of the H-forms of mordenites with close chemi-
cal composition synthesized in different ways are compared in the 
present paper with respect to the conversion of toluene and 
o-xylene. The sample used had a SiOj/AljO^ ratio ranging from 11 to 
18, achieved by direct synthesis (designated as MS) and dealumina-
tion of NaM with HC1 and EDTA (MD). Special attention was paid to 
the disproportionatiftn reaction since it is assumed to be especial-
ly sensitive to zeolite treatments which modify the acid center 
concentration /6/. The acidic properties of the samples were also 
characterized by TPD of ammonia. 

EXPERIMENTAL 
Table 1 Table 1 presents the 
Chemical composition of the catalysts used chemical composition of 

the samples. The Na-
forms of MS were obtain-
ed by direct synthesis 
at 423K in an autoclave 
with stirring /2/. 
MD were prepared from 
NaM with a Si02/Al2C>3 

Samples Si02/Al203 NH3 Mode of 
mol ratio mmol/g preparation 

MS11,7 11,7 -

Direct 
MS15,7 15,7 0,96 Synthesis 
MS18,2 18,2 0,98. 

14,4 - 2,2M HC1 
mi4,7 14,7 1,05 6,0M HC1 
MD17>4 17,4 0,99 6,0M HC1 

3 15,3 - EDTA 
12,1 0,94 EDTA 

ratio of 10 by dealumi-
nation with EDTA or with 
2,2 and 6,0 M HC1 at 
358K /7/. The preparation 
of the H-forms of MS and 
MD (dealuminated with 
EDTA) was achieved by ion 
exchange with 2M NH4C1 
•solution followed by ther-

mal treatment of the ammonium modifications at 723K for 6 h in air. 
The phase purity and the crystallinity of the samples were controlled 
with a DRON-1 diffractometer using CuK^ radiation and electron 
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microscopy /8/. 
The samples acidity was determined by TPD of NH^. The procedure 
employed was described in /9/. The catalytic studies were carried 
out in a flow reactor at atmospheric pressure in presence of H2 
and Ar as carrier gases, the gas: hydrocarbon ratio being 10. 
The temperature varied between 453 and 513K. WHSV of 1,1 h was 
used. 

RESULTS 
Toluene disproportionation 
The H-forms of the mordenite type zeolites are known to possess a 
high acidity and catalytic activity with respect to the conversion 
of alkylaromatic hydrocarbons, but are very rapidly deactivated 
/10, 11/. For this reason, a study of the catalytic performance 
of samples with practically the same chemical composition, 
obtained in different ways required selection of the experimental 
conditions ensuring a correct comparison of their catalytic acti-
vities. The reaction temperatures usually applied to toluene dis-
proportionation proved to be inappropriate in this case due to 
pronounced side reactions. For this reason we used an aproach 
allowing a study of the activity change with the time on stream 
at a gradually increase of temperature up to values at which some 
of the samples showed offset of deactivation (Fig.l). 
Comparison of the data on the catalytic activities of the two 
samples with Si02/Al203 about 18 showed MD to have a lower catalytic 
activity than MS but to be much more stable at temperatures of 
453 - 493K (Fig.l A). A similar situation was observed with MD 
(prepared under mild conditions - with 2,2M HC1) having a 
SiO^AljO^ ratio of about 15 in comparison to MS (Fig.l B). 
To check the validity of what was established above, concerning the 
lower activity of MD than that of MS, we prepared a series of samples 
dealuminated also with EDTA. The results showed that irrespective of 
the way of dealumination all the MD probes had a lower activity and 
a better stability than the MS (with an analogous modulus, (Fig.l B 
and C). In addition, it should be noted that due to the rapid ageing 
of MS samples at higher temperature (513K) the dealuminated materials 
become more active which could cause some misunderstandings. As the 
linear relatioship between lnk-1/T in the Arrhenius plot shows, there 
are no diffusional limitations for all the dealuminated samples 
investigated. Ea ranges from 14 up to 19 Kkal/mol. 
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Fig.l. Toluene conversion over differently prepared 
mordenites with SiC^/A^O^ ratios about: 
A-18, B-15 and C-12 

Another interesting result from the comparison of the catalytic 
action of directly synthesized and dealuminated samples is that MD 
have a considerably higher selectivity with respect to the dispro-
portionation reaction. At higher temperatures the benzene: xylenes 
ratio is about 0,8 - 0,9 for MD whereas with MS it is considerably 
lower (0,6 - 0,7). It indicates a higher degree of dealkylation 
on MS. As far as this result presupposes the presence of more acidic 
centers in MS, it was of interest to compare the acidity of the 
series of samples with close Si02/Al203 ratios. Since the couples of 
mordenites being investigated had nearly the same aluminium contents, 
differences in the total number of acidic centers were not to be 
expected. Indeed, NH^ adsorption at 573K (a temperature at which 
adsorption is assumed to proceed at the strongly acidic centers) 
gave practically the same amounts of ammonia adsorbed on the samples 
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being compared. The shapes of the thermodesorption curves were also 
analogous (Fig.2). The broad maximum at the thermodesorption curves 
observed with MS can be indicative of a larger number of strongly 
acidic centers. 

Fig.2. TPD chromatograms of NH^ adsorbed at 573K 
O-xylene conversion 
It is known that the o-xylene molecule has a more basic character 
and a reactivity considerably exeeding that of toluene. This presup-
poses the proceeding of intensive xylene disproportionation along 
with isomerization on these strongly acidic catalysts. Hence, the 
study of o-xylene conversion allowed checking ones more the differen-
ces found in the disproportionation activities of MS and MD with 
respect to a higher - reactive hydrocarbon. On the other hand, compa-
rison and differentation between the performance of the samples in 
the two competitive reactions: disproportionation and isomerization 
can be made. 
The results indicate a higher o-xylene total conversion in presence 
of MD at temperatures 443-473K, which was found to be close to 
that of MS at 503K. However, comparison of the disproportionation 
and dealkylation activities of MD and MS with Si02/Al203 of about 18 
showed a much larger contribution of these side reaction with 
respect to the total conversion at the very beginning of the experi-
ment in the case of MS than in that of MD (55 and 50% respectively, 
Fig.3 A, 3 B). After the fast decrease in activity during the first 
twenty minutes of the experiment and the much more rapid deactiva-
tion of MS, MD exhibited higher-disproportionation and isomerization 
ability. This is to be illustrated also by the presence of a maximum 
in the curves showing the change in the amount of the isomerization 
products (m- and p- xylenes) for the two samples being compared 
(Fig.3 C). Therefore, it can be stated that the trend to a very fast 
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ageing of MS disguises its considerably higher initial activity. 
In addition, this tendency is more pronounced with MS samples in 
both disproproportionation (Fig.3 A) and isomerization (Fig.3 C). 

Fig.3. Conversion of o-xylene on dealuminated 
MD17 4 and as-synthesized MS^g 2 at 503K 

DISCUSSION 
Comparison of the data obtained during conversion of alkyaromatic 
hydrocarbons at relatively low temperature (where effects of rapid 
deactivation are absent) showed that the directly synthesized 
samples had a higher disproportionation activity but a lower stabi-
lity than the dealuminated ones. A higher activity of MS compared 
to MD with a similar chemical composition was also found in other 
reactions such as C2H4 aromatization /2/ and cracking of n-parafi-
nes /12/. On the other hand, the studies of Minachev et al. /5/ 
Showed a higher total conversion degree of o-xylene on MD. There-
fore, irrespective of the close Si/Al ratio the samples prepared 
by various methods differed in their behaviours. 

344 



It is known that the disproportionation activity of mordenite 
catalysts is directly associated with their Br^nsted acidity /13^15/ 
or rather /14,15/ with the number of the strongly acidic centers 
of this type. Our results of TPD of ammonia at 573K showed nearly 
the same values of the total amount of NH^ adsorbed for the pairs 
of samples with a close silicate modulus (Table 1). However, it is 
difficult to state explicitly that there are different number of 
centers with diverseing strengths. The data in Fig.2 only indicate 
this tendency. Obviously, as Jacobs et al. /16/ suggested, some 
slight differences in the acidity spectrum of samples with close 
compositions cannot be established by TPD of NH3< For the present, 
measurements of the heats of ammonia adsorption /17/ have only per-
mitted to state that there are some differences in acid strength 
distribution in MS (synthesized in the presence of a TEA-cation) 
and MD with an identical Si02/Al203 ratios of 20. However these 
differences alone cannot satisfactorily explaine the effects on the 
catalytic activities observed by us. 
The presence of a gradient in the concenration of the Al atoms and 
hence, of the active centers (depending on the preparation condi-
tions of the samples) may be an additional reason for the different 
performance of the mordenites. On the basis of data from the litera-
ture, dealumination with mineral acids /1, 4, 5/ and EDTA /1, 18/ 
leads to preferential elimination of aluminium from the surface 
layers of the mordenite crystals. In addition, a model proposed by 
us /19/ have shown that the absolute number of aluminium atoms in 
the unit cell of the samples obtained by dealumination is lower than 
that in the corresponding directly synthesized samples with the same 
silicate modulus. As far as the MS studied by us are concerned, 
the XPS data /5/ indicate a uniform distribution of Al in the zeo-
lite crystal. 
Thus it can be assumed that depending on the method of preparation, 
zones with active centers differing in number and strength appear 
in the mordenite crystal. The presence of this microheterogenity 
should affect the catalytic activity especially in cases when the 
reacting molecules and products have sizes comparable with those of 
the mordenite channels. Hence, appropriate variation of the experi-
mental conditions and the kind of substrate used could give additio-
nal information on the existance of such a gradient in the concen-
tration of the active centers. 
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Indeed, our data concerning the distribution of the products of 
xylene disproportionation - toluene and thrimethylbenzenes (TMB) 
confirmed this assumption. At relatively low reaction temperatures 
(443K) in the absence of cracking products, the toluene s TMB molar 
ratio was to be equal to 1. This was actually abserved with the di-
rectly-synthesized samples only. On the contrary, at practically 
identical conversion degrees, this ratio was by about one order of 
magnitude higher for MD and only at 503K it became equal to that 
for MS. A similar increase in the toluene/TMB ratio was found with 
rising the contact time. Only at very low conversion degrees, after 
practically complete deactivation of the MD samples, the toluene : 
TMB ratio approached unity. It should be noted that the above fac-
tors (reaction temperatures, contact time and degree of deactiva-
tion) did not affect the value of the toluene : TMB ratio for the 
MS samples. 
On the basis of the results obtained and the hypotheses suggested 
the different behaviours of MS and MD could be explained as follows. 
The higher concentration of active centers in the pore mouth of 
the MS zeolite facilitates its rapid interaction with the reacting 
molecules and determines the relatively higher initial dispropor-
tionation activity of this sample. As some authors proposed, bimo-
lecular disproportionation needs a pair of nearly situated acid 
sites /13/, which density on the surface of MS probably is greater 
than on MD. 
The faster deactivation compared to that of MD is an additional 
evidence of the prevailing participation of centers localized near 
the surface and of the relatively quick blocking of the access to 
the interior sites. A similar explanation of the effect of the acid 
center dencity on the stability of the catalytic activity can be 
found in the literature for highly dealuminated zeolites /18, 20/. 
With dealuminated samples disproportionation probably proceeds at a 
larger depth of the mordenite crystal due to the selective denuding 
of the surface layers and pore mouth sites in the process of dealu-
mination /18/. This can be the reason for the lower disproportiona-
tion activity and enhanced toluene : TMB ratio during a reaction 
proceeding at lower temperatures. The processes of coke precursor 
formation also concerns a zone inside the zeolite crystal. Moreover, 
after being formed in the narrow mordenite channels, the large 
molecules of the polyalkylaromatic hydrocarbons (in which the TMB 
participate) would hardly be able to desorb out of these channels. 
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This may be an explanation for the observed higher toluene : TMB 
ratio. The restricted participation of the surface layers in these 
reactions in comparison with MS will lead to a much slower fouling 
rate for MD. Probably, the gradual elimination of the acid sites 
in the bulk of the crystal by deactivation results in disappearance 
of the initial inhomogenity of the active centers distribution in 
MD and the toluene/TMB ratio approaches one, as in the case of MS. 
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TOLUENE AND XYLENE DISPROPORTIONATION OVER HZSM-5 CRYSTALS OF DIFFERENT 
SIZE 
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Dipartimento di Chimica fisica ed Elettrochimica, Universita di Milano, 
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ABSTRACT 
Toluene, xylene (isomer equilibrium mixture) or 1,2,4-trimethyl-

benzene (1,2,4-TMB) were fed to a fixed-bed reactor in a flow of H2 or 
N2, at 300 to 360°C. The catalyst was HZSM-5, employed as mixed crystals 
or one of three separate fractions from 2.5 to 7.5 pm average size. A 
few runs were also carried out after; poisoning the catalyst outer sur-
face with 4-methylquinoline. 

The catalyst crystal size showed no effect on the disproportion-
ation of toluene and a slight effect on that of xylene. Xylene gave 
also demethylation, which was the main reaction of 1,2,4-TMB. Poison-
ing showed a marked effect on selectivity in the case of toluene and 
on fractional conversion for xylene disproportionation, and deeply af-
fected the reactions of 1,2,4-TMB. 

INTRODUCTION 
Toluene disproportionation on unmodified HZSM-5 catalysts pro-

ceeds usually to an equilibrium mixture of xylene isomers [1]. The para-
-selectivity could be increased up to 35% by reaction over "large cry-
stals" of catalyst (3 ym size) at 550°C [2]. More impressive results 
were achieved by using ZSM-5 catalysts modified with Mg, P or B [1,3], 
or partially deactivated by coking [4]. 

Xylene reactions over HZSM-5 were studied at 250-300°C, finding 
a strong selectivity for 1,2,4-trimethylbenzene in the disproportion-
ation, which was accompanied by isomerization [5]. Dealkylation was al-
so found at 370-400°C [6J. 

We undertook a study of toluene and xylene disproportionation on 
HZSM-5 crystals of different size, looking for shape-selectivity ef-
fects and aiming at discriminating between channel diffusion resistance 
and transition state steric inhibition as their cause [7]. In order to 



get further information on catalyst behaviour, a few runs were also 
carried out on 1,2,4-trimethylbenzene. 

The catalyst employed was the same zeolite, of high and stable 
activity, previously used for kinetic measurements on toluene dispro-
portionation [8]. However, for the present work, besides using "mixed 
crystals" (M), three samples with average crystal size 7.5 pm (A), 
4 vim (B) and 2.5 ym (C) were separated and tested. 

The following reactions were carried out on each catalyst sample 
in the order given: a) toluene disproportionation (carrier H2) in stan-
dard kinetic conditions; b) toluene disproportionation (carrier H2) at 
higher conversion; c) reactions of xylenes, fed as an equilibrium mix-
ture of isomers (carrier H2); d) (only on catalysts B and M) reactions 
of 1,2,4-trimethylbetfizene (carrier H2); e) toluene disproportionation 
(prolonged runs with carrier N2). 

For some reactions over catalyst M, poisoning experiments were 
also effected, by using 4-methylquinoline, which should inhibit only 
the acid sites on the outer surface of HZSM-5 [9,10], because of its 
molecular size. 

EXPERIMENTAL 
Materials. All reactants and standards were commercial "pure re-

agents", which gave single peaks by GC analysis, apart from 1,2,4-tri-
methylbenzene, that contained ca.1% of 1,3,5-isomer. 

Catalyst. HZSM-5 was prepared by a standard procedure [11]; it 
was the same binderless catalyst (SiC^/AljO^ wt.ratio 15.0) described 
elsewhere [8] as HZSM-5(HA). Samples A, B and C were separated from it 
by elutriation in deionized water, leaving behind a small amount of 
smaller particles. Crystal sizes were evaluated on SÊ I micrographs. 
All samples were pressed, crushed and sieved to 40-80 mesh before use. 
Elemental analysis by A.A. revealed differences between the samples, 
the content of aluminium (as AljOj) being 4.63% for A and for B, 5.91% 
for C and 5.06% for the mixed crystals. However, surface acidity, as 
measured by titration with n-butylamine in anhydrous solvent [12] 
(pK ¿1.5), was found scarcely dependent on A1 content: A, 1.0; B, 1.1; 
C, 1.0 meq/g. When using the bulky tributylamine, the corresponding 
acidity of the mixed crystals was titrated as 0.075 meq/g. 

Apparatus and procedure. A tubular flow reactor with a fixed bed 
of catalyst (0.5 g), immersed in a thermostatted bath, was employed [8]. 
Reactants were fed by a glass syringe with PTFE piston and with a car-
rier to hydrocarbon ratio of 5, at atmospheric pressure (partial pres-
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sure of the hydrocarbon in the feed =17 kPa). The reactor effluent was 
passed through a condensing trap, kept at ca.-17°C> and liquid products 
analyzed by GC, using a standard 1:1 Didecylphthalate-Bentone 34 coliimn 
4.5m long. 

Selective poisoning experiments were performed following a repor-
ted procedure [9], applied to a series of runs on the same catalyst 
sample. Before each reaction a single dose of 4-methylquinoline was in-
jected (first run, 15 ill; successive runs, 5 yl, to compensate for a 
possible partial desorption of the poison). Reactions were carried out 
in the order a, c, d, a. 

RESULTS 
Products were usually analyzed by gas-chromatography. A more det-

ailed identification, based on GC-MS analyses, was carried out only for 
runs on the "mixed crystals" catalyst. 

The products from a feed of toluene (T) were mainly benzene (B) 
and the three xylenes (DMB). Small amounts of C9 hydrocarbons were also 
found, i.e. ethyltoluenes (EMB), not resolved by the standard GC anal-
ysis, and trimethylbenzenes (TMB), which were resolved and found to be 
predominantly represented by the 1,2,4-isomer. 

The reaction of xylenes, effected by feeding a mixture close to 
the isomeric equilibrium, gave toluene and trimethylbenzenes (mostly 
1,2,4-TMB) as main products, but also benzene, ethyltoluenes and C10 
hydrocarbons in minor amounts. A GC-MS analysis, with a column longer 
than the standard one, showed that the three isomers of EMB were all 
present, in the abundance order characteristic of equilibrium (m>p>o). 
As to the C10 hydrocarbons, they were mainly recognized by GC-MS in two 
peaks, with M.W. 134 and 132, respectively. The former peak correspon-
ded neither to a tetramethylbenzene nor to a diethylbenzene nor to a 
propyltoluene; it could reasonably be an ethyldimethylbenzene. The lat-
ter peak had a retention time just in the region of the tetramethyl-
benzenes (TTMB), but it was ascertained that TTMB's were absent or 
negligible; the relevant compound could be a vinyldimethylbenzene. 

When feeding 1,2,4-TMB, the reaction products were mainly xylenes 
and toluene, with lesser amounts of benzene and C10 hydrocarbons, and 
a partial isomerization to 1,2,3-TMB. The latter was detected as a 
shoulder on \the peak of the reactant, but sometimes it was not enough 
for a quantitative integration; in these cases it was only approxim-
ately estimated. As to the C10 hydrocarbons, the GC-MS analysis showed 



that they were a mixture of isomeric tetramethylbenzenes. 
On the basis of the products identified, the chemical behaviour 

of the system was summarized as follows: 
disproportlonation 

2 T — * B + DMB (1) 
2 DMB — • T + C9 (2) 
2 C9 — • DMB + C10 (3) 

demethylation 

isomerization 

DMB —p- T + gas (4) 
1,2,4-TMB —> DMB + gas (5) 

1,2,4-TMB 1,2,3-TMB (6) 
Demethylation reactions, when xylenes or 1,2,4-TMB were fed to 

the reactor, were evidenced by the sum of the side-chain carbons in the 
products falling short of the theoretical. 

Fractional conversions for disproportlonation (y^g) > demethyl-
ation (Yjjgj,,) » and isomerization (y^so) were therefore defined as fol-
lows, for different feed compositions (x̂  = molar fraction of compon-
ent i) : 
Feed: toluene 

Feed: xylenes 

Feed: 1,2,4-TMB 

^dis = *B + ZXDMB + 2 L X C 9 ( 7 ) 

Ydis = 2 ( . E X C 9 + 2 E X C 1 0 ) ( 8 ) 

^dem " 2 " XT -2IXDMB " 3 Z X C 9 " 4 E X C 1 0 ( 9 ) 

^iso = X123-TMB <10) 

ydis = 2 L X C 1 0 < 1 1 > 

^dem = 3 ~ XT ~ 2IXDMB - 3 E X C 9 " 4 Z X C 1 0 ( 1 2 ) 

Reaction selectivities were also evaluated. The isomer distrib-
ution within the xylene fraction of products was expressed as SQ, Sm 
and S , defined as S =x„ /Ex.^. and analogously for and S . For p O O—LirLD L/PU) «1 p 
the reaction of toluene, a further selectivity S D M B was given by the 
ratio Zx,,^/ (Zx„irD+2Ex_Q) , which represents the fraction of DMB produced DMB DMB L y 
by reaction (1) and not entered into further disproportionation. Anal-
ogously, for a xylene feed, the ratio Sc9 [=Zxcg/ (Zxc9+2Zxc^0)] represents 
the fraction of C9 hydrocarbons produced by reaction (2) and not fur-
ther reacted. 

For the reaction of xylenes, the isomer distribution within the 
C9 fraction was firstly evaluated as the ratio ZxTMB/Zxc9 (the differ-
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ence to 1 gives the relative weight of the EMB product), and then as 
the isomer fractions within the TMB product, essentially as s^24 (the 
ratio x124_TMB/ExTMB). 

For comparison, it can be mentioned that the equilibrium frac-
tions of isomeric xylenes at 300-360°C are calculated as: ortho, 0.22; 
meta, 0.54; para, 0.24. The equilibrium fractions of TMB1s at 350°C 
are similarly calculated as: 1,2,3-TMB, 0.07; 1,2,4-TMB, 0.66; 1,3,5-
-TMB, 0.27 [13]. 

Experimental results, worked out as described above, are presen-
ted in Tables 1-4 and in Figure 1. 

Table 1 
Disproportionation of toluene in standard runs (carrier H2; 
T=300°C; W/F°=164 g h/mol). Average values of measurements.3 

Catalyst 
(size) 

Ydis SDMB So Sm SP 

A (7.5 pm) 0.056 0.95 0.22 0.54 0.24 
B (4 pm) 0.064 0.9)5 0.21 0.53 0.26 
C (2.5 pm) 0.050 0.96 0.20 0.55 0.25 
M (mixed) 0.052 0.95 0.21 0.53 0.26 
Mb 0.038 0.95 0.09 0.20 0.71 
a C9 hydrocarbons were exclusively EMB, within the detection 
limits; k sampling 6 h after poisoning by 4-Me-quinoline(15 pi). 

Table 2 
Disproportionation of toluene at higher conversion (carrier H2; 
T=360°C; W/F°=504 g h/mol). Average values of measurements.3 

Catalyst Ydis SDMB So Sm SP 

A 0.219 0.98 0.22 0.51 0.27 
B 0.258 0.97 0.22 0.53 0.25 
c 0.213 0.98 0.22 0.54 0.24 
M 0.205 0.98 0.22 0.53 0.25 

a C9 hydrocarbons were EMB and TMB in an approximate ratio of 
2:3. 



Table 3 
Reaction of xylenes3 (carrier H2; T=350°C; W/F°Mfi=94 g h/mol). 
Measurements after ca.24 h on-stream. 
Catalyst y d ± s y d e m Sc9 Z x ^ / E x ^ S 1 2 4 

A 0.099 0.075. .,-0.94 0.98 1.00 
B 0.108 0.082 0.92 0.98 1.00 
c 0.143 0.063 0.94 0.98 0.97' 
M 0.134 0.051 0.94 ' 0.99 1.00 
Mc 0.023 0.049 0.92 0.89 1.00 

isomers in the feed: o, 0.22; m, 0.54; £, 0.24; unreacted xyl-
enes: o, 0.22-0.24; m, 0.52-0.54; £, 0.24; b 1,2,3- and 1,3,5-
-TMB were both present; C after poisoning by 4-Me-quinoline (15+ 
5 pi injected'30 and 3 h, respectively, before sampling). 

Table 4 
Reaction of 1,2,4-trimethylbenzene (carrier H2; T=350°C; w/ftmb 
= 105 g h/mol). Average values of measurements. 
Catalyst ydis yiso ydem m 

B 
M 
M* 

0.0030 0.0264 0.0753 0.20 0.52 0.28 
0.0039 0.01-0.02 0.0721 0.21 0.51 0.28 
0.0018 nil 0.0253 0.16 0.45 0.39 

after poisoning by 4-Me-quinoline (15+5 pi injected 34 and 7h, 
respectively, before sampling. 

0.10 

Figure 1. Disproportionation 
of toluene in prolonged runs 
with carrier N2 ( T = 300°C; 
W/F°=164 g h/mol): y ^ (up-
per plot) and Sp (lower plot) 
vs. time-on-stream. Catalyst 
sanples: *,A; o,B; A,C; X,M. 
Average values of Sj^ were 
in the range 0.97-0.98. 
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DISCUSSION 
According to the measured kinetics [8], for standard runs (a) on 

toluene a value 0.052 for and an equilibrium xylene isomer dis-
tribution were expected. Results in Table 1 show that this was actual-
ly found, within experimental error, not only for the mixed crystals 
of HZSM-5, but even for the largest particles (catalyst A). This evi-
dences that channel diffusion resistance is negligible in this case 
and that the measured kinetics refers to the reaction under chemical 
control. Values of ydis/ Sq/ Sm and Sp appear independent of catalyst 
crystal size also for runs (b) to higher conversion (Table 2). 

Poisoning was effected on runs (a) by injecting a quantity of 
4-methylquinoline exceeding by an order of magnitude the amount re-
quired to saturate an HZSM-5 catalyst [9], although corresponding to 
only 1/5 of the theoretical to neutralize all medium-to-high strength 
(pK ¿1.5) acid sites, should the base penetrate the pores. The poison a 
effects on the toluene standard run over M catalyst (Table 1) were a 
slight decrease of y^g and a substantial change in the xylene selec-
tivities, favouring p-xylene. The former effect proves that toluene 
disproportionation occurs mainly in the zeolite pores; the latter is 
very likely due to the fact that the usual isomerization of the prefer^ 
red primary product on the acid sites at the pore mouth is prevented 
by the poison. 

As to the C9 fraction, EMB was its only component for runs (a) 
and it was largely present also in runs (b). A side-chain attack is 
known to occUr on X and Y zeolites exchanged with large or medium size 
alkali cations, from Cs+ to Na+, for alkylations of toluene [14], xyl-
ene [15] and pyridine [16] by methanol. Perhaps a similar mechanism 
operates in the present case, due to residual Na+ ions and favoured 
also by the smaller pore diameter of the zeolite. TMB, when present, 
was predominantly the 1,2,4-isomer. It can be noticed that SDMfi was 
close to unity, that is the further reaction of xylenes was a very 
restricted phenomenon. 

Xylene reactions (runs c; Table 3) did not include isomerization, 
because isomeric equilibrium was present in the feed and was preserved 
in the unreacted xylene output. The various catalyst samples, while 
showing slight differences in overall activity (ydis + Y^^, = 0.174, 
0.190, 0.206 and 0.186 for A, B, C and M, respectively), presented more 
marked differences in the relative weight of the two reactions. De^ 
methylation gained more weight when the catalyst was in larger crystals 
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(A and B); on the contrary, y d i g increased in the order A<B<C. The ef-
fect of 4-Me-quinoline was remarkable, the poison scarcely affecting 
demethylation but heavily depressing disproportionation. It can be 
suggested that demethylation occurs mainly within the catalyst pores 
and without intervention of significant diffusive resistance, while 
disproportionation, in the absence of poison, occurs partly on the 
outer surface and partly within the zeolite pores, in this case with 
significant channel diffusion resistance effects (see values of y ^ s ) • 

Disproportionation gave almost always 1,2,4-TMB as the only tri-
methylbenzene, independently of the site of reaction; it seems there-
fore that the predominance of this isomer, which is favoured by elec-
tronic as well as by statistical factors, is not clear evidence of 
shape-selectivity. The fraction of EMB within C9's is a more interes-
ting- parameter, since the figures in Table 3 (1-2% EMB on unpoisoned 
catalysts, 11% after poisoning) show that the rate of formation of 
EMB was little affected by poisoning, which instead markedly reduced 
the rate of TMB formation, indicating that the former reaction does 
not require those acid centres that catalyze the latter one. 

Surprisingly, TTMB was practically absent from the C10 fraction 
of runs (c). Apparently, reaction (3) occurs mainly to C9 molecules 
just formed within the pores, thus favouring side-chain attack, with 
the possible formation of ethyldimethylbenzene and vinyldimethylben-
zene. In the mentioned cases of side-chain methylation [14-16], for-
mation of both ethyl and vinyl side groups was common. 

The main reaction of 1,2,4-TMB (runs d; Table 4) was demethyl-
ation. The small amount of disproportionation gave TTMB, as expected, 
and no EMB was found among the products. Isomerization resulted rather 
slow, so justifying the very high values of S^24 of runs (c) at the 
same temperature. Poisoning depressed demethylation and disproportion-
ation, while preventing isomerization, to the point that the small im-
purity of 1,3,5-TMB, present in the feed, was found (only in this case) 
as unreacted. Poisoning slightly favoured p-xylene. 

Results of selectively poisoned reactions have been reported up 
to an overall addition of 20 pi of 4-Me-quinoline and for samples taken 
up to 34 h after the first poison injection. Results obtained from 
runs (d) and (a) after further poison additions showed an abrupt de-
crease of the catalytic activity, so comprimising the reliability of 
GC analyses. 

Prolonged reaction of toluene in N9 (runs e) gave similar re-
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suits for catalysts A, B and C (Figure 1). A "coking" effect was de-
tected, giving decreasing values of y d i s and increasing values of S^ 
(up to 0.32) vs. time-on-stream. Interestingly, the activity of the 
mixed-crystal sample M was more constant than for samples A-C. This 
might be connected with slight structural alterations introduced by 
the elutriation procedure. 
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ABSTRACT 
Benzene alkylation by C2~C^ olefins at 537 K and 3MPa over a 

polyfunctional zeolite catalysts has been studied. 
It has been established that the admission of hydrogen to the 

reaction mixture in case of ethylene and tutylene promotes chiefly 
olefin hydrogenation, while in case of propylene alkylation primarily 
proceeds. The correlation between acidic and catalytic properties of 
the catalyst in question has been revealed. 

INTRODUCTION 
The literature available deals with alkylation and cracking 

processes able to proceed in hydrogen which promotes a higher zeolite 
catalysts stability (/1,2]. We have found that using polyfunctional 
zeolite catalysts makes their stability and alkylation selectivity 
considerably higher if the process occurs in hydrogen £3] . 

In this paper the alkylating and hydrogenating properties of 
polyfunctional zeolite catalysts in the benzene-olefin-hydrogen sys-
tem were studied depending on the olefin nature and the catalyst aci-
dic properties. 

EXPERIMENTAL 3 
The experiments were carried out in a 2,5-4,5 cnr tubular flow 

circulation stationary catalyst bed reactor. A mixture of benzene 
and olefin in the required proportion was pumped into the reactor 
with simultaneous admission of hydrogen. The amount of the admitted 
hydrogen was controlled by a highly sensitive flowmeter An Y-
type zeolite, containing La, Ca and Ni-cations and prepared accor-
ding to the technique was used as a catalyst. A portion of this 
catalyst was subjected to 100% steam treatment at 873 K. The physico-
chemical parameters of the zeolite catalysts were determined by X-ray 



analysis, IR-spectroscopy [6,7)and TPD of ammonia in chromatographic 
[83 and thermogravimetric [$Q methods. 

The action of catalyst pyridine poisoning on the behavior of a 
polyfunctional catalyst in conditions of competitive processes of al-
kylation and hydrogenation was investigated. The pyridine adsorbed 
portion in n-heptane solution was determined by the difference in its 
concentration before and after its contact with the catalyst. 

RESULTS 
Fig.1 gives the results on the investigation of CalaUiX-activity 

in benzene alkylation by C^-C^ olefins depending on the catalyst 
thermo-steam pretreatment (TST) and hydrogen presence in the reaction 
mixture. 
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Fig.1. The effect of hydrogen on the activity of CaLaNiY subjected 
to TST (a) and untreated (b) in benzene alkylation by Cg-C^ 
olefins. 
O -ethylene, A -propylene, • -i s obutylene 

Conditions: 523 K; 3 MPa; C6iolefin»H2= 4,2s1:5; 3h~ 
In case hydrogen is not present the pretreatment of the catalyst 

does not effect olefins conversion to alkylbenzenes as compared with 
alkylation in hydrogen. The hydrogen admission into the reaction mix-
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ture over the initial (untreaded) catalyst leads to a considerable 
decrease of olefins conversion to alkylbenzenes due to the competiti-
ve olefins hydrogénation to saturated hydrocarbons (fig.1, table 1). 

Table 1 
The effect of thermo-steam pretreatment on the CalaNiY 
activity . Conditionsî 523 K; 3 MPa; CgSOlefimH^ 

= 4,2:1:5; 3 h"1 

Catalyst Olefin Olefin conversion, mol.% 
to alkylation 
products 

to hydrogénation 
products 

initial 
sample 

ethylene 
propylene 
isobutylene 

26,7 
65,3 
1.8 

67,0 
19,6 
90,0 

sample 
after 
TST 

ethylene 
propylene 
isobutylene 

47,9 
94,7 
5,2 

45,3 
1,5 
78,5 

However, if the catalyst undergoes TS-pretreatment and alkyla-
tion proceeds in hydrogen, the degree of olefins hydrogénation dec-
reases in the ratiojfor ethylene and isobutylene by 1,1-1,4, whereas 
propylene is not practically hydrogenated in these conditions. Due 
to the decrease of the olefins hydrogénation degree, the yield of 
alkylbenzenes increases. 

Under conditions unfavourable for alkylation (benzene is repla-
ced by n-heptane) the pretreatment of the catalyst does not affect 
its hydrogenating activity. For example, the degree of propylene hyd-
rogénation is 82,7% for both the initial and pretreated CaLaNiY -
samples. 

In order to compare the reactivity of different olefins the ben-
zene alkylation by equimolar ethylene-propylene mixture in hydrogen 
was carried out (table 2). As is shown, about 90% ethylene used is 
converted to hydrogénation products whereas 15-20% propylene is con-
verted to propane, and 75-80% - to alkylbenzenes. 

The similar dependence is observed in benzene alkylation in 
hydrogen by propylene-isobutylene mixture. Propylene is almost com-
pletely alkylated, while isobutylene is only hydrogenated. 
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Table 2 
Benzene alkylation by ethylene-propylene mixture in 
the presence of hydrogen over CaLaifiY - catalyst 

after OST 
Conditions: 3MPa, C6:C2:C3=2:1:1 ; H2sC2+C~=3:1 

NN Temperature, 
E 

Ethylene conversion 
mol.% 

Propylene conversion 
mol.% 

NN Temperature, 
E 

to alkylben-
zenes 

to ethane to alkylben-
zenes 

• to propane 

1 453 7,2 87,8 80,4 15,0 
2 483 6,3 76,7 74,5 17,1 
3 523 7,7 87,3 73,5 19,6 

To explain the TST effect on CaLaNil catalytic properties in the 
competitive alkylation and hydrogenation processes it was necessary 
to study the changes which occur in the catalyst during the treat-
ment, i.e. to study its hydroxyl covering, acidity and the crystal 
structure parameters. 

The X-ray analysis data on CaLaNiY-samples before and after 
TST reveal the relative crystallinity remain unchanged after steam 
treatment. In determining the: adsorption capacity of catalyst samp-
les it was found that the benzene adsorption value as a result of 
TST does not alter either. 

The comparison of IR-spectra of C&LaNiY samples investigated 
in the range of 450-1450 cm""'' showed the frequencies and intensities 
of typical absorption bands in the range of 570-580 cm , 750-
800 cm""'', and 1050-1150 cm"1 being practically constant. 

/ 

The nature and concentration of the surface hydroxyl groups of 
a polyfunctional zeolite catalyst were investigated by diffuse ref-
lectance IB spectroscopy in the range of main valence vibrations of 
OH-groups at 3000-4000 cm"'' [id]. In the spectra of CaLaNiY-samples 
(fig.2) we observed four absorption bands: the high intensive band 
at 3540 cm attributed to OH-groups and bonded with La-atoms; the 
weak band at 3680 cm"1 which according to [H^, i s assigned to 0H-
group, bonded with off-frame Al-atoos; two absorption bands of ave-
rage intensity at 364-5 and 3745 cm"'', respectively. The absorption 
at 3645 cm"'' is referred to structural OH-groups of bridge type [7j» 
In accordance with £12,13^ the bridge hydroxyl groups which have 
vibration frequency in the range of 3610-3650 cm \ characterize 
Brendstad acidity of most zeolites. The frequency at 3745 cm"'' 



is u s u a l l y related to Si-OH groups of terminal type on the external 
zeolite surface or to silane groups of trace amorphous alumosilicate 
having greater contents of kl^p^ [16J. 

I 1056 

IA 
Fig.2. IB-CalaNiY diffuse reflectance spectra 1-initial sample, 
2 - after 2 h TST, 3- after 6 h T8T, 4 - after 12 h TST. 

The comparison of the spectra shows the spectrum of the initial 
CalaSTiX samples does not practically differ from those subjected to 
TST. 

Using the programmed ammonia thermodesorption in a chromatogra-
phic regime we could investigate the change of CaLaNiY acidity as a 
result of TST (fig.3). 
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Fig.3. Activation energy of ammonia desorption (Ed) as a function 
of the amount of chemisorbed ammonium on the LaNiY catalyst: 
steam-treated (light points) and untreated (dark points) 



It is shown that TST leads to the number decrease of strong acidic 
centres having EdeCjjg > 90 kJ/mol, and the increase of centres with 
Edec.uh^ = 80-90 kJ/m^l as compared with the initial catalyst. 

These differences become more evident if we consider the depen-
dence of chemisorbed ammonia amount on the temperature obtained by 
th.ermogra.vimetry. The thermograms calculation based on the integral 
curve (IC) shows that thermo-steam treatment does not influence the 
total amount of chemisorbed ammonia, i.e. the total CaLaNiX acidity 
does not alter in various TST conditions (Table 3). For the initial 

Table 3 
The effect of TST duration on acidic and catalytic 

properties of CaLaNiX 
№ TST time, 

h 
Total aci-
dity, 
mmol/g 

Temperature 
of ammonia 
desorption 

Conversion 
of propyle-
ne to alkyl-
benzenes 
mol.% (A) 

Conversion 
of propyle-
- ne to pro-
pane, mo 1.% 

(B) 

A/A+B 
100% 

1 - 2,08 653,853, 68,5 21,8 74,1 
2 2 2,05 553,633, 

813 
71,5 18,5 78,0 

3 6 2,05 453,553, 
703 

95,1 2,9 97,0 

4 12 1,98 453,533, 
693 

96,0 2,5 97,5 

catalyst the ammonia chemisoxption on the active centres of the sur-
face results in the formation of compounds which have the decomposi-
tion temperature 653 and 853 The initial catalyst TST, in case it 
is prolonged, can change DTA-curves. The two hour TST results in the 
formation of surface centres where the ammonia is desorhed at 553, 
633 and 813 K. The six-hour TST provides the formation of centres 
where the ammonia desorption is observed at lower temperature. 

The data of the thermogram calculations based on the conclusions 
of the paper [14} enable us to make a diagram of distribution the 
centres according to their acidic level (fig.4) in coordinates 
Aa/4H0 - HQ, where aa/Al g - the number difference of acidic cen-
tres which corresponds to the small interval of change in Hammett aci 
dity function HQ. It is seen that after the catalyst TST the number 
of centres with H Q~ ranging from -8 to -14 (which corresponds to the 
ammonia desorption temperature 473-673 K) decreases as compare with 
the initial catalyst. At the same time the number of centres having 
HQ from -6 to -8 (433-473 K) sharply increases and the centres be-



Fig.4. The centres distribution by acidic levels 
come more homogeneous by their level with prolonging the TST dura-
tion, the number of centres with H0<-8 increases even more at the 
expense of the number decrease of centres with HQ from -8 to -14. 

In order to clear up the correlation of acidic and catalytic 
properties of a polyfunctional zeolite catalyst the latter was sub-
jected to a subsequent poisoning by pyridine (fig.5). 

After the sorption of 0,018 mmol pyridine/g catalyst the alkyla-
ting activity of CaLaHiT is lowered half as much as compared to the 
initial sample, and the hydrogenating activity grows 7 times as much. 
After the sorption of 0,09 mmol pyridine the conversion of propylene 
into alkylbenzenes lowers from 75 to 20%, and in case to propane it 
grows to 64%. 

The 0,45 aaol base sorption leads to nearly a complete catalyst 
deactivation in the alkylation process, hydrogenating activity is 
regaining as high as in propylene hydrogénation in heptane solution 
(the conversion to propane 81,5%)» 

UR - spectra were measured by Kustov L.M. and Borovkov 7.Tu. 
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0 0,1 0,2 0,3 0,4 
Amount of chemisorbed pyridine (mmol/g) 

Fig. 5. The dependence of alkylating and hydrogenating activity 
on the chemisorbed pyridine amount. 
Conditions» 523 Kj 3MPa; 3 h~1; 0^0^:^4,2:1:4,2 

DISCDSSIOH 
From the data of fig.1 and table 1 it follows that thermo-steam 

treatment effects a polyfunctional zeolite catalyst activity in alky-
lation in hydrogen, and promotes a considerable lowering the degree 
of the Cg-C^ olefins hydrogénation and increasing the alkylbenzenes 
yield. 

In order to explain the effect of the catalyst TST in the com-
petitive alkylation and hydrogénation reactions it is important to 
consider the CaLaNiT physico-chemical parameters and their altera-
tion during TST. The X-ray data and IB-spectroscopy, as well as the 
results of the catalyst sorption capacity determination show that 
as a result of TST, irrespective of its duration, the crystal cata-
lyst structure, the SiOg/A^O^ ratio, and also the hydroxy 1 surface 
groups nature and concentration do not change while the zeolite aci-
dic properties are altered. 

The ammonia thermodesorption data indicate that in the process 
of TST the redistribution of acidic centres, possessing different 
levels, is observed. The comparison of CaLaHil catalytic activity 
with the change in the catalyst acidity spectra (table 3 and fig.4) 
shows that 1ST results in increasing the number of acidic centres 
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with HQ < -8° (as related to the "weak"), and correspondingly, the 
growth of alkylating activity is observed. After achieving thé opti-
mal distribution of acidic centres of different levels at -6 < H < -8 o 
and -8<HQ < -14, CaLaNiY catalytic properties^ stop changing and as 
it follows from table 3» the definite ratio between alkylation and 
hydrogénation reactions is established. 

It should be taken into account that a polyfunctional zeolite 
catalyst hydrogenating activity is determined by presence of a metal 
while alkylating activity is connected with acidic properties of a 
catalyst. In favour of this there are data which confirm the change 
of the alkylating and hydrogenating; activity of the catalyst which 
underwent a subsequent poisoning by pyridine. As poisoning the acidic 
centres of the catalyst its activity dropped in the alkylation pro-
cess, while in hydrogénation reaction it rose (fig.5)* 

Hence, one can assume that the acidic centres of different le-
vels are responsible for the alkylation reaction. However, the advan-
tageous preferred alkylation in the conditions of its competition 
with hydrogénation over the catalyst, subjected to TST, can be ex-
plained by increasing the number of relatively "weak" acidic centres 
which are apparently determining in alkylation professes« 

Thus, thermo-steam treatment allows in the conditions of compe-
titive alkylation and hydrogénation reactions to control purposeful-
ly the activity of a polyfunctional zeolite catalyst* 

Considering the behaviour of C2-C4. olefins in benzene alkylation 
in hydrogen one can note the following according to [15J , the 
olefins by their reactivity in benzene alkylation over zeolite cata-
lysts can be arranged in the row: ethylene < propylene ̂  isobutylene 
At the same time the hydrogénation rate of individual C2-C^ olefins 
is approximately similar [16) • The results which we have obtained on 
benzene alkylation by individual olefins and their equimolar mixtures 
show that in hydrogen media the olefins sequence changes as related 
to their reactivity in alkylation process over zeolite catalysts: 

isobutylene < ethylene < propylene 
This change might be due to the difference in hydrogénation and 

alkylation rates, and also in polymerization,which makes the alkyla-
tion process more complicated* According to polymerization, rates 
over zeolites, containing transition metals cations, the olefins are 
located [17D * isobutylene > ethylene > propylene 

In the presence of hydrogen in the reaction mixture the olefins 
hydrogénation is suppressed, though for each individual olefin it is 
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likely to be different, and this effects their reactivity in the al-
kylation process. 
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ABSTRACT 
Intensive research in connection with the development of in-

dustrial zeolite cracking catalysts, contributed towards a better 
understanding of hydrocarbon cracking reactions and of the factors 
governing catalyst efficiency. Investigations on FCC catalysts are 
in progress with the aim of improving selectivity control (gasoline 
yield, octane number, metal and coke resistance), better pollution 
control, and the processing of higher boiling feedstocks. Such 
work includes the simultaneous optimization of both matrix and 
zeolite properties. 

The potential value of partially dealuminated zeolites Y as a 
highly active and selective catalyst component is demonstrated to-
gether with that of ZSM-5 addition, by which the yield of light 
synthesis olefins can be improved. 
INTRODUCTION 

Of all the cracking processes in the world petro-chemical 
industry, catalytic cracking is the most common. 75 percent of 
cracking is achieved by the catalytic process, whereas the hydro-
cracking, visbreaking and coking processes occupy only 25 percent. 

At present, a total of about 12 percent petroleum in the world 
and 30 percent in the USA (250 million t/a) are transformed by the 
FCC process /1, 2/. 

In 1979» overall consumption of cracking catalysts was about 
205 kt and is continuously increasing. The overall capacity of the 
firms Akzo, Crosfield, Davison Chemical/W. R. Grace, and Katalistiks 
International will, it is estimated, reach 85 kt in 19S5 /3/» Today, 
the specific catalyst consumption in the cracking of gas oil amounts 
to about 0,5 kg/t of feedstock. 



Although the first industrial plant for catalytic cracking 
was in operation as early as 1937» (fixed-bed plant), the revo-
lutionary development of catalytic cracking did not start until 
1962, when zeolite catalysts were introduced. The high activity of 
zeolites led to the introduction of a new process: the riser crack-
ing process. As a result of short contact times between catalyst 
and feedstock, this form of process permitted optimal utilization 
of the activity and selectivity of microspherical zeolite catalysts. 
The first plant for this process was introduced in industry in 1971» 
and since then riser cracking has been used exclusively in all new 
FCC units. The chemistry and engineering of. catalytic cracking 
have been reviewed in a large number of publications, e. g. /4-6/. 

In the present paper, some problems connected with the de-
velopment and mode of action of modern catalysts are discussed and 
analyzed. Special attention is given to partially dealuminated 
zeolites Y. 

MECHANISM AND KINETICS OF HYDROCARBON CRACKING 
Hydrocarbon cracking of gas oil involves quite a series of 

reactions: 
Paraffins are cracked to give olefins and highly branched smaller 
paraffins, the iso/n paraffin ratio often exceeding thermodynamic 
equilibrium. 
Olefins undergo isomerization, cracking into smaller olefins, 
hydrogen uptake (by transfer from naphthenes or coke), and dis-
proportionation in the case of low molecular weight olefins. 
Alkyl aromatics undergo dealkylation, side-chain scission and alkyl 
group transfer: unsubstituted aromatics are scarcely attacked. 
Naphthenes give olefins; cyclohexane is preferentially converted 
into benzene. 
Condensation reactions of aromatics and olefins finally result in 
coke formation. 

Since the work of WHITMORE /7/, THOMAS /8/ and GREENFELDER 
et al. /9/» the catalytic cracking of the C-C bond has been 
generally accepted to proceed as an acid catalyzed elimination reac-
tion involving a carbehium ion chain mechanism which consists of a 
hydride transfer step followed by beta scission. Three possibilities 
can be considered for the formation of the first carbenium ions, 
which are responsible for the starting of the carbenium ion chain: 
1. Abstraction of a hydride ion from the paraffin molecule by a 
Lewis site at the catalyst surface. 
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2. Protonation of the paraffin by a super-acidic Br/5nsted site, 
accompanied by the formation of hydrogen and the carbenium ion. 
3. Protonation of an olefin at a Br/5nsted site. The olefin may be 
contained in traces in the substrate, or may be formed by thermal 
cracking of the paraffin used. Formation of carbenium ions from 
olefins is suggested by the strongly protonating action of olefins 
in the cracking reaction and the direct dependence of the rate of 
cracking on the olefin content of the substrate /10/. 

The role of Lewis sites as catalytic or cocatalytic sites is 
still a subject of discussion /11, 12/1 their role in oligomeriza-
tion reaction has been demonstrated /13/. 

Besides the carbenium ion chain discussed above, some modified 
mechanisms have been proposed to explain peculiarities observed in 
product distributions 

i) The catalyst acts as a super acid, and the reaction pro* 
ceeds via pentacoordinated carbonium ions /14/. However, although 
some acidic zeolites, e.g. H-mordenites, exhibit a protonating ac-
tion comparable to that of super acids, it is hard to believe that 
under reaction conditions and in the presence of a high excess of 
basic molecules such as olefins, aromatics and coke, they are 
capable of acting as super acids. 

ii) Once the possibility of the formation of cation radicals 
/15/ and allyl carbenium ions /11/ has been proved, there is still 
the question of whether or not these entities are relevant to the 
cracking reaction /16/. The low energetic allylie cation preferen-
tially would take part in oligomerization reactions. 

It should be pointed out that any deviation from the product 
distribution expected to occur in the free-carbonium ion mechanism 
does not necessarily arise from a different mechanism, but may only 
be due to the fact that no free ions but ion pairs are available, 
which are formed by carbocations and nucleophilic sites on the 
catalyst surface. In this case, variations in selectivity can be 
described by reactivity-selectivity relationships /17/ as common in 
organic chemistry. Strong adsorption and diffusion limitations exert 
a pronounced influence on product distribution. This has to be taken 
into consideration, e.g. for ZSM-5 as a catalyst. 

The simultaneous occurrence of the cracking reactions men-
tioned above makes mechanistic investigations difficult. In the 
extreme case, even random isotopic C scrambling is found /18/. Hence 
individual hydrocarbons have often been used for mechanistic inves-
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tigations and for better characterization of the mode of action of 
the catalyst. To characterize FCC catalysts in the conversion of gas 
oil feedstocks under conditions close to industrial operation been 
ditions on a laboratory scale, conventional procedures have been 
elaborated and widely accepted in recent years /19/. 

Besides mechanistic considerations, the kinetics of hydrocar-
bon cracking is studied to determine the overall conversion rates, 
and to predict the effect of catalyst variation and modification as 
well as of refinery operation conditions on the product distribution, 
Hence, it has become general practice today to provide a process 
model together with the process license. The most general behaviour 
of catalytic cracking reactions can be described by a three-lump 
scheme /20/. 

k 2 gas oil L^ gasoline > undesired products 

Gasoline cracking (k2) which produces undesired products, including 
coke and "overcracked" light compounds, is lower under piston flow 
conditions. This is one of the advantages of modern riser tube 
reactors, in which the reaction regime is more closely approximated 
to the piston flow. 

The constants fc^-k-j being functions of feedstock composition, 
the three-lump model is inadequate for the case of feedstock changes. 
JACOB et al. /21/ developed a ten-lump model dividing aromatic 
rings and alkyl chains into separate speciesV WEEKMAN /22/ showed 
this model to be useful for optimizing unit operation. 

MODERN FCC CATALYSTS 
Conventional zeolite cracking catalysts consistyof about 5 to 

20 wt.% of zeolite and an X-ray amorphous matrix. Depending on 
preparation conditions, composition and activation conditions, both 
components interact in different ways and with different intensities. 
Both components are subject to definite requirements concerning the 
access of the hydrocarbon to the zeolite (transport pores> 4,0 nm) 
and to the active sites in the zeolite (pore openings'^,8 nm), the 
nature and concentration of active sites in the zeolites and the 
matrix, the thermal and hydrothermal structural stability of the 
zeolite, the mechanical stability of the microspherical catalyst 
particles, and the compatibility of the catalyst with metals. 

New trends have appeared in the development and optimization 



of the matrix properties for commercial catalysts /22, 23/. Thus, 
the DA-200 to DA-400 of the Davison Chemical/W. R. Grace are 
modified as compared with the Super-D Extra as follows: increased 
AlgO^ content up to nearly 50 wt.%, reduced specific surface area 
and pore volume» nearly doubled mean pore diameter. These changes 
in composition and texture result in decreased diffusion, "selective" 
cracking of long-chain hydrocarbons at the matrix, and higher ther-
mal and hydrothermal stability as well as compatibility of the 
matrix with metals. Similar results were achieved by Katalistiks 
International with their catalyst series EKZ, SIGMA, BMZ, and 
CENTURY /24/. 

PRODUCTION OP FCC CATALYSTS 
» 

Cracking catalysts containing 5 to 20 wt.% of zeolites are 
mainly produced in two ways: Either the zeolite component is 
synthesized and modified in a separate step with subsequent disper-
sion in a synthetic or natural aluminosilicate matrix, or the par-
tial zeolite crystallization is carried out in situ in the natural 
aluminosilicate matrix. Whereas most firms use the former proce-
dure, others, e.g. Engelhard, synthesize their catalysts from clay 
or metakaolin by the last-mentioned method. 

In most cracking catalysts, the matrix component consists of 
synthetic, semi-synthetic, or natural clay based aluminosilicate. 
Sometimes special oxides (e.g. Ti02) are also added. The matrix must 
meet the following requirements: 
- large pores (>4.0 nm) in order to facilitate mass transfer to 
the active sites of the zeolite and, if possible, to prevent diffusi-
on limitation. This property is of special importance for the crack-
ing of heavy and residue oils. o 
- small specific surface area (30 - 50 m /g) which is a precondition 
for high compatibility with metals and hence selectivity. 
- small, but selective cracking activity for long-chain hydrocarbons, 
such that the cracking reaction at the finished catalyst proceeds in 
the following way: 

matrix medium cracked zeolite gasoline and 
feedstock » products > light cycle oil 

- great thermal, hydrothermal and mechanical stability which is 
resistent to reaction and regeneration conditions. 

The necessary properties of the active zeolite component are 
the following: 
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- unidisperse pore structure (pore openings^ 0,8 nm). p iL 
- high activity (10 to 10 times that of the matrix), and, above 
all, high selectivity for hydrocarbons within the boiling range of 
gasoline. 
- low tendency for coke formation. 
- high thermal and hydrothermal stability and high compatibility 
with metals. 

When the zeolite synthesis is not carried out in situ in the 
matrix during the preparation of the catalyst, a special binding 
agent, of which no detailed information is given by the firms, is 
used to promote homogeneous distribution of the zeolite in the 
matrix and to increase the mechanical stability of the microspheres. 
Under the reaction and regeneration conditions of the FCC process, 
intensive interaction between matrix and zeolite component may be 
expected to occur which, apart from cation redistribution, leads to 
structural stabilization of the zeolite in the matrix. 

As regards the active zeolite component, X and Y type zeolites 
in the H + and/or form are used with their alkali content being 
decreased to 0,3 wt.% Na20 by the ion exchange. Alkali and alkaline 
earth metals decrease the activity of the active zeolite component 
in the order Na+> K+> Mg2+, Ca2t To prevent overcracking (which is 
favoured by to many strongly acidic sites) on the fresh catalyst, 
only a small portion is added to the circulating equilibrium cata-
lyst. Under activation, reaction and regeneration conditions, the 
fresh catalyst is transformed into the equilibrium catalyst, i.e. 
the hydrothermal conditions of this treatment affect partial dealu-
mination of the zeolite, along with a change in the acidity spectrum. 
The properties of the Y zeolite contained in the equilibrium cata-
lyst are comparable to those of a non-extracted, ultra-stable 
zeolite Y, named US(w). The lattice constant of the starting Y 
zeolite being 2.46 - 2.47 nm, that of the zeolite in the equilibrium 
catalyst will range between 2.43 and 2.44 nm, i.e. the SiO^/A^O^ 
molar ratio is increased from about 5 to about 20-30. For a priori 
adjustment of such an acidity spectrum and hence of catalytic 
activity and selectivity, it appeared reasonable to start from 
ultrastable Y zeolites. 
HYDROTHERMAL TREATMENT OF FCC CATALYSTS 

Hydrothermal treatment at temperatures £ 800 K causes dissolu-
tion of aluminium from lattice positions, with simultaneous restora-
tion of the remaining lattice defects. The resulting zeolite lattice, 

"S74 



which is richer in SiC^, exhibits increased thermal and chemical 
stability ("ultrastabilization"). The effect of such hydrothermal 
pretreatment on the catalytic properties of an FCC catalyst 
containing REX zeolite is demonstrated in Fig. 1.s 
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Fig. 1. Effect of hydrothermal pretreatment on the conversion, 
gasoline selectivity, coke and gas yield in the cracking of 
gas oil over a FCC catalyst (20 wt.% zeolite HRE-X in silica-
alumina matrix). Davison MATs 760 K, 5 g catalyst,WHSV 20 h~1 
A , # - not hydrothermally but only thermally pretreated 
samples. 
Gasoline selectivity is drastically increased, and the for-

mation of coke and gaseous products is suppressed. 
As has already been pointed out by Moscou and Mon§ /25/» gas-

oline selectivity increases with increasing pretreatment tempera-
tures up to 1020 K. These drastic changes in the catalytical activi-
ty of the FCC catalyst suggests that the influence of lattice dealu-
mination should be investigated separately. 
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HIGH-SILICA ZEOLITES Y 
Recently, highly dealuminated ultrastable zeolites Y of good 

crystallinity with silica to alumina mole ratios up to 350 have been 
prepared from M ^ Y zeolites at high temperatures under hydrothermal 
conditions /26-27/. From the USY samples obtained in this way, the 
non-framework aluminium can be extracted using diluted mineral acid, 
which results in USY-ex samples. Structure and adsorption properties 
have been described in some recent publications /28-30/. The de-
crease in the concentration of acidic sites, which accompanies the 
dealumination, leads to a decrease of the cracking activity of the 
USY-ex zeolites with progressing dealumination /31/« However, the 
coking, velocity is more strongly reduced by dealumination than the 
cracking activity is: The reduction of site concentration by partial 
dealumination of the zeolite results in an improvement of the activ-
ity-time dependence by decreasing the rate of the coking reaction 
more rapidly than the cracking reaction rate. This effect can be 
understood assuming a 2-center mechanism for the coking reaction, 
whereas cracking follows a 1-center mechanism (equation 1 is derived 
on this basis). 

Table 1 
Acidity and catalytic properties of modified Y zeolites in the 
cracking of gas oil CM = mole ratio Si0P/AlP0^) 

RENa-Y USY-ex C III = 1 7 ) USY-ex ( M = 3 5 0 ) 
Acid strength H or-8 
Acid site concentration 5 « 5 * 1 0 

H c r - 1 2 
1 0 ' 

H CSÍ —8 
0 - 2 about 1 0 ^ 

Conversion, wt% 8 2 . 5 
coke, wt% on catalyst 5 » 5 

8 5 
3 . 3 

8 2 
1 . 7 

In Table 1 the acidic and catalytic properties in gas oil 
cracking over three modified Y zeolites are compared: A Rare Earth 
NaY zeolite (mole ratio M = SiOg/Al^. = 5.2; cation exchange degree 
= 65 %) and two USY-ex zeolites with M = 17 and 350, respectively. 
At a comparable conversion degree the most striking feature is the 
varying amounts of coke formed by the three samples. The sequence 
of coke formation clearly follows the acid site concentration. At 
the same acid strength on the RENa-Y suid on the USY-ex Ql = 350), 
coke formation is strongly reduced in the case of the USY-ex 
Qfl =350). This effect of acid site concentration even overcompen-
sates an increase in acid strength going from RENaY to USY-ex 
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Ol = 17). 
The activity-time dependence in pulse catalytic cracking can 

be described by a 1-parameter equation: 
1 
"RnT •¿̂ ¡y = B (n-1) (Equation 1) 

in which fc^) a i e "the rate constants calculated from the first 
(nth) pulse, and n represents the pulse number. The value of the 
constant B derived from the slope of the curves obtained by the plot 
of this function (Fig. 2) reflects the deactivation rate. Deactiva-
tion is drastically reduced by dealumination, resulting in an almost 
time-independent activity at very high dealumination degrees. 

2 S i 0 2 / A t 2 0 3 r a t i o = 1 2 
Fig. 2. Deactivation 
of USY-ex zeolites in 
hexadecane cracking 
vs. pulse number n. 
(k in 1CT7 mole/ 
Pa'mg'k) 

n - 1 

Besides activity and activity-time dependence, other selectiv-
ity parameters of USY-ex zeolites in the paraffin cracking reaction 
are also influenced by partial dealumination. With an increasing de-
gree of dealumination, the long chain paraffins are more selectively 
cracked from a mixture with paraffins of lower molecular weight» this 
is demonstrated in Figure 3 with a mixture of hexadecane/octane. As a 
consequence, overcracking is reduced, and the gasoline yield in the 
cracking of gas oil increases. This effect can be made even more 
pronounced by controlled introduction of cations into such partially 
dealuminated Y zeolites. 

The effect of cation introduction into the partially dealumin-
ated zeolite USY-ex(41) on the acidity and catalytic properties is 
demonstrated by the results given in Table 2. As a measure of acidi-
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ty, the extinction lg (Iq/1) of the 1450 cm-1 band in the ir 
spectra of ammonia adsorbed on the sample is given. The cracking 
activity of the fresh, uncoked sample is characterized by the first 
order reaction rate constant k^ of n-octane cracking at 4-73 K (k^, 
in mole/Pa«mg•h). The quotient of the rate constants calculated from 
the first and tenth pulse, respectively, k^^/k^, expresses the de-
activation rate. Uq^^ represents the conversion of hexadecane meas-
ured in a continuous microtest (725 K, 0.5 g catalyst, 1.5 g feed 
per 3«5 min.), and^g the gain in gasoline relative to USY-ex(41) at 
a level of 40 % conversion, measured in the MAT test. 

Table 2 
Effect of cation introduction into the partially dealuminated 
zeolite USY-ex(41) on the acidity and cracking properties. 

USY-ex(41) 
C a 0 . 

^ o . ^ o . 
2H0>6USY-ex(41) 

55USY-ex(41) 
Sn0.16H0.36U3Y"ex(4^ 

lg^o/I) 0.4 0.05 0 . 1 5 0.05 
k^.109 22.3 1.6 5.1 2.4 
^10/k^ 0.4 0.9 0.7 0.8 
UC16 7.5 7.3 41.7 35.1 
As 8 16 18 

As is evident from the data presented in Table 1, the initial 
activity (k^) in n-octane cracking as determined by ,pulse catalysis 
decreases along with the Br/$nsted acidity. Simultaneously, the acti-
vity-time behaviour improves (k^Q/k^ increases).These samples were 
used for determining the catalytic properties in a flow reactor in 
hexadecane conversion, according to the Davison microactivity test 
(cf. Table 2). 

As compared with USY-ex(41) recationized samples give higher 
or equal conversion, which is obviously due to the different acti-
vity-time behaviour. The cracking selectivity (gasoline yield) is 
strongly affected by the exchange of cations. Whereas USY-ex(41) is 
characterized by rather nonselective cracking of n-paraffins, gas-
oline yield is increased by Câ "*" exchange. SÊ "*" and Sn''' exchanged 
USY-ex zeolites exhibit high selectivity despite the high conversion. 

Thus, the catalytic properties in paraffin cracking can be 
varied in a wide range by subsequent recationization of the USY-ex 
zeolites. The initial activity is decreased, the activity-time 
behaviour is improved (particularly by exchange of RE-̂ " and Sn^+ 



cations), and the crackling selectivity is increased. 
Fig. 3. Selectivity 
in the simultaneous 
cracking of hexa-
decane and octane 
at 725 K over USY-
ex zeolites vs. 
molar S i O ^ A l ^ 
ratio. 

Si02 I AI2O3 ratio 
Very little information is available on the role of extra 

lattice aluminium in catalysis. SCHEVE et al. /33/ assume the non-
framework aluminium to be an inert diluting material, which only 
decreases the hydrogen transfer reaction. To illustrate the problem, 
the impact of the extra lattice aluminium on the catalytic cracking 
of cumene is shown in Figures 4 and 5« 

Comparison of Br/insted acidity and catalytic activity of 
silica-alumina and ion exchanged zeolites Y permit the conclusion 
that the Br/5nsted acid sites are the centers which are catalytically 
active in the cumene cracking reaction. The unusually high activity 
of the USY sample deserves special explanation, which can only be 
based on the role of the extra lattice aluminium. This is clearly 
evident from the fact that after removal of the extra lattice alumin-
ium by acid extraction, the resulting USY-ex(200) sufficiently 
matches the activity function common to the other samples. This can 
be interpreted by assuming the extra lattice aluminium to be adsorp-
tion sites for the aromatic molecules, which increase the value of 
the first order reaction rate constant. The effect of extra lattice 
aluminium depends on its amount, i.e. on the degree of lattice de-
alumination during the hydrothermal treatment, as is shown in 
Figure 5aj Cumene cracking activity increases with increasing lat-
tice dealumination, despite the decreasing Br/Snsted acidity. On the 
other hand, both, activity and Br/6nsted acidity of the USY-ex samples 
decrease with increasing lattice dealumination. Enhanced adsorption 
on the extra lattice aluminium should be accompanied by a slower 
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desorption rate of condensed products, which should result in a 
more rapid deactivation by coking. This is shown to be true by 
Fig. 5c. 

Fig. 4. Br/5nsted acidity (Eg) and first order reaction rate 
constant k (mole/MPa • sec . g) of pulse cumene cracking at 
575 K /32/. EB-extinction of pyridinium ion ir band. 
The effect of the new secondary pore system (most frequent 

pore diameter about 1.8 nm) created in the zeolite by the hydro-
thermal treatment can be evaluated by comparing the catalytic be-
haviour of UST-ex zeolites with that of high silica HY zeolites not 
having such a new pore system which can be prepared by the method 
of BEYER with SiCl^ /34/. There are no differences in the cracking 
of paraffin based gas oil over the high silica zeolites prepared 
in both ways. However the cracking of fused multi-ring compounds 
containing oils, including heavy recycle oil is favoured over the 
USY-ex samples, due to the new pore system. 

EB f-<i.u. 
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Si02 /Al203 ratio (lattice) Si02/Al203 ratio 120 200 
Pig. 5. Catalytic pro-
perties (cumene crack-
ing) of hydrothermal 
pretreated zeolites Y 
vs. zeolite lattice 
composition /30/. 
a. Extra lattice con-
taining TJSY zeolites. 
b. Samples after ex-
traction of extra 
lattice aluminium. 
c. Activity-time de-
pendency of USY and 
USY-ex zeolites. 
Eg and k cf. fig. 4. 
k̂ Q/k.j - quotient of 

¿on Aar\ onn the rate constants 1 2 0 160 2 0 0 , ^ f r o m p u l s e 1 

ratio ( la t t ice) and 10. 
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RAISING THE YIELD OF SYNTHESIS OLEFINS 
Under certain conditions, the desired selective cracking with 

partially dealuninated Y zeolites as the active component in FCC 
catalysts, may result in the portion of low synthesis olefins 
formed being smaller than is desired. In such cases, the addition 
of the zeolite ZSM-5 to the FCC catalyst appears to be advisable.-

As demonstrated in Figure 6, 5 vit.% of an HEZSM-5 are suffi-
cient for achieving a substantial increase in the yield of propene 
and butenes. In this way the product distribution commonly obtained 
in cracking /9/ can be changed to a significant degree. In the 
extreme case, two maxima can be obtained in the product distribution 
curve, namely in the gasoline range, and for the O^/C^ olefins. 
Both zeolite components - dealuminated Y zeolites and ZSM-5 - also 
complement each other excellently, in that coke formation in both 
cases is very slow. One of the consequences of this fact is that 
ionic H transfer to the product olefins (with coke as a H donator) 
is strongly suppressed. 

INFLUENCE OF METALS ON THE ACTIVITY AND SELECTIVITY OF ZEOLITE-CON-
TAINING CATALYSTS 

All cracking feedstocks contain traces of metals (which are 
enriched in the residual oils) in concentrations of about 1 - 1000 
weight ppm: vanadium, nickel, iron, copper, sodium, which are fully 
deposited on the catalyst, and may cause some adverse effects /35, 
23/. Whereas vanadium destroys the zeolite crystal lattice, the 
other metals - in particular nickel - cause undesirable dehydro-
genation reactions leading to hydrogen and coke formation at the 
expense of the desired gasoline. A detailed report on the causes 
of the poisoning of FCC catalysts by vanadium (action of the V=0 
species) will be given by OCCELLI et al. /36/ at this conference. 

Activity and selectivity losses due to metal contamination can 
be diminished by using cracking catalysts with increased proportions 
of zeolite (V tolerances of 1000 ppm and Ni tolerances of 500 ppm on 
equilibrium catalysts in USA FCC units have already been achieved in 
1982), or by metal passivation e.g. by additives containing anti-
mony. This type of passivation is particularly beneficial for nick-
el-containing catalysts, and the firm Davison has successfully de-
veloped and utilized a special vanadium passivator "DVT". To main-
tain the activity and selectivity of an equilibrium catalyst in 
practice, a definite limit of contamination by metals has to be set, 
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which must not be exceeded. 

Pig. 6. Influence of the REZSM-5 content on the olefin 
yield in the cracking of hexadecane under MAT conditions 
(cf. Fig. 1). 
For this reason, the equilibrium catalyst is continuously 

replaced with fresh catalyst. As is evident from a balance calcula-
tion, /2/, the catalyst replacement rate in the cracking of mixtures 
of vacuum gas oil and residual oil amounts to about 1 kg of catalyst 
per ton of feed, whereas in the heavy oil cracking process (HOC) 
1.9 to 3'7 kg of catalyst per ton of feed are required. 

As is evident from experiments on cracking catalysts /37» 38/ 
which will be presented at this conference by BITTRICH et al. /37/, 
hydrogen-activating substances (e.g. MoO^ and WO^) can increase the 
activity and selectivity in producing gasoline. Impregnation of a 
FCC catalyst with these components decreased its activity, whereas 
a physical mixture results in improved activity. Comparison of the 
catalytic properties in the cracking of hydrofined vacuum distil-
lates (boiling at 630-820 K) on a commercial catalyst and a catalyst 
mechanically mixed with SiO? (10 wt.%) and WO, (0.8 wt.%) is shown 
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in Table 3 /38/. The effect of the SiO^WO^ additive, which in-
creases the activity and particularly the gasoline yield, is clearly 
evident« Possible reasons and limits of this effect will be dis-
cussed in the announced contribution /37/. 

Table 3 
Comparison of the catalytic properties of modified cracking cata-
lysts (Davison CAT-A test) 

Conditions: 
temperature 
catalyst weight 
particle siae 
Results: 
(amounts in wt.$£) 
conversion 
liquid products 
gasoline 
gas 
coke 

753 K 
5 g 

à 63/<m 
FCC catalyst 

65.5 
85.2 
51.1 
11.6 
2.9 

C/O ratio 
V/HSV 

2.8 
20 g/g-h 

FCC catalyst (+ SiO^WO^) 

74.3 
84.3 
58.5 
13.4 
2.4 

PROMOTION OF.CO-OXIDATION 
Since 1975i promotors have been successfully used for reducing 

the carbon content on the regenerated catalyst and for minimizing 
the CO content in the flue gas /39» 40/. In most cases, noble metal 
additives are used for this purpose (up to about 5 ppm Pt per cata-
lyst weight), which are either fed in together with the catalyst, or 
are fed into the plant as liquid or solid additives. 

The effect of Pt, Pd, Fe, Ni and V salts on the CO oxidation 
activity in regeneration and their effects on the catalytic crack-
ing activity will be presented in detail by our Hungarian colleagues 
STEINGASZNER et al. /41/ at this conference. 

As is evident from the comparison of the results of conven-
tional regeneration with those of a promoted regeneration, using 
operational data of an industrial plant /40/, the CO content in the 
flue gas can be drastically reduced, with the gasoline yield remain-
ing the same. Hence, in the presence of a promoter, a greater amount 
of heat can be generated in the regenerator, or the catalyst supply 
can be decreased which will reduce the loss of catalyst by mechani-
cal abrasion. Also, with the use of a promotor, the content of 
residual coke on the regenerated catalyst can be reduced, enhancing 
catalyst activity and gasoline yield /39/« 



MINIMIZATION OP SOxPOLHJTION 
Although intensive work in developing catalyst additives for 

reducing SO^ emissions in flue gas dates back to the 'seventies, 
successful industrial application was not achieved until 1979 
(Davison additives "S" and "R") /23/. 

Table 4 shows that the SO^/SOj content in the flue gas can be 
considerably reduced. The action of such additives (in most cases 
catalytically inert oxidic materials) is due to the fact that S02 in 
the presence of excess oxygen oxidizes to give SO^, which is bound 
on the catalyst as sulfate. In the reducing atmosphere of a riser, 
sulphides are formed. These sulphides hydrolyze in the stripping part 
of the reactor, to give H2S, which is then removed from the cracking 
gas. Subsequent H ^ conversion to elementary sulphur might render 
the whole procedure attractive even from an economic point of view. 

Table 4 
Results obtained with additive."R" from an FCC plant /23/ 

Catalyst DA-400 DA-400 
equilibrium catalyst +4 % additive "R" 

S in feed, wt.% 0.56 0.56 
excess of 02, mole % 2-3 2-3 
CO, mole % 0-1.5 0-0.1 
temperature of regenerator, K 688-704 688-704 
502, kg/h 49 20 
503, kg/h 9 2 

FEEDSTOCK PRETREATMENT 
Many difficulties can be overcome by proper pretreatment of the 

feedstock. RITTER et al. /42/ were the first to point out the 
advantages of the use of hydrotreated FCC feedstocks, including heav^ 
cycle oil. The benefits of cracking hydrogenated feedstocks ares 
Improved gasoline output, lower sulphur content in the products, 
lower S02 level in the flue gas, strong reduction of metal con-
tamination, less poisoning and less coking of the FCC catalyst due 
to previous hydrogenation of heterocompounds and highly unsaturated 
hydrocarbons. 

Excellent experience in all these respects has been gained 
with the DESUS procedure /43, 44/ in the PCK Schwedt in the GDR. 
This procedure serves to achieve a 85 to 90 percent desulphurization 
of middle and vacuum distillates at 650 K, 3»5 MPa 32, and a EHSV 
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of 2-2.5 v/vh on a hydrotreating catalyst with optimized shape and 
pores. It has been developed by the Leuna-Werke "Walter Ulbricht". 

Comparison of the most important properties, (gasoline yield 
and quality, catalyst consumption, and SO^ emission) in the case of 
unrefined gas oil and gas oil obtained by hydrotreating according to 
the DESUS procedure, is presented in Table 5« 

Table 5 
Influence of DESUS pretreatment on FCC parameters /43/ 
Parameters of gas oil feedstock 
(725-805 K) cracking untreated DESUS pretreated 
Yield, wt.% 
gasoline 46 51 
light cycle oil 20 17 
heavy cycle oil 8 5 

14 16 
Quality, R0Z+ (0.31 g Pb/dm3) 95 96.5 
Catalyst supply, 
kg catalyst/t feed 1.01 0.505 
S02 pollution, kg/t feed 1.32 0.15 

A reduction of the S content from 1.4 to 0.4 wt.% in the oil 
is associated with increased gasoline yield from 46 to 51 wt.%. This 
increased gasoline yield is mainly due to selective catalytic con-
version of condensed polynuclear aromatics into gasoline derivatives. 
Simultaneously, the pretreatment of the gas oil results in a de-
crease of the vanadium content from 2 to 0.2 ppm, and of the nickel 
content from 0.5 to 0.1 ppm. 
TENDENCIES IN FCC CATALYST DEVELOHIENT 

Today, intensive work is being carried out to improve the 
properties of zeolite containing cracking catalysts. The aims of 
this work are as follows: 
- to increase the gasoline yield 
- the improvement of gasoline quality (octane number) 
- to decrease S0X and CO emission 
- the development of catalysts with high metal compatibility, which 
also enables heavy feedstocks to be processed. 

Increased gasoline yield along (with increased content of 
aromatics) and reduced coke formation can be achieved when high 
silica ultrastable zeolites Y are used as active components. However, 
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due to increased technological expense, production costs of such 
catalysts are much higher, and their potential use is subject to 
economical considerations. 

When an increased proportion of synthesis olefins is desired 
in the FCC process, this can be achieved by incorporating an addi-
tional proportion of ZSM-5 as a zeolite component into the cracking 
catalyst. 

Other alumosilicate solids, such as dealuminated mordenites 
and erionites, as well as smektites may be used as active cracking 
components, little information is however available concerning 
their application. 
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ABSTRACT 
The effect of cation exchange degree of H-ZSM-5 type zeolite the 

mode of its decationation and its granulation on the zeolite catalytic 
activity in the case of cumene cracking was investigated. Besides ben-
zene and propylene the main products of this reaction butenes and pen-
tenes as well as n-propylbenzene appeared as the products of side 
reactions. Owing to the shape selectivity no saturated hydrocarbons 
(except traces of butane) nor ethylbenzene and toluene were forming 
which are typical products of side reactions on HNaY zeolites. Gene-
rally the H-ZSM-5 zeolites decationated by the substitution of Na+ by 
NH^ are more active than those decationated by the treatment with hydro-
chloric acid solution exhibiting comparable content of Brttnsted acid 
sites.However this effect was definitely more distinct in the case of 
highly exchanged zeolites (cation exchange degree about 90 %) . x 

INTRODUCTION 
Despite the fact that cumene cracking belongs to the frequently 

used catalytic test reactions it has not been more thouroughly studied 
on the ZSM-5 type zeolites. Nayak and coll. [1] described a series of 
experiments in which cumene conversion was determined at 673 K on a 
series of H-ZSM-5 zeolites differing by the cation exchange degree. 
The present authors [2] compared the behaviour of HNaY and H-ZSM-5 type 
zeolites as the catalysts of cumene cracking and stated distinct diffe-
rences in the yield and the composition of the side reactions products. 
The aim of the present investigation was to study the catalytic cracking 
of cumene on H-ZSM-5 type zeolites of different cation exchange degree 
the acid properties of which were well characterized. Simultaneously 
the effects of the decationation mode and the granulation of the 
samples were investigated. 



EXPERIMENTAL 
The samples of ZSM-5 type zeolite (Si/Al molar ratio equal to 

47) were obtained at the Institute of Industrial Chemistry, Warsaw, as 
described in [3]. The decationation was carried out by J. Datka either 
via substitution of Na+ ions with NH^ ( symbol NZ} or by the treatment 
with hydrochloric acid solution ( symbol HZ), The samples with the 
highest cation exchange degree were also obtained in the case of which 
both methods of decationation were applied one after another but in 
different sequences ( symbols HNZ and NHZ). The acid properties of the 
same samples were investigated in this laboratory by J. Datka and Tufc-
nik and are described by them in full detail in their paper presented 
at this conference [4] and also in ref. [5]and[6], The main data charac 
terizing the samples are given in the Table. The numbers in the symbols: 
of samples give the percentage of cation exchange. Strong BrBnsted acid 
centres are formed by OH groups with the stretching frequency 3609 cm-^ 
Catalytic tests were carried out using either the samples not granu-
lated containing crystallites of ~ l^n or the samples obtained by 
pressing the same fine crystalline powder, crushing the pellets and 
selecting the sieve fraction of grains 90-190/tm. 

Table 

Sample Apparent Concentration of acid Rate constant of cumene 
and ca- activation center per unit cell* cracking min-^ 
tion ex-
change 
tion ex-
change 

CilCig J 
k3 mol"1 Brönsted Lewis K670 K630 

degree 
% 

t S cn st
ro

ng
 

w
ea

k fc 
1 

rj c ß 
o> po

w
de

r 

gr
an

ul
. 

NZ-31 62 39 0 .29 0 .30 0 .59 0 .10 70 100 31 59 
NZ-43 54 44 0 .47 0 .36 0 .83 0 .15 • 144 145 85 88 
NZ-83 52 30 0 .85 0 .39 1.24 0 .18 238 218 ' 135***' 152 
HZ-42 58 49 0 .38 0 .35 0 .73 0.14 143 179 70xX 115 
HZ-81 35 38 0 .82 0 .26 1.08 0 .18 129 205 77 136 
HZ-88 30 37 1.03 0 .30 1.33 0 .17 168 242 126 167XX 

HNZ-90 38 35 0 .96 0 .22 1.18 0 .10 115 209 72 140 
HNZ-88 55 36 1.04 0 .21 1.25 0 .13 183 278 115 196 

x - Determined by J. Datka and E. Tufcnik £"5,6] ; xx - Extrapolated j 
xxx - Interpolated. 



Catalytic tests were carried out in a pulse microreactor connected 
on line with a gas chromatograph. Helium was used as a carrier gas into 
the flow of which (1200 cnrh ) the doses of 3 /tl of cumene were intro-
duced. The samples 0.02 g of catalyst diluted with 0.1 g of powdered 
quartz were activated "in situ" for 2 h at 720 K in the stream of helium. 
Analytically pure cumene (POCh Gliwice, Poland) was kept over metallic 
sodium and distilled before experiments. A Giede 18.6 Gas Chromatograph 
with programmed heating was used for the analysis of the reaction pro-
ducts applying a chromatographic column (length 2.5 m, diameter 4 mm) 
filled with Chromosorb W covered with 14 % of silicon oil DC 200. Katha-
rometric detection was applied. The reaction products were identified 
using Mass Spectrometer LKB 9000 s. 

Two se'ries of catalytic tests were carried out. In constant tem-
perature tests the dependence of activity and selectivity on the number 
of cumene pulses was investigated. In polythermic tests executed usually 
between 570 and 670 K at each temperature only one pulse was introduced 
in order to avoid the effects of ageing. 

The rate constant of cumene conversion was calculated assuming 
1st order of the reaction, 

RESULTS AMD THEIR DISCUSSION 
Reaction products. Besides the main reaction products benzene 

and propylene some amounts of side reactions products were also detec-
ted : butenes, pentenes and n-propylbenzene but only traces of butane. 
The olefins were the products of the transformations of primary pro-
pylene as verified by the separate experiments in which pure propylene 
was introduced on the catalyst. The fact that olefins were the predomi-
nant product of propylene secondary reactions and only traces of alka-
nes (butane) were present which on the other hand are the main products 
of propylene secondary reactions on NaHY zeolites [2] is a typical 
shape selective effect. Presumably it is connected with different pro-
perties of propylene oligomer forming in both cases. In ZSM-5 zeolites? 
the narrow pores allow only the formation of linear oligomer which, as 
it iŝ  supposed, decomposes into olefins of various chain length while 
the tireedimensional oligomer forming in large cavities of faujasite 
type zeolites: disproportionates into the hydrogen rich (alkanes) and 
hydrogen deficient precursor of the coke [7]. 

Only one aromatic product of side reactions was detected i.e. the 
n-propylbenzene which is the product of cumene isomerization. According 
to [8] the latter reaction occurs with the formation of monomolecular 
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transition complex. No ethylbenzene nor toluene were formed which were 
observed in the case of NaHY zeolites. They are considered to be formed 
via bimolecular transition complexes [8] which obviously can not be 
formed in the narrow pores of H-ZSM-5 zeolite. 

Ageing of the catalysts. The ageing of the catalysts was follo-
wed at 600 and 670 K. Pig. 1 (full line) shows that the deactivation of 
the catalyst with the increasing number of cumene pulses was slow being 
more distinct at lower temperature and in the case of the catalyst ex-
hibiting smaller cation exchange degree. The fact that deactivation was 
slower at higher temperatures can be explained by a more rapid de-
sorption of precursors of the coke deactivating the catalyst. No influ-
ence of the granulation on the ageing of the catalyst (dashed lines on 
Pig. 1) was observed. 

Fig. 1. Conversion of cumene as the function of the number of 
cumene pulses in the case of HNZ-90 and HZ-42 samples non-granulated 
(full line) and granulated (dashed line) . 

Fig. 2 shows on the example of HZ-1 sample the effect of the de-
activation on the composition of reaction products. It is seen that the 
mole % of benzene in the initial pulses exceeded the sum of mole % of 
propylene unchanged and propylene transformed into butenes. The deficit 
of propylene must be due at least partially to its irreversible ad-
sorption resulting in the slow catalyst deactivation but also some 
amounts of it may be only slowly desorbed out of the catalyst and not 
be included in the pulse of products introduced on the chromatographic 
column. Similarily as it was observed in [2] catalyst deactivation 
results in the diminishing of the amounts of side reactions products s 
increasing the content of propylene, decreasing the content of other 
olefins. Simultaneously the relative content of benzene with respect to 
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the total content of propylene is decreasing and slowly approaching 
the molar ratio 1s1 thus indicating that the deficit of propylene is 
growing less and the catalyst is becoming more selective in respect to 
the main cracking reaction. This indicates that the secondary transfor-
mations of propylene occur on the acid centres - presumably the stron-
gest ones - which are poisoned at first. 

Pig. 2. Composition of the reaction products on the HZ-42 
non-granulated at 670 and 600 K as the function of the number of cu-
mene pulses (mol %), 

a benzene 
• propylene 
o butenes (expressed as the number of moles of converted propylene') 
x n-propylbenzene 

The effect of cation exchange degree and the mode of decate-
nation. Pig» 3 shows the dependence of rate constant on the temperature 
as obtained in polythermic tests: carried out with not granulated 
samples. When comparing the activity of various samples the following 
statements can be done : 
1. Within both series of zeolites NZ and HZ the catalytic activity is 
increasing with the increasing cation exchange degree and also with the 
acidity as given by the concentration BrBnsted acid centres. 
2. The effect of the decationation mode can be followed by comparing 
samples HZ-42 and NZ-43 with cation exchange degree 42 resp. 43 % and 
also on the samples HZ-88, HNZ-90 and NHZ-88 with 88-90 % of cation ex-
change. In the further case the activities of both samples are similar 
within the whole range of temperature but the sample NZ-43 with higher 

number of pulses number of pulses 
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Fig. 3. Rate constant of the non-granulated catalysts as the 
function of temperature 

content of BrOnsted acid centres was always more active. In the latter 
case the discrepancies) in the activity are much more pronounced and the 
sequence of activity HNZ-90 NHZ-88 HZ-88 corresponds well to the 
sequence of the total concentration of BrBnsted acid centres. However it 
should be observed that the sample NZ-83 with 1.24 BrBnsted acid centres 
per unit cell practically identical with that of the sample NHZ-88 is 
more active than all the other samples. The apparent activation energies 
of catalytic reaction of NZ-83 and NHZ-88 are not very much differing 
but the activation energy in the case of the latter sample is somewhat 
lower and the observed differences may be attributed to the higher acti-
vity of catalytically active BrBnsted acid centres. However the second 
possibility is that in NHZ-88 sample the acid centres although accessible 
to pyridine molecules in the course of determination of their concen-
tration, are only partially accessible to the cumene molecules. This 

394 



might he due to some structural changes in NHZ-88 sample. 
3. The apparent activation energy of cumene conversion decreased within 
both series of samples NZ and HZ with increasing cation exchange 
degree. With the exception of NHZ-88 sample this rule seems to be also 
approximately valid for the whole set of the results. The decrease of 
activation energy with the decreasing cation exchange degree was also 
observed in some other cases as e.g. in the case of butene isomer!-
sation on NaHY zeolites [9]. There are several possible reasons of 
such effect. First of all the increasing number of acid centres 
playing the role of catalytically active sites results in much faster 
reaction in the zeolite pores and in such situation diffusion becomes 
a factor influencing the overall rate of the process. Secondly the in-
creased acid strength of the BrBnsted acid centres may lower the ener-
gy needed for the formation of transition complex. Finally the possible 
increase of the adsorption heat of the substrate may cause the decrease 
in the apparent energy of activation even if the true activation energy 
remains unchanged. 

The effect of sample granulation, is shown in Fig. 1 in which 
full lines correspond to the not granulated samples and the dashed 
lines to the granulated ones. It is seen that in the case of HZ-42 
sample exhibiting relatively low activity the effect of granulation is 
not pronounced. On the other hand In the case of highly active HNZ-90 
sample the conversion on the granulated catalyst is definitely higher. 
This can be attributed to the fact that the reagents penetrating into 
the pores between particular crystallites remain for a longer period 
of time in the contact with the catalyst and the effect is similar to 
that obtained by the prolongation of contact time. The effect''diffusion 
in the intercrystalline pores of the granules is the obvious reason 
ahy granulating the samples lowers the apparent activation energy as it 
is seen from the data presented in the Table. 
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EFFECT OF SOME PLATINUM METALS ON THE REGENERATION BEHAVIOUR 
OF ZEOLITIC CRACKING CATALYSTS 

P. Steingasznera, A. Szűcaa, É. L. Dudása, T. Mándyb 
Department of Chemical Technology, Technical University Qf 
Budapest, Hungary (a) 
Hungarian Hydrocarbon Institute, Százhalombatta, Hungary (b) 

ABSTRACT 
A simple method is described by which a clear distinction 

can be made between fluid cracking catalysts, whether they contain 
oxidation promoters or not. It was shown that by incorporating 
1 part per million of platinum into an unpromoted catalysts, its C0-
oxidation activity could be improved drastically. Palladium proved 
about ten times less effective. The regenerability of the catalyst, 
characterized by the temperature belonging to the CO-conversion 
of 0.5 changes linearly with the one third power of the platinum 
concentration. High temperature steam treatment of the platinum metal 
impregnated catalysts levelled activity differences by decreasing 
the activity of platinum containing catalysts and increasing that 
of palladium containing ones. 

INTRODUCTION 
Synthetic zeolite containing catalysts are used practically 

exclusively in catalytic cracking units all over the world because 
of the higher gasoline yield, lower coke make etc. In order to make 
full use of these advantages a coke level far less than 0.1 % by 
weight on the recycled catalyst is imperative, since already small 
amounts of coke left on the catalyst would block the zeolite pores, 
preventing the molecules to be cracked to enter. The effect of the 
coke content on cracking yield was shown by Wachtel and coworkers 
(1). 

Highly efficient coke removal can be attained by high temper-
ature regeneration (2), by two-step regeneration (3) and/or by the 
use of cok§ oxidation improving agents incorporated into the fluid 
cracking catalyst (4), or used along with the catalyst in liquid or 
solid form (5). Using, these means, a practically complete oxidation 



of the coke to carbon dioxide (and water) with a near-stoichiometric 
amount of air is possible, that, by decreasing the catalyst-to-oil 
ratio, brings about higher gasoline yields, more efficient use of 
the thermal and kinetic energy of the regenerator flue gases in 
expander turbines, lower carbon monoxide emissions, etc. 

Oxidation improvers belong to the class of platinum metals. 
In spite of the wide-spread use of these so called promoters, no 
literature is known presenting data on the specific effects of dif-
ferent platinum group metals, how their concentration influences 
the burning of the coke, how their catalytic effect is influenced 
by conditions occurring during the cracking/regeneration cycle, etc. 

The effectiveness of oxidation improvers is tested either by 
determining the carbon monoxide/carbon dioxide ratio in the flue gas 
of a batch' regeneration experiment of coked catalysts (2), or by 
measuring the carbon monoxide conversion of a carbon monoxide con-
taining gas led over the catalyst under specified conditions (6, 7). 

The aim of the present work was to investigate how platinum 
and palladium impregnated zeolitic cracking catalysts behave in 
carbon monoxide oxidation, what are the metal concentration effects, 
and how hydrothermal treatment affects their oxidation activity. 

EXPERIMENTAL 
The apparatus used consisted of an electrically heated upflow 

isothermal quartz reactor of 20 mm i.d. and 400 mm height with a 
sintered porous plate in the middle and two thermowells extending 
from both ends, pressure bottles for compressed air and carbon mon-
oxide, and flow control valve and rotameters for controlling and 
measuring the flow of gaseous reactants. The temperature inside the 
reactor was controlled to i 1 deg. C by means of temperature con-
trollers. 

The carbon monoxide content of the feed gas as well as that 
of the effluent from the reactor was measured by means of calibrated 
infrared gas analyzers, type Elkon S-205, operating at a wave-length 
of 466O nm. 

Measurements were carried out with air containing 2 % by vol-
ume of carbon monoxide, at a flow rate of 30 liters/hour, measured 
at room temperature and atmospheric pressure, using 6.2 ml catalyst 
samples placed on the porous plate. 

Measurements with the same batch of catalyst were carried out 
at different temperatures. The carbon monoxide content of the efflu-
ent was corrected by subtracting the carbon monoxide converted in 



the empty (i.e. catalyst not containing) reactor at the same temper-
ature. The correction was negligible at temperatures below 400 deg. 
C. 

Catalyst samples have been stabilized by pretreating the cata-
lyst for 2 hours at 500 deg. C with the same 2 % (volume) CO-con-
taining air used for the activity determination. Industrial fresh 
and equilibrium fluid cracking catalysts from two different manu-
facturers have been used, some of them containing promoters of un-
specified nature and concentration. Data of the catalysts are sum-
marized in Table 1. 

Table 1 
Data of the catalysts used 

Unpromoted Promoted 
Catalysts 

Alp A 1 E BF A2pp A 2EP BEP 
Chemical composition 
A1203 % 23,2 21.5 46,8 

• 

28,0 26.5 _ 

Na20 % 0. 24 0.19 0. 25 0. 20 0.28 -

Fe % 0.01 0.12 0.76 0.08 0. 25 -

Coke % 0 0.13 0 0 0.09 0.01 

Physical properties 
Apparent Bulk Density (g/ml) 0.46 0.75 0.84 0.53 0.85 0.96 
Pore Volume (ml/g) 0.68 0.41 0. 27 0.50 0. 25 0.23 

o Surface Area (m /g) 565 172 122 390 97 81 

-: no data available 
Early measurements with these catalysts presented problems as 

fines leaving the reactor plugged outlet lines. This difficulty was 
overcome by a previous air elutriatibn of the catalyst samples, by 
which about 21-23 % of the original batches have been removed as 
fines. 

In order to test the promoting effect of platinum group metals 
fresh Alp catalyst samples were impregnated with aqueous platinum or 
palladium salt solutions (H2(PtClg) and PdCl2), dried at 120 deg. C 
for 3 hours and calcined at 600 and 750 deg. C for 3 and 6 hours in 
air, respectively. 
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To simulate hydrothermal effects occurring during fluid cata-
lytic cracking, catalyst samples were treated in the laboratory at 
750.deg. C for 6 hours with steam. 

RESULTS AND DISCUSSION 
Figure 1. shows the carbon monoxide conversion vs. tempera-

ture curves for commercial fluid cracking catalysts made by manu-
facturers A and B. The samples tested were the following: 

- unpromoted fresh Alp and Bp, 
- unpromoted equilibrium Alg, 
- promoted fresh A2pp and Bpp, further 
- promoted equilibrium A2^p and B^p, 

where subscripts F, E and P refer to fresh, equilibrium and promot-
ed catalysts, respectively. 

Figure 1. clearly shows that the oxidation of carbon monoxide 
starts and is completed at much lower temperatures with promoted 
catalysts as in the presence of unpromoted ones. Promoted fresh cat-
alyst A2pp was of lower oxidation activity than its equilibrium 
counterpart indicating that one or more of the conditions 
prevailing during the cracking-regeneration cycle improves carbon 
monoxide conversion behaviour of certain fluid catalytic cracking 
catalysts. 

Fig. 1. Carbon monoxide conversion vs. temperature with 
different commercial cracking catalysts 
The carbon monoxide conversion vs. temperature curves for 

most promoted cracking catalysts were steep, probably because the 
temperature within catalyst particles was much higher than the 

CO-conversion 

V 

200 300 iOO 500 600 700 

Temperature t 'C 

400 



measured bulk gas temperature, due to the heat of combustion of car-
bon monoxide and the low heat conductivity of the catalyst particles-

Fresh catalyst Alp was impregnated to different platinum con-
tents of 1 to 200 ppm, with solutions of hexachloroplatinic acid. 
Data of carbon monoxide conversion vs. temperature for these cata-
lysts, along with those of unpromoted A1 catalyst are plotted in 

_r 

Figure 2. This figure shows that already the extremely low concen-
tration of 1 part per million of platinum drastically reduces the 
temperature needed for a given carbon monoxide conversion. Increas-
ing the platinum concentration to 200 ppm further enhances the ac-
tivity of the catalyst. Reaction temperatures measured at a CO-con-
version of 0-5 plotted in function of the one third power of plati-
num concentration show a linear correlation. 

Temperature, 'c 

Fig. 2. Effect of platinum 
concentration 

CO -conversion 

Temperature, C 

Fig. 3- Effect of palladium 
concentration 

The same fluid cracking catalyst Al^, when impregnated with 
solutions of palladium chloride according the procedure previously 
described, behaved - compared to the platinum impregnated cata-
lysts, as shown in Figure 3. - far less efficiently: e.g. to at-
tain a carbon monoxide conversion of 0-5 about ten times as much 
of palladium was needed, as of platinum. Additionally, in the high-
er conversion range, curves flattened out, reaching total carbon 
monoxide conversion only at very high temperatures. 

Preliminary experiments were run to find out if the condi-
tions prevailing within the cracking/regeneration cycle influence 
the carbon monoxide oxidation activity of cracking catalysts. It 
has been found that thermal treatment in dry air modified only 
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slightly the carbon monoxide oxidation activity of the samples tested 
high temperature hydrothermal treatment, however, brought about con-
siderable changes. 

Samples of catalyst Alp impregnated with hexachloroplatinic 
^acid solutions to 10 and 200 ppm platinum content, along with blank 
catalyst Alp were subjected to hydrothermal treatment with steam at 
750 deg. C for 6 hours, and subsequently tested for their carbon 
monoxide oxidation activity. 

Results are shown in Figure 4- For comparative purposes, re-
sults obtained with the untreated catalysts are also shown. Whereas 
the oxidation activity of the blank Alp catalyst increased slightly 
upon the hydrothermal treatment, catalyst samples containing plati-
num became less active than they were before hydrothermal treatment. 

200ppm 200ppm 10 ppm 10ppm 

300 

Temperature t 'C 

Fig. 4. Effect of hydrothermal 
treatment on platinum 
impregnated catalysts 

300 

Temperaturet C 

Fig.- 5. Effect of hydrothermal 
treatment on palladium 
impregnated catalysts 

Catalyst Alp impregnated with palladium chloride solution to 
contain 200 ppm of palladium, was subjected to the same hydrothermal 
treatment. The carbon monoxide oxidation activity curve of the treat-
ed sample is shown in Figure 5, along with that of the untreated 
sample. Hydrothermal treatment increased the carbon monoxide oxida-
tion activity of the palladium containing catalyst considerably: 
comparing this curve with the curve of hydrothermally treated cata-
lyst containing 200 ppm of platinum on Figure 4, it can be seen that 
hydrothermal treatment brought the two catalysts to about the same 
oxidation activity level. 
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ISOMERIZATION OF CYCLOPROPANE OVER Co(II)-EXCHANGED A-TYPE ZEOLITES 

P. FEJES, I. Kiricsi, Gy. Tasi, K. Varga 
Department of Applied Chemistry, Jozsef Attila University, Szeged, 
Hungary 

ABSTRACT 
Study of the skeletal isomerization of cyclopropane over Co(Na)A 

zeolites exchanged to different levels reveals that the reaction takes 
place irreversibly and follows first-order kinetics. The rate is pro-

2+ 
portional to the number of accessible Co ions in the large cavities. 
This value is the same as the number of adsorbed propylene molecules 
at full coverage. In contrast to the situation with Bronsted acids as 
catalysts, the reaction intermediate is a it-adsorbed complex produced 2+ by the interaction of cyclopropane adsorbed "face-on" over Co ions. 

2+ 
As Co ions are inactive in side-reactions such as oligomerization 
and cracking, the kinetics of isomerization can be studied under 
"clean" conditionso 
INTRODUCTION 

It is widely accepted that the skeletal isomerization of cyclo-
propane on solid acids is one of the most simple catalytic transforma-
tions. The reaction takes place irreversibly, following apparent 
first-order kinetics, and edge-protonated cyclopropane is regarded as 
the reaction intermediate [1-5]. The product propylene is not stable 
in contact with Bronsted acids, as it undergoes further reactions 
leading to different oligomeric and cracking products [6-8]. These un-
desired side-reactions can be avoided and the kinetic picture is accord-
ingly simplified if alkaline earth or transition metal ion-exchanged 
zeolites, as Lewis acids, are used as catalysts [9]. With Co(Na)A 
zeolites, for example, it was possible to follow the kinetics by i.r. 
spectroscopy, measurements in a static reactor permitting estimation 
of the relevant rate coefficients of the surface reaction [10]. The 

2+ 
i.r. spectroscopic studies revealed that the active centres are Co 
ions interacting with cyclopropane adsorbed in a "face-on" mode [11]. 
The reactor experiments resulted in a strict correlation between the 2+ true kinetic parameters and the number of accessible Co ions in the 
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zeolitic framework. 
This paper is intended to shed light on some details of the ki-

netics of cyclopropane isomerization over Co(Na)A zeolites exchanged 
to various extents. 

EXPERIMENTAL 
The Co(Na)A specimens were obtained from binderless Linde 4A 

zeolite by exchange with Co(NO^^ solution. Their compositions are 
given in Table 1. 

Table 1 
Unit cell compositions of catalysts used 

îîo Composition 
1 Na12 - A (A = Al12Si12°48) 

2 C°0.24Na11.52 - A 
3 C°0.85Na10.2 - A 
4 Co1.38Na9.24 - A 
5 Co3.6 Na4.8 - A 
6 ' Co3.7 Na4.6 - A 
7 Co4.02Na3„96 - A 
8 Co4.55Na1.9 - A 

The zeolite samples were characterized by XRD, IR spectroscopy 
and TG. 

For adsorption and kinetic studies, the catalyst samples were 
heat-treated at 673 K, in vacuo, for 4 h. (The final pressure at-

_2 

tained was better than 10 Pa.) A description of the kinetic equip-
ment used and the product GC analysis is to be found in [12]. 

RESULTS 
Adsorption experiments with cyclopropane run into difficulties, 

because the kinetic diameter of the cyclopropane molecule (around 
0.52 nm) is larger than the pore openings in NaA. On the other hand, 
cyclopropane undergoes a quite fast transformation over Co(Na)A, even 
at ambient temperature. These obstacles are not encountered with pro-
pylene as adsorptive. 

Figure 1 shows the adsorption isotherms of propylene on NaA 
zeolite. The isotherms cannot be described correctly by either the 
Langmuir or the Freundlich isotherm equation: at low temperatures 
they are rather of the Langmuir type, while at higher temperatures 
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the Freundlich isotherm equation seems to be valid, with a continuous 
transition between the two types at intermediate temperatures. Similar 

2+ results have been obtained with samples with low Co contents. 

Fig. 1. Adsorption isotherms of propylene on NaA zeolite. 
(Temperatures: a 332 K; b 377 K; c 398 K; d 438 K; e 453 K; 
f 473 K.) 
Figure 2 depicts the isosteric heats of adsorption at different 

coverages, as obtained from the isotherms for NaA and a low-level ex-
changed specimen (No. 2). It is clearly seen that, after some de-
crease, near a =0, the curves level off at the same value (Q , = 

' - I s st = 47 kJ mol ) for the two adsorbents. The quite high value of Q 
implies weak chemisorption, as found by Schirmer in the case of 
Ca(Na)A [13]. 

With ethylene as adsorptive the character of the curves for a 
2+ 

specimen containing 1 Co ion/u.c. is similar; nevertheless, the 
levelling-off occurs at a lower isosteric heat of adsorption (Qst = 
= 42 kJ mol"1 [14]). 2+ 

At high Co ion-exchange levels (see specimens No. 6 and No. 
7), the isosteric heat curves are similar to each other (see Fig. 3), 
but differ markedly from those seen in Fig. 2. At higher coverages a 
constant value of Q = 75 kJ mol-1 is reached here too. 

The adsorption heat curves in Fig. 2 and 3 clearly demonstrate 
that no simple adsorption model can be valid for the adsorption of 

2 + propylene on Co -exchanged NaA zeolites. 
The kinetic curves of cyclopropane isomerization, as measured 



VI e 
701 

50 *»5Bot > H > ' 

10 as10/moMcg 

<3 
70 

50 

10 dslO/moMcg 

Fig. 2. Isosteric heat of ad-
sorption at different cov-
erages for NaA (o) and sample 
No. 2 (•). 

Fig. 3. Isosteric heat of ad-
sorption at different coverages 
for samples No. 6 (o) and No. 7 

in a recirculatory flow reactor using catalyst samples with varying 
2+ Co contents, are shown in Fig. 4. NaA turns out to be a practically 

10 t/ks 

Fig. 4. Kinetic curves of cyclopropane isomerization. (Reaction 
-4 

temperature 473 K; mass of catalyst 2'10 kg; reactor volume 
0.14 dm3.) 

inactive catalyst, mainly due to sieving effects. The curves reflect 
2+ 

a similar change between specific activity and Co content. The ac-
tivation energies computed from the kinetic curves are listed in 
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Table 2 
Activation energies for cyclopropane isomerization 
Zeolite Nq> 4 N o > 5 N o > samples 
Activation 
energies 47.2 64.3 65.7 
kJ mol-1 

DISCUSSION 
The adsorption properties of NaA for different hydrocarbons have 

been investigated by several authors [15-17]. From the results it 
could be concluded that through exchange of the bulky Na ions for 

2+ 2+ 2+ 
ions of increasingly smaller size (e.g. Ca , Mg , Co , etc.) the 
pore openings could be widened (the eight-ring windows are blocked by 
ions of smaller diameter), permitting the penetration of bulkier hydro-
carbon molecules. 

Though the amount of propylene adsorbed increases with the de-
2+ 

gree of Co ion-exchange, no direct proportionality can be observed 
(see Fig. 5). Breck came to a similar conclusion concerning ethylene 
adsorption on KNaA zeolites [16]. 

The first-order rate constants for the isomerization reaction 
can be seen in Fig. 5 too. The similarity of these two sets of data 
proves that in the chemisorption and in the catalytic reaction the 
same centres are involved, their number and distribution (accessi-
bility) being identical. 

The kinetic curves in Fig. 4 for both cyclopropane consumption 
and propylene production are apparently first order in the case of 
high-level exchange. No induction period whatsoever is discernible in 
the curves, in contrast to NaY and NaCaY zeolites [12], and no oligo-
meric species or cracking products could be identified by GC. The ac-
tivation energy for these samples (E+ = 65 kj niol agrees well with 
that found previously [18]. 

At low exchange levels the character of the kinetic curves dif-
fers markedly from that found before. The activation energy (for sam-
ple No. 4) drops from 65 kJ mol 1 to E+ = 47 kJ mol this value be-3L 
ing equal to the isosteric heat of adsorption for propylene at high 
coverages on the same samples. 

Propylene preadsorbed on the activated catalyst does not influ-
ence the rate of cyclopropane skeletal isomerization. Allene, admit-

A.AQ 



ted to the catalyst before commencement of the experiment, causes re-
tardation. This is probable due strong chemisorption, or else is caused 
by its isomerization product, methylacetylene, rendering the active 
sites inaccessible for cyclopropane and/or propylene. 

These findings are opposite to those found earlier on NaCaY 
•zeolites exhibiting weak BrcJnsted acidity, where small amounts of pre-
sorbed propylene or allene reduced the length of the induction period 
by creating C^H^ carbocations as ionic chain carriers. This behaviour 
is characteristic for promoters. 

Indirectly, this result suggests that the Co(Na)A samples are 
free of any Bronsted acidity. Forster and co-workers came to a similar 
conclusion from their investigation of the i.r. spectra of CoNaA 
zeolites in the OH region [19]. 

Fig. 5. Comparison of the adsorption and kinetic data 
On the basis of what has been stated about the correlation found 

between specific activity (expressed as the first-order rate constant 
2+ 

of the surface reaction) and Co content (see Fig. 5), it seems very 
probable that, starting from NaA, with adsorption practically nil for 
cyclopropane, the sieving effect diminishes progressively with in-
creasing levels of exchange, permitting access to active sites in the 
zeolite cavities. This point is stressed, for there are a few cases in 
the literature where a similar trend was observed with Bronsted acid 
sites as active centres, which necessitates another explanation [20]. 
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SPECTROSCOPIC AND KINETIC STUDIES ON THE CYCLOPROPANE ISOMERIZATI ON 

OVER MORDENI TES OF DIFFERENT ACIDITY 

H.FÖRSTER, J . SEEBODE 

Institute of Physical Chemistry, University of Hamburg, Laufgraben 

24, D-2000 Hamburg 13, Federal Republic of Germany 

ABSTRACT 

Isomerization of cyclopropane over mordenites of different 

acidity has been studied by UV-VIS-IR spectroscopy and reactor 

kinetic measurements. 

Apart from the beginning and at high degrees of conversion the 

kinetics follows the law of a first order irreversible reaction. 

With increasing proton content of the zeolite the rate of isomeriza-

tion is enhanced and the activation energy is decreased. The forma-

tion of allylic and polyenylic carbocations in Bronsted acidic 

mordenites responsible for the production of oligomers can be proved 

by UV-VIS as well as by IR spectroscopy. By-products of this kind 

are missing on the Na-form, although there is evidence for a low 

residual surface acidity, the confirmation of which seems to be more 

likely by kinetic experiments or conversion of selected probe mole-

cules than by vibrational spectroscopy. 

INTRODUCTION 

In spite of the spectacular transformation of coal or organic 

waste to hydrocarbons over silica-rich zeolites, there is still much 

industrial interest and effort in isomerization, which runs parallel 

to cat-cracking and upgrades the benzine f r a c t i o n . As this type of 

reaction is known to be catalyzed by strong acids in homogeneous 

media, the intermediacy of carbonium ions also with zeolites should 

be established and their role in parallel or consecutive reaction 

steps should be e x p l o r e d . 

Due to its higher m o d u l e , mordenite is of greater stability 

compared to faujasites and seems to be well-suited in the H-

exchanged form for fundamental investigations. As the test reaction 

isomerization of cyclopropane was chosen, details of which are well-

established in the literature /1/, stating the rate determining step 
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being the formation of the non-classical protonated cyclopropane 

intermediate. The objective of this paper was to examine the depen-

dence of the kinetic parameters for the isomerization of cyclo-

propane upon the proton content of the zeolite and the influence of 

other compounds enhancing the allylic ion g e n e r a t i o n . 

EXPERIMENTAL 

Materia 1s. The base material was synthetic mordenite Zeolon 

100-Na (Norton) designated as Zeolon. A part of this sample was 

stirred for 16 hours at 350 K in an excess of 1 molar NaCl solution 

in order to achieve the homo-ionoc Na-form, named NaM. Starting from 

Zeolon, mordenites of different ammonium content were prepared by 

stirring with stoichiometric amounts of 0.1 molar solutions of 

ammonium chloride at 350 K for 16 hours. The compositions were 

determined by atomic absorption spectrophotometry (AAS) and neutron 

activation analysis. Samples will be designated as NaxHyM, where M 

denotes A l g S i ^ O g g . 

Cyclopropane (Merck, stated purity 9 9 . 9 9 8 % ) , allene (Matheson, 

97%), ammonia (Matheson, 99.998%) and propene (Messer-Griesheim, 

99.98%) were used without further purification. 

Apparatus. A stainless steel recircu1atory flow reactor was 

used for the kinetic experiments, a more detailed description of 

which will be given elsewhere /2/. For product analysis the system 

was connected via a motor-driven sampling valve to a gas chromato-

graph (VARIAN AEROGRAPH 1520). The FID (flame ionization d e t e c t o r ) 

signal is controlled by an 8-bit microcomputer (COMMODORE CBM 8032) 

and was stored for further processing on a d i s k . The FID response 

was calibrated by known amounts of cyclopropane and propene, respec-

tively. Baseline correction, determination of the rate constants by 

linear regression and calculation of the apparent activation ener-

gies were performed by the aid of computer p r o g r a m s . 

The .spectra were recorded on a CARY 17, DIGILAB FTS 14 or 

DIGILAB FTS 20 spectrometer, respectively. Details of the instru-

ments and procedures employed have been described previously / 3 , 4 / . 

Pretreatment. For reactor measurements 0.5 g of the 0.3-0.5 mm 

sieve fraction of pelletized zeolites were used and activated in a 

helium stream of 0.58 ccm/s at 750 K for 13 h o u r s . 

For the spectroscopic studies, thin self-supporting wafers 

were applied and outgassed at 750 K under high vacuum conditions 

(see also /3,4/). 



RESULTS AND DISCUSSION 

UV-VIS spectroscopic studies. Isomerization of cyclopropane 

over Y-type zeolites has been studied by Fejes et al. by means of 

reactor kinetic measurements /5/. Their kinetic curves showed a 

pronounced induction period ' indicating the formation of a reactive 

intermediate on the catalyst prior to isomerization. Upon pre-

adsorption of traces of propene or allene this induction period 

decreased or d i s a p p e a r e d , respectively. Allylic cations were assumed 

to be these intermediates. 

By c o - o p e r a t i o n , we have studied the formation of carbocations 

in mordenites of different Bronsted acidity using UV-VIS-NIR spec-

troscopy. The results are summarized as follows /4/:.Upon adsorption 

of allene, propene, cyclopropane, isopropanol, and acetone, respec-

tively, similar electronic bands in the region 200-600 nm were 

observed. Their development with time or upon heating up to 370 K 

decreased in the sequence given above (allene being exceptionally 

reactive) as well as with decreasing proton content of the zeolites. 

The bands were divided into four groups and assigned to the IT-IT* 
transitions of m o n o - , di-, tri-, and tetraenylic carbenium ions. 

Mechanistically, their formation can be explained by the following 

steps (see /4/): (i) protonation (and dehydration) of the adsorbates 

leads to the propyl or allyl ion, respectively; (ii) hydride ion 

abstraction (by a propyl ion, e.g.) from propene produces the allyl 

ion; (iii) dienylic carbenium ions are formed by reaction of the 

allyl ion with allene directly, whereas the reaction of the allyl 

ion with a mono- or diene to a di- or trienylic carbocation requires 

consecutive deprotonation and hydride ion abstraction. 

In adddition to the published results, we recently investi-

gated the adsorption of allene and cyclopropane on the base 

material, Zeolon, expecting no formation of carbenium ions, due to 

the lack of Bronsted acidity. In case of cyclopropane this expecta-

tion was proved; no bands were detected even after heating up to 500 

K. S u r p r i s i n g l y , upon admission of allene at room temperature very 

weak absorptions arose immediately, increasing in intensity upon 

short heating to 400 K. Analysis of this sample by AAS indicated a 

slight deficiency of Na. Therefore, we assume that this gap is 

balanced by OH g r o u p s , even though they were not detectable by IR 

spectroscopy. This conclusion agrees with the results and the pro-

posed mechanism of carbocation formation and is supported by further 

IR spectroscopic and kinetic studies discussed later. 



In c o n c l u s i o n , the formation of allylic carbenium ions - even 

upon adsorption of cyclopropane - in Bronsted acidic mordenites was 

proved by UV-VIS spectroscopy. But n e v e r t h e l e s s , an important 

question is still open: Is the allylic ion involved in the cyclopro-

pane isomerization or does it produce oligomers via the observed 

polyenylic carbocations only ? 

IR spectroscopic studies. Unfortunately, using the transmis-

sion technique, strong lattice vibrational modes of the zeolites 

obscure bands of adsorbed species in the range below 1300 c m " 1 . 

Furthermore, the sharp increase of light scattering at higher wave-

numbers leads to spectra of poorer quality in the region above 3000 

c n f K Therefore, and for shortening the d i s c u s s i o n , the spectra 

presented here will be restricted to the region 2300-1300 c m - 1 . 

Nevertheless, our conclusions are confirmed by the bands in the 

range up to 4000 c m - 1 as well ! 

The positions and intensities of the 

bands of propene adsorbed in NaM at room 

temperature are very similar to those obser-

ved on A-type zeolites /3/. The absorptions 

at 1455 (CH 3 asym. def.) and 1635 cm" 1 (C=C 

stretch) are the most intense (very strong) 

followed by those at 1435, 1382 (strong) and 

1417 cm" 1 (medium) (CH d e f . m o d e s ) . As the 

C=C stretching mode shows a cation-sensitive 

downscale shift on A-type zeolites /3/ and 

its position on NaM is identical to that on 

NaA, sorption of the propene molecules in 

front of sodium ions is c o n c l u d e d . The spec-

trum does neither change with time nor does 

it indicate the formation of any other spe-

cies. 

The spectra of cyclopropane adsorbed 

in Zeolon at room temperature (Figure 1) 

prove the slow isomerization on this zeo-

lite, confirmed by the increase of the bands 

of propene with time and upon short heating 

of the loaded s a m p l e . In the spectral region 

shown, cyclopropane exhibits only two b a n d s , one of them accidental-

ly at the same position as propene (1435 c m " 1 ) and the other one 

( 1462 cm" 1 ), being a doubly degenerate and only raman active mode of 

the free m o l e c u l e , becomes IR active due to symmetry lowering upon 

Fig. 1. IR spectra 

of cyclopropane ad-

sorbed in Z e o l o n . 

(r.t. = room temp.) 



adsorption. As this mode does not split into two bands (parallel to 

the corresponding absorptions in the CH stretch region) a "face on" 

interaction of the cyclopropane molecules with sodium ions has to be 

assumed (compare /3/). 

Fig. 2 . Dynamic IR spectra of allene adsorbed in Zeolon at room 

temperature. Sequence from bottom to top (0-10 h after admission). 

As allene turned out to be the most reactive substrate 

concerning the formation of carbenium ions, its adsorption in Zeolon 

at room temperature was investigated by IR spectroscopy as well 

(Figure 2). Most of the bands, observed in the region 1300-4000 c m " 1 

are unambigously assigned to allene and its isomer, propine. 

Concerning Figure 2 this is mainly confirmed by the decreasing 

intensities of the absorptions at .1935, 1750, and 1400 cm" 1 (C=C) 

stretch, combination of bending m o d e s , and CH d e f . of allene) and by 

the increase of the bands at 2102, 1442, and 1388 c m " 1 (C=C stretch 

and CH d e f . of propine). But in addition a broad absorption at 1510 

c m " 1 arises with t i m e . In agreement with our UV-VIS results and 

published IR data we assign this band to the CCC stretch of allyl 

type cations. Deno /6/ and Evans /7/ reported this absorption of 

monoenylic ions to appear around 1530 c m " 1 , shifting downscale upon 

further alkylation and / or conjugation. Furthermore it is generally 

observed that most of the CH and especially C=C bands of hydrocar-

bons are shifted to lower wavenumbers upon adsorption in z e o l i t e s . 

So, we conclude that allene isomerizes to propine via the allylic 



cation, even though Bronsted acidic hydroxyl groups are not detec-

table on this sample by IR spectroscopy. But kinetic studies (see 

below) and recent IR studies on the acidity of our zeolites by 

adsorption of ammonia /8/ revealed that even the Zeolon exhibits a 

low residual Bronsted acidity. 

The spectra of propene adsorbed in HM 

(Ha, 
, 2 H 7 . 8 M ) indicate fast oligomerization. ^ 

Only during the first 10 minutes after ad-

mission propene bands at 1455, 1435 (shoul-

ders, CH d e f . ) , and 1613 cm - 1 (C = C stretch 

of propene interacting with OH groups) are 

visible. The assignment of the latter is 

confirmed by the large shift of the OH 

stretching band, from 3610 to 3480 c m " 1 . The 

most intense bands are those of oligomers at 

1465, 1385, and 1370 c m " 1 , which do not 

vanish upon heat treatment under vacuum. 

Immediately after adsorption of propene, the 

CCC stretching mode of allylic cations at 

1535 c m " 1 is present and that of dienylic 

carbenium ions arises at 1505 c m " 1 with 

t i m e . So,.the spectra prove the fast oligo-

merization of propene in HM via allylic and 

dienylic carbenium ions in agreement with 

the UV-VIS results. 

Upon adsorption of cyclopropane in HM 

at room temperature (Figure 3) bands of 

propene at 1635, 1613, 1455, and 1435 cm" 1 

are detectable only during the first few 

minutes after admission. In course of time 

new absorptions at 1535, 1505 crtf* (CCC 

stretches of mono- and dienylic carbenium 

ion$), and of oligomers in the region below 

1450 cm~^ arise. After heating the loaded 

sample to 370 K for one hour even the 

intense C=C stretching bands of propene 

totally disappeared and those of the carbocations and the oligomers 

became the most intense o n e s . Thus, a fast isomerization of cyclo-

propane to propene in HM and consecutive (or parallel) oligomeriza-

tion of propene via allylic and dienylic carbocations is c o n c l u d e d . 

Fig. 3 . IR spectra 

of cyclopropane ad-

sorbed in HM. 
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Concerning the adsorption of cyclopropane or propene in morde-

nites of lower proton content, the generation of the bands discussed 

above is c o m p a r a b l e , but the rate of formation of oligomers dimini-

shes with decreasing Bronsted acidity. On samples of small proton 

content (e.g Na^H^M) carbocations are not detectable by IR spectro-

scopy. Here the bands of the adsorbed species are more clearly 

assigned to cyclopropane or propene as they are very similar to 

those observed on N a M . 

Time (ks) 

Fig. 4 . Kinetic curves (partial pressure vs. time) of the cyclopro-

pane isomerization over Zeolon. (Triangles / squares = experimental 

cyclopropane / propene data; mass of catalyst 0.5 g) 

Kinetic Studies. In Figure 4 a typical set of kinetic curves 

of the cyclopropane isomerization over Zeolon (reaction temperature: 

473 K) is p r e s e n t e d . (The cyclopropane curve is calculated by con-

verting In p(cp) vs. time, obtained by linear regression, to the 

exponential f u n c t i o n , whereas the propene data were fitted by a 

polynom). In contrast to studies of Fejes et al. on Y-type zeolites 

/5/ our curves do not indicate any induction period. Deviations from 

the law of a first order irreversible reaction are detectable at 

high degrees of conversion only (compare Figure 4: 9 ks = 70% con-

version), due to blocking of the active sites by adsorbed propene. 

At lower reaction temperatures, further small deviations (experimen-

tal cyclopropane data higher than the calculated ones) at the very 

beginning of the reaction (up to 15 minutes) are due to the process 

of approaching the sorption equilibrium. These features were ob-

tained on A-type zeolites as well /9/. 
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For convenience all samples were activated overnight (13 

hours, exactly)., at 750 K. But as the UV-VIS spectra proved the 

formation of carbenium ions upon adsorption of allene on the 

starting m a t e r i a l , Zeolon, which can be interpreted by Bronsted 

acidic groups o n l y , the influence of different activation times was 

investigated. The rate constants of the isomerization measured at 

473 K reaction temperature decreased linearly with increasing the 

activation time from 3 to 18 hours, and a further small decrease was 

observed upon extending this time to 40 hours. Thus we c o n c l u d e , 

that the low residual Bronsted acidity of this sample was reduced by 

dehydroxylation, even though acidic OH groups were not detectable by 

IR spectroscopy. 

Some kinetic data of the cyclopropane isomerization over 

mordenites of different Bronsted acidity are summarized in table 1. 

Table 1 

Rate constants (k) and apparent activation energies (Ea) 

k (443 K) Ea_ . t e m p , range number 

Sample (s-1) (kJ/mol) (K) of data 

N a 4 H 4 M 1.04 10 
- 0 
_ A 

72 + - 4 383 • - 443 4 

N a g H 2 M 5.00 10 
c 

74 + - 1Q 286 • - 443 3 

Zeolon 2.28 10 
- D 

102 + - 2 443 • - 473 4 

NaM 1.90 10 
-6 

111 + - 3 443 • • 523 5 

k values are given for using 0.5 g of z e o l i t e . 

Temp, range and number of data refer to calculation of Ea 

Table 1 shows that the rate constants are enhanced with in-

creasing Broensted acidity of the samples whereas the apparent 

activation energies d e c r e a s e . Whether the rate constants are propor-

tional to the proton content cannot-be decided c l e a r l y , due to the 

limitations of the analysis of the samples exhibiting very low 

acidity, i.e. Zeolon and N a M . Nevertheless, we conclude that the 

rate determining step of the cyclopropane isomerization over acidic 

mordenites is the protonation of the adsórbate, leading to a non-

classical carbonium ion intermediate. 
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As UV-VIS and IR spectroscopy prove the formation of oligomers 

inside the framework of the zeolites, their formation was studied by 

gas chromatography as w e l l . At a reaction temperature of 403 K in 

case of NaM there are no by-products detectable even after complete 

conversion of cyclopropane to propene, whereas in case of Na^H^M 

weak peaks of by-products were detected in the gas phase even at 

the very beginning of the isomerization , i.e. about 20% c o n v e r s i o n . 

Nevertheless they amount only to less than 0.1% of propene and 

cyclopropane, respectively. Only after full conversion their amount 

is remarkably enhanced. So, they do not affect the accuracy of the 

kinetic m e a s u r e m e n t s . 

SUMMARY AND CONCLUSIONS 

Isomerization of cyclopropane to propene over mordenites is 

proved by IR spectroscopy and reactor kinetic m e a s u r e m e n t s . On 

samples of negligible Bronsted acidity no by-products are detectable 

by IR spectroscopic and gas chromatographic m e a s u r e m e n t s . The 

kinetics follows the law of a first order irreversible reaction 

without any indication of an induction period. On acidic mordenites 

the rate constants are enhanced and apparent activation energies 

decrease with increasing proton content of the samples, indicating 

the rate determining step to be the protonation of cyclopropane to a 

non-classical carbonium ion. The formation of oligomeric by-products 

via allylic and polyenylic carbenium ions on acidic mordenites is 

proved by UV-VIS and IR spectroscopy. Both IR spectroscopy as well 

as gas chromatographic studies show their generation during isomeri-

zation, the rate of their formation being very small compared to the 

rate of isomerization. Thus, the formation of the by-products is 

concluded to be a negligible side reaction. The question, whether 

the proven allylic cation is involved in cyclopropane isomerization 

is still open, as its formation can be rationalized via small 

amounts of propene, formed at the very beginning of the isomeriza-

tion, as w e l 1 . 
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ABSTRACT 

One of the most important problems facing users of zeolite fluid cracking 

catalysts is the poisoning of the catalyst by metal deposits such as vanadium and 

nickel. We have been investigating these poisoned zeolite catalysts with several 

spectroscopic tools such as luminescence excitation, emission and lifetime spectro-

scopies. Each of the two main components of these catalysts (the binder and the 

lanthanum faujasitic component) has been independently poisoned by both Iron and 

copper. The decrease in the cracking activity parallels the quenching of the lumi-

nescence of lanthanum by both metal poisons. From the luminescence data we are able 

to tell at low loadings (2% by weight) that both copper and iron sinter on streaming. 

Such metal deposits increase the cracking activity and lead to large coke deposits. 

Catalytic cracking experiments have been carried out in a flow reactor. Correlations 

between the spectroscopic data and the cracking data will be discussed. 

INTRODUCTION 

For a long time it has been known that metals such as Fe, Cu, Ni and V have 

detrimental effects on the cracking activity of fluid cracking catalysts (FCC). 

Iron, copper and nickel metal deposits [1,2] cause Increasing amounts of coke to 

form. On the other hand vanadium is known to destroy the catalytic cracking activity 

[3,4] of the FCC. It is not well known what the exact surface Interactions are 1n 

these systems. 

It is believed that these metals (Ni, V, Cu, Fe) which are found 1n the oil 

feedstacks are not the only factors which cause deactivation of the cracking catalysts. 

Partial or total blockage of the pore system of the zeolite component of the FCC can 

cause the destruction of catalytic cracking activity. 

Fluid cracking catalysts are composed of 2 parts. One part 1s the zeolite 

cracking component. This is usually a hydrogen or rare earth form of a large pore 

faujasitic zeolite. The second part of the FCC is the binder or scavenger. The 

binder is typically a clay such as a dealumlnated kaolin. One role that the 



scavenger can play is to selectively bind to metal deposits [5] thereby reducing the 

detrimental effects of these metal deposits. 

Another route to control the deactivation of FCC materials is to add a passi-

vating agent such as Sb, Sn, Bi or various combinations of these. [6] For the most 

part this route has been ignored and not studied in great detail. 

The purpose of this paper is to show that both iron and copper deposits on 

real fluid cracking catalysts can be detected by luminescence emission, excitation 

and lifetime measurements. Microactivity tests of the cracking activity of the FCC 

materials were also carried out and correlations between the catalytic and photo-

chemical properties of these catalysts have been made. 

EXPERIMENTAL 

Sample Preparation. Copper and iron naphthenates were dissolved in benzene 

and incipient wetness methods were used to impregnate a commercially available fluid 

cracking catalyst. The naphthanates were obtained from Pfaltz and Bauer and were 

used without further purification. The catalysts were calcined in air at 540°C for 

10 hours and then aged Tn steam for 10 hours at 730°C in a fluidized bed. 

Cracking Activity. The cracking activity of these materials was studied with 

a flow system which has previously been reported [7]. A Cincinnati feedstock oil 

with a 260-426°C boiling range was used. About 2.5 grams of 100x325 mesh microsphen 

catalyst particles were used. The catalysts were tested for an 80-second contact 

time, at 515°C and at 15 WHSV. 

Luminescence Methods. All samples were loaded Into 2mm path length quartz 

cells obtained from Precision Cells, Inc., Hicksville, New York. Spectra were 

recorded using a double Czerny-Turner monochromator Spex Model 1902 fluorometer. 

Front face detection was used for all samples. Finally, a rhodamine B solution was 

used as a quantum counter in order to correct for variations in intensity of the 

excitation source at different wavelengths. 

Lifetime experiments were done with a PRA Model 3000 system. A PRA model 

LN100 nitrogen laser was used as an excitation source. A monochromator was posi-

tioned between the sample and the emission photomultipHer tube. The lifetime data 

were collected by using multichannel scaling methods with a multichannel analyzed am 

then transferred to a DEC, PDP-1103 computer for data manipulation. All lifetime 

data were fit to at least 2 exponential decays and usually to 3 decays. 

RESULTS 

Since these fluid cracking catalysts contain lanthanum Y zeolite as an active 

component it is essential to know what the photochemical behavior of LaY zeolite is. 

A luminescence emission spectrum for LaY is given in Figure 1. 





The luminescence emission spectra of 2% Cu on the fresh catalyst and on the 

aged catalyst are given in figure 2, as well as the fresh catalyst. 

350 A 00 450 

X(nm) 

Fig. 2. Luminescence Emission Spectra of (a) fresh catalyst, 

(b) 2% Cu on fresh catalyst, (c) 2% Cu on aged catalyst. 
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Similar luminescence emission spectra are given in Figure 3 for 2% Fe on the 

fresh catalyst, 2% Fe on the aged catalyst, and for the fresh catalyst. 

350 400 450 

X(nm) 

F1g. 3. Luminescence Emission Spectra of (a) fresh catalyst, 

(b) 2% Fe on fresh catalyst, (c) 2% Fe on aged catalyst. 
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The effects of increasing amounts of metal, on the cracking conversion are 

given in Figure 4. 

WT. % METALS 

Fig. 4. Effects of N1, V, Cu and Fe on Cracking Activity. 
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The effect of metal poisons on the gasoline yield is given in Figure 5. 

WT. V. METALS 

Fig. 5. Effect of Ni, V, Cu, Fe Poisons on Gasoline Yield. 

DISCUSSION 

The luminescence emission spectra of Figures 1, 2a and 3a show several simi-

larities. This emission is due to the LaY component of the catalyst. On the fresh 

catalyst the emission is very apparent. As both iron and copper deposits are placed 

on the fresh catalyst, as in Figures 2c and 3c, the LaY emission 1s quenched. After 

steam aging the emission intensity for the LaY component of the FCC Increases as 

shown in Figures 2b and 3b. This indicates that the copper and Iron deposits are 

aggregating on the surface and exposing the LaY. 
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Similar luminescence results have been found for nickel deposits on FCC 

materials [9]. Further evidence for sintering of the nickel comes from electron 

microscopy results. 

The catalytic cracking activity for nickel, vanadium, copper and iron deposits 

changes as a function of the amount of metal poison that 1s deposited. This is shown 

in Figure 4. For the most part, nickel and iron show parallel behavior with little 

decrease in overall activity as the weight % of metal 1s increased. Vanadium on the 

other hand shows an abrupt decrease 1n overall conversion even at relatively low 

amounts of metal poison. Iron starts to resemble vanadium only at high (>2 weight %) 

loading. 

The gasoline yield also changes as a function of the weight i of metal poison 
as shown in Figure 5. Note that nickel, copper and vanadium deposits drastically 

decrease the gasoline yield. Iron deposits on the other hand do not change the 

gasoline yield too much. 

CONCLUSION 

It 1s evident from the data in this paper that luminescence emission spectra 

can be of great help In the elucidation of poisoning effects of metals on the cata-

lytic activity of fluid cracking catalysts. The luminescence data can be used to 

determine changes in bond distance [9] during a reaction and as a qualitative tool 1n 

the Identification of active surface phases. We also point out the good correlation 

between luminescence emission of the active LaY component and the catalytic cracking 

activity. Different metal poisons alter the catalysts 1n various ways depending on 

the type and amount of metal. 
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ABSTRACT 
A method based on the population balance model to design the 

riser in a FCCU is shown. From the deactivation kinetic equation, activ 
ity-time on stream, the activity distribution function is evaluated 
along the riser. 

The use of the population balance model to evaluate the average 
activity, which gives the same results that from the residence time dis 
tribution function when the deactivation equation is of first order, 
avoids the error of this last method when the deactivation order is not 
the unity. 

The design method has been used with experimentally obtained kin 
etic data in a riser of pilot plant with a MZ-7P zeolite as catalyst. 
The average activity, temperature, gas oil conversion and gasoline yield 
have been evaluated along the reactor. 

INTRODUCTION 
The population balance model is utilized to solve problems that 

can not be treated by means of models based on mass, momentum and energy 
balances. These models could range from microscopic models of transport 
phenomena to macroscopic models [l]. The population balance has been 
used to represent the age distribution in flow systems, crystal size 
distributions in steady state, age and size distribution of microbio-
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logical cultures, etc. 
The population balance was applied before 12] to design fluidized 

bed catalytic reactors with deactivation and with continuous feed cata-
lyst in order to calculate activity distribution and average activity 
of particles, in the simplest case in which the deactivation equation, 
-da/dt= <l>â, is first order with respect to activity (d=l). However, th< 
traditional method to calculate the average activity is the use of resî  
dence time distribution, macrofluid analysis, for any order of deactiva 
tion and of the design equation for microfluids, microfluid analysis, 
when the deactivation equation is firs order [3]. These methods give an 
accurate value of the average activity when the catalyst is fed continu 
ously with uniform activity. However, this is not so when the activities 
of the inlet catalysts are distributed [2]. 

In this work population balance has been applied to the design of 
a riser in a FCCU in which the activity of the inlet catalyst is dis-
tributed because it comes from a fluidized bed regenerator. In Fig 1 it 
is shown a scheme of the reaction and regeneration sections, where f^ 

is the distribution function of 
catalyst activity at riser in-
let and f2 the distribution 
function in any point along the 
riser. 

DESIGN EQUATIONS 
In the more advanced 

methods of riser design the fol 
lowing hypothesis are made [4]: 
Adiabatic reactor (heat losses 
below 5%, measured in a commer-
cial unit [5]). Fluid and par-
ticles circulating at the same 
velocity [6,7]. There are not 
radial gradients of temperature 
and concentrations. Plug flow 
if the D/L ratio is small Fig. 1. Scheme of the reaction and 

regeneration sections in a FCCU. 



enough [8]. 
The general equation of macroscopic population balance with re-

spect to activity is: 
df 1 df d da. . , , . /T . — + , + — (f—) = 0 ; dz = dz/L (1 dt T dz' da dt 

where f is the activity distribution function and x the average residen-
ce time of the catalyst in the riser. 

As it is plug flow, the activity distribution function at outlet 
can be obtained from the distribution function at inlet, f-(a )da re-1 o o 
presents the fraction of particles that have its activity in the a 
and a +da range. Later, these particles will have an activity between o o 
a and a+da and ai the number of particles is the same: 

f.(a )da = f (a)da (2) 1 o o 2 

As it is easier, the activity distribution function can be obtain 
ed from this equation instead of solving eqn(l). 

For kinetic equations of deactivation independents of reactants 
and/or products concentration: 

- £ • v
a
 « > 

for d> 1, activity distribution function is given by the equations: 
a f2(a)=[(l-ad-1(d-l)kdt)-d/(d-1)].f1 

for a<a =a [l+a d_1(d-l)k tl"1/Cd"1) 
e o o d 

[ ^ ( d - D . t l 1 ^ - 1 1 
d 

(4) 

f (a)=0 for a>a (5) 

When d=l the activity distribution function is given by: 

f (a) = -1, ...f, ( /, for a<a exp(-k.t) (6) 2 exp(-kdt) 1 exp(-kdt) o d 

f2(a)=0 for a>aQexp(-kdt) (7) 

In these equations ag is the upper value in the range where activ 
ity distribution function exists. 

After knowing activity distr: "mtion function the average activity 
is given by: 

a 
6a f(a)da (8) 
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The average activity value along the riser is introduced in the 
design equations, which will be: 
-Mass balance m

0
d x = (-rQ)dW ; W=0, X=0 (9) 

-Heat balance (-AH )(-r )dW = (F Cp +Em.Cp.)dT ; W=0, T=T (10) r o s 1 ' o ' 
The average reaction heat is 70 Kcal/kg and the specific heats of 

gas oil and catalyst, supposing them to be constants in the studied 
temperature range, are 0.80 and 0.24 Kcal/kg K. 

The solution of eqns(9) and (10) has been performed by a 4th ordei 
Runge-Kutta. The difficult lies in obtaining an average activity for 
each step. In order to compute it, the value of limit activity from 
which the distribution function does not exist is calculated in each 
step along the reactor. Next, the distribution function for lower value; 
than the limit activity is obtained from the distribution function in 
the previous step. Knowing the distribution function, the average activ 
ity in each step can be computed by eqn(8). 

THE STUDIED KINETIC SYSTEM 
An experimental study of gas oil cracking on a MZ-7P zeolite cata 

lyst supplied by Akzo-Chemie has been carried out in a pilot plant riser 
The characteristics of this catalyst are related in Table 1. 

Table 1 
Characteristics of the MZ-7P catalyst 

Chemical composition Particle size distribution 
AI 2O 3. . . . 33 dp CP) cumulative 
Na20 . . . . 0. 2 0 - 20 5 
Fe . . . . 0. 3 0 - 40 20 

0. 3 0 - 80 60 

Physical properties 0 -105 85 

Pore volume . 0. 28 3/ cm /g 0 -150 98 

Surface area. 140 2 m /g 
Zeolite content. 10% 
Bulk density. 0. 82 / 3 g/cm 
Zeolite: Faujasite Y rare earth exchanged. 
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The gas oil used comes from Puertollano refinery (ENPETROL) and 
it has the properties related in Table 2. 

Table 2 
Properties of gas oil 

Density at 15°C, g/cm3 0.896 
Molecular weight 315 
Aniline point 73.5 
Ramsbotton carbon residue, % weight . . 0.17 
Conradson carbon residue, % weight. . . 0.14 
Hydrogen, % weight 11.9 
Sulfur, % weight 2.14 
Nitrogen, ppm 562 

o 
Melting point, C +24 
ASTM colour 4.5 
Viscosity at 40°C (cs) 11.54 

Reaction equipment, which setup and description can be found in a 
previous work [9], allows work with the following conditions: 
Temperature: 480-540°C. Time on stream: 0.5-3 s. Catalyst/oil ratio: 
2-7 (w/w). Gas oil flow rate: 0.8-120 g/min. Cracking catalyst mass 
flow: 14-174 g/nain. 

Vaporized feed is put in contact with the preheated catalyst. 
Both raise togheter along the reactor and the deactivated catalyst is 
removed from gas by two cyclones placed at the top. There the catalyst 
is stripped with steam. Finally, gases are cooled ¿and the gaseous and 
liquid products are collected and also the catalyst for their posterior 
analysis. 

The reaction model used has been the Weekman's of three luraps[l0] 
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It consists of supposing that there are three characteristics 
groups of reactants and products: The gas oil, the gasoline and the 
gases and coke. The gas oil is cracked to give gasoline, coke and gasea 
and the gasoline cracks to coke and gases.The kinetic equations at zero 
time are: 

(-r ) = (k+k J(l-X)2= k (1-X)2 (11) o o 1 3 o 

(rG)o - kl(l-X)2 - k2YG (12) 

(rC}0 * k3 ( l _ X ) 2 + k2YG ( 1 3 ) 

where X is the gas oil conversion and the gasoline yield. 
By kinetic experiments carried out in the before mentioned equip-

ment, the following values have been found for the kinetic constants: 

ko(min-1) = 3.5 104exp(-12750/RT) (14) 

k1(min~i) =1.1 109exp(-29700/RT) (15) 

k (min-1) = 4.2 105exp(-32670/RT) (16) 
In the deactivation kinetic equation, eqn(3), it has been found 

that the order d changes throughout the time [11 ] . For that catalyst 
and gas oil, it has been found that for contact times shorter than 11 s 
the deactivation order is 3, for times between 11 and 42 s the order is 
2 and for times longer than 42 s it is 1. In a riser the contact time 
is shorter than 11 s, then the deactivation order will be 3 and the 
deactivation rate constant is given by: 

kd(min_1)= 2.5 109exp(-27000/RT) (17) 

RESULTS 
The activity distribution function at the riser inlet has been 

29 
supposed given by f (a) = 30.a , to which corresponds 0.97 average ac-
tivity. In Figure 2 activity distribution functions have been plotted 
for different times on stream at inlet temperature 530°C and C/0 ratio 
5. The area under the curve of all the functions is the unity because 
distribution function is normalized. It can be noticed the way the 
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shape of the distribution 
function is changing get-
ting more rough because 
there is plug flow. 

The effect of oper-
ating variables in the 
following ranges has been 
studied: 
-catalyst/gas oil ratio 
(w/w), C/0: 3.7 
-temperature of riser in-
let, T : 520-540°C. 

o 
-time on stream: 0-6 s. 

In Figure 3 gas oil 
conversion vs. time on 
stream has been plotted 
for different values of 
C/0: 3, 5 and 7, and tem-
peratures 520, 530 and 

o 
540 C. As most interesting 
result it can be noticed 
that in very short times, 
less than 1 s, more than 
half of the conversion is 

reached, that is to say, most of the conversion takes place along the 
initial length of the riser. As temperature increases for the same value 
of C/0, the conversion increases lightly. 

In Figure 4 gasoline yield vs. time on stream has been plotted. Y has been evaluated solving the equation: G 

Fig. 2. Activity distribution function for 
different times on stream. 

dX 
k Y 2 G 
k (1-X)2 o 

(18) 

which can be obtained dividing the equations (12) and (11). 
In this Figure it can be seen the great impact that has the temper 

ature, so that increasing this, the same gasoline yield as with C/0 
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ratios a lot of higher, at the same temperature, can be obtained. 

X 
0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

Fig. 3- Gas oil conversion vs time on stream at different inlet temper 
atures and C/0 ratios. 

0 1 2 3 4 5 6 

Time on stream (s) 

0 1 2 3 4 5 6 

Time on stream (s) 

Fig. 4. Gasoline yield vs time on stream at different T and C/0. 
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Time on stream (s) 

Fig. 5. Temperature vs time on stream at different Tq and C/O ratios. 

In the Figure 5, temperature along the riser vs time on stream 
is drawn. Temperature drops practically in the early instants at the 
beginning of the riser, and the lower is the C/0 ratio the bigger is 
the temperature drop, since there is less catalyst present. 

DISCUSSION 
Due to the narrow activity distribution, Figure 2, the results 

of average activity obtained by application of the population balance 
are not very different to that obtained using the residence time dis-
tribution . 

The most interesting innovation in the design method is the use 
of the activity-time relationship instead of coke-time relationship, 
the more usual in bibliography. As the coke is not a well defined and 
stable compound, there is a lot confussion about the existing data. 

At the present, in the Dpt. of Technical Chemistry of the Univer 
sidad de Zaragoza they are working in finding more accurate deactiva-
tion equations for each reaction of three lumps, since the active 
sites that takes place in each reaction do not have to be the same. 

On other hand, in reaction-regeneration systems, it is interes_t 
ing to know the distribution function of activity. This way, wide 
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variance in the activity distribution in the reactor could be avoided, 
•since a wide distribution means that there is a catalyst fraction with 
so low activity that its regeneration is not interesting. 

Being clear that in the riser there are deviations from plug floi 
[12], we are working in designing a riser introducing real data of 
axial dispersion in the design equations. That will contribute to a 
more realistic design of the riser of a FCCU. 

REFERENCES 
1. Himmelblau, D.M., Bischoff, K.B.: Process Analysis and Simulation. 

Wiley, New York, 1968. 
2. Weng, H.S., Chen, T.L., Chem. Eng. Sci. 35, 915 (1980). 
3. Corella, J., Bilbao, R., López Peña, J.M., Ing. Quim. 0̂ 4(158), 127 

(1982). 
4. De Lasa, H.I., Lat. Am. J. Chem. Eng. Appl. Chem. 171 (1982). 
5. Shah, Y.T., Huling, G.P., Paraskos, J.A., McKinney, J.D., Ind. Eng, 

Chem. Process Des. Dev. 1̂ 6, 89 (1977). 
6. De Lasa, H.I., Errazu, A., Porras, J., Barreiro, E., Lat. Am. J. 

Chem. Eng. Appl. Chem. 11, 139 (1981). 
7. Errazu, A., Porras, J., De Lasa, H.I., X Jornadas de Ing. Química, 

Santa Fe, Argentina, 1978. 
8. De Lasa, H.I., Gau, G., Chem. Eng. Sci. 28, 1875 (1973). 
9. Corella, J., Fernández, M., Vidal, J.M., 3rd Mediterranean Congress 

on Chemical Engineering, Barcelona, 1984, p. 56. 
10. Weekman, V.W., Ind. Eng. Chem. Process Des. Dev. 7, 90. (1968) and 

8, 385 (1969). 
11. Corella, J., Bilbao, R., Artigas, A., Molina, J.A., 3rd Mediterra-

nean Congress on Chemical Engineering, Barcelona, 1984, p. 60. 
12. Bernard, J.R., Santos-Cottin, H., Margritta, R., Katalistiks' 5th 

Annual Fluid Cat Cracking Symposium, Vienna, 1984, ch. 3. 

4 4 0 



HYDROISOMERIZATION AND HYDROCRACKING OF n-PARAFFINES ON ZEOLITE 
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ABSTRACT 
In technical gasolines the n-paraffines are the hydrocarbons 

with the lowest octane number. To convert them into components with 
higher octane level two different processes are used depending on 
their C-number: The hydroisomerization of the light gasoline and 
the shape selective hydrocracking of the n-paraffines of the re-
formate. 

For the development and application of catalysts for both 
processes two different principles of catalysis on zeolites have 
been followed. Activity and selectivity of the light petrol, isome-
rization catalyst are based on the formation of BRONSTED centres' 
with a specific acid strength in Y zeolites by special ion exchange 
and activation methods. On the other hand the very shape selective 
behaviour of H-erionite against n-paraffines even at reforming tem-
perature was used for the development of a zeolite catalyst for the 
upgrading of reformates. 

Details of the zeolite catalysts developed for and applicated 
in both processes on industrial scale in the G.D.R. are given. 

INTRODUCTION 
Usually the light gasoline (boiling range about 310 up to 

360 K) and the heavy gasoline (boiling range about 370 up to 455 K) 
are processed separately because of the different potential to get 
aromatics. However, in the whole gasoline range the n-paraffines 
are the hydrocarbons with the lowest octane level (see Table 1). 

In the light gasoline fraction the aim of processing is the 
isomerization of the n-paraffines into iso-paraffines. The thermo-
dynamic equilibrium between the n- and iso-paraffines [2] requires 



T a b l e 2 

Specification of a technical light gasoline to be isomerized 

component mass-% component mass-% 

C3 + C4 
i-pentane 
n-pentane 
dimethylbutanes 
methylpentanes 
n-hexane 
naphthenes 

11.3 
11.5 
18.3 
1.0 

20.4 
19.0 
8.2 

benzene 
t oluene 

. 2.4. 
0.3 

C3 + C4 
i-pentane 
n-pentane 
dimethylbutanes 
methylpentanes 
n-hexane 
naphthenes 

11.3 
11.5 
18.3 
1.0 

20.4 
19.0 
8.2 

RON , clear 
R0Nleaded 
S-content, ppm 
HgO-content, ppm 

70.0 
85.5 
5.0 

50 

ming process. The Select oforming process of Mobil [3] describes 
the removal of these n-paraffines from the reformate by hydro-
cracking on metal containing narrow porous zeolites on the basis 
of the works of Maziuk et al. [4 - 6j . The narrow porous zeolite 
should possess real shape selective properties for n-paraffines 
even at the usual reforming temperature, should be highly active 
and thermostable, should be available, and should stand the re-
forming catalyst life time at least. For this purpose mordenite, 
offretite, erionite, and ZSM-type zeolites are to taken into 
account. 

Y ZEOLITE CATALYSTS FOR THE ISOMERIZATION OF LIGHT GASOLINE 
In the hydr.oiscmerization of n-pentane and n-hexane the 

acid Bronsted centres are of essential importance, if the metal 
function is well established. We took care for this in all our 
experiments by loading all zeolite catalysts with 0.5 % Pt and 
by a careful air treatment followed by a slowly reduction with 
hydrogen. So properties of the zeolite component became deter-
mining activity and selectivity, i. e. its acid properties. 

Fig. 1 shows the dependence of the Bronsted acid centres 
concentration on the exchange degree of different cations in Y 
zeolite. The Bronsted centres concentration has been measured 
by I.R. spectroscopic determination of the extinction of the 
pyridinium ion band (1550 cm ) of the pyridine adsorbed under 
standard conditions. In all cases the concentration of acid 
Bronsted centres increases with the exchange degree. The highest 
concentration was found at the HNaY followed by the CeNaY zeo-



T a b l e 3 
R e s e a r c h o c t a n e n u m b e r s of s o m e h y d r o c a r b o n s lj 

ü 
n"C6 

S 3 . 6 9 9 . 0 2,2-DMP 80.0 
61.5 S9.5 benzene 98.5 
29.0 2-KP 69.0 toluene 123.5 
0.0 3-MP 85.5 m-xylene 120.0 
<0 2,2-DMB 97.0 cyclohexane 109.5 

2-KP 

a temperature as low as possible but often the catalyst activity 
does not meet this demand. 

In literature processes for low temperature isomerization 
using halogen containing catalysts are described. As far we know 
in all cases a lot of corrosion problems arose due to traces of 
water in the feedstock as well as other problems. The less sensi-
tive high temperature processes ( 680 l<) use noble metal/alumina 
catalysts. 

The development of catalysts containing zeolites led to 
milder conditions (520 to 600 l<) . The required temperature de-
pends on the type of alumosilicate and the process conditions li-
ke water, sulphur, and pressure of the recycle gas and on the 
feedstock composition. 

As it is well known by literature, the isomerization of 
n-paraffines follows the classical mechanism with carbenium ion 
intermediates. The selectivity for the prefered isomerization de-
pends on the strength of the acid Bronsted centre involved in the 
carbenium ion formation, if other rate limiting steps are exclu-
ded. The problem is how to avoid the nonselective hydrocracking 
which is also possible under isomerization conditions by a paral-
lel reaction. Especially, this fits in case of the isomerization 
of a technical light gasoline containing higher !v/drocarbons (see 
specification in Table 2). Therefore we followed in our work of 
the development of isomerization catalysts the way of creation of 
enough Bronsted centres of an optimal acid strength by special 
ion exchange and activation methods of Y zeolites. The pore dia-
meter of Y zeolites allows the fast diffusion of n-paraffines 
and i-paraffines as well. Furthermore, a lot of details is known 
of the dependence of the surface chemical properties on the ion 
exchange. 

In reforming products a content of about 5 to 10 % of the 
low octane level n-paraffines (Table 1) remains after the refor-
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20 40 60 80 
exchange degree, equ. % 

i-ig. 1. Dependence of the concentration of Bronsted acid 
centres on the exchange degree of Y zeolites [7] 

lite. One could expect on these results, that the HNaY zeolite 
would be the most active catalyst in the isomerization. This 
only refers to the activity but not to the selectivity in the 
n-hexane isomerization [8]. Due to the parallel hydrocracking 
of part of the higher hydrocarbons this applies to the hydro-
isomerization of a technical gasoline especially. 

Therefore we concentrated our efforts on the development 
of an isomerization catalyst on the basis of RENaY zeolite. We 
found that a RENaY zeolite catalyst consisting of 0.5 % Pt and 
with an exchange degree of about 65 equiv. % (specification 
see Table 3, performance see Table 4) works at satisfactory 
conditions as working temperature, octane level of the product, 
and liquid yield. The results are remarkable better than those 
of the formerly used Pt/A^O^ catalyst (Table 4) . 

During its technical application the RENaY catalyst was 
slowly (within a period of about six month) desactivated and 
its original activity could not be regained by a conventional 
oxydative regeneration [ s ]. Investigating the desactivated ca-
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Table 3 
Specification of Leuna isomerization catalysts with zeolites 

Kt. 8815 Kt. 885C Kt. 8851 Kt. 8852 

composit ion 
binder 
specific weight, g/1 
form, diameter, mm 

Pt/Al203 

700 
ext ruda-
tes, 2 

Pt/RENaY 
clay 
870 

cylindric 
pellets, 

5 x 5 

Pt/MgCaNaY 
A l2°3 
580 

extradâtes 
3 

Pt/RECaNaY 
A l2°3 
580 

,extradâtes 
3 

Table 4 
Catalytic performance of Leuna isomerization catalysts with zeolites 
Reaction condit ions : 2.5 MPa, space velocity 2 v/vh:, gas liquid1 ra-

tio 1000:1, industrial plant, gasoline: see Ta-
ble 2 

Kt. 8815 Kt .. 8850' Kt. 8851 Kt. 8852 
temperature, l< 
R0Nloaded 
liquid yield, mass-% 
technical use 

743 
89.5 
86.5 

up to 1976 

618 
90.0 
89.5 

1976-1978 

603 
90.5 
90.3 

1978-1980 

593 
91.0 
91.5 

since 1980 

talyst by means of ion exchange, catalytic and surface chemical me-
thods we found a change in the cation distribution; in the zeolite 
to be the reason. RE^+ ions located in the large cavaties and cre-
ating there acid Brônsted centres changed; their positions with Na+ 

ions coming from positions within the small cavaties. 
Therefore we looked for a method to fix the cations creating 

catalytic active centres inside the large cavaties even under the 
reaction requirements as temperature and' life time. At that time 
our bulgarian colleagues rendered assistance. They found, that it 
is possible to prevent the Na+ ion migration into the large cava-
ties of Y zeolites if all the cation positions inside the hexago-
nal prisms are blocked by Ca2+ ions. This can be reached: by si-

2+ 2+ 
multaneous ion: exchange of Ca and: Mg; ions at special condi-
tions and cocentrations [lb] . A Pt/MgCaNaY zeolite prepared! in this 
manner is a very active and selective catalyst in the n-pentane 
isomerization jioj . 

On the basis of these results the Leuna-Kt. 8851 was deve-
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loped [ll]. Besides the new zeolitic component also the binder 
was changed. Instead of pilling using a natural clay as binder the 
Leuna-Kt. 8851 was formed by extrudation with a special activated 
A ^ O g as binder. The main advantages of the changed forming method 
consist in the lower specific weight (see Table 3), saved platinum 
and higher porosity. The application of the Pt/MgCaNaY zeolite 
catalyst in the industrial gasoline isomerization process brought 
about higher efficiency (see Table 4). Above all no remarkable 
desactivation could be observed. 

Activity, selectivity as well as the altering resistance of 
the Pt/MgCaNaY zeolite catalyst corroborated the availability of 
the hypothesis, that it is necessary for good catalytic properties 
to direct the highly charged cations in positions in the large 
cavities and to fix them there too. According to this assumption we 
introduced RE^+ ions into a CaNaY zeolite with high exchange deg-
ree replacing only part of the Ca2+ ions [12J. By this exchange 
procedure OH groups acting as acid Bronsted centres are additio-
nally formed (see Fig. 2) in comparison with a 0.88CaNaY zeolite 
and a 0.64 RENaY zeolite too. 

t 

! 
1300 WO 1400 1700 1400 -1700 v, cm 
Fig. 2. I.R. spectra of pyridine adsorbed on a) 0.64RENaY 
b) 0.88CaNaY c)0.28RE0.60CaNaY zeolites 
activation temperature 770 K, at 420 K 2.0 kPa pyridine 
for 10 min, final evacuation at 420 K 

The additionally formed Bronsted acid sites in the 0.28RE 
0.60CaNaY zeolite possess mainly an acid strength in the region 
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of PK a = 
zeolite 
cent res. 
dicator 

-8.2 to -5.6 (see Fig. 3). Compared with the 0.88CaNaY 
the 0.28RE0.60CaNaY zeolite has more and stronger acid 
In no case the transformation of the used most acid in-
(anthraquinone pK = -8.2) has been observed. 3 

c: < .o -c: Cj) 

s «o § 
«o 

0 
1 

.0" 

.0-

0.28 REO. 60CaNa Y 

• 0.88CaNaY 

0.63CaNaY 

n = i 
-8.2 to -5.6 -5.6 to-3.0 -3.0to +3.3 

pKa 

Fig. 3. Results of the titration with n-butylamine accor-
ding to Benesi £l3j using Hammett indicators 
Obviously, the formation of more and stronger acid Bronsted 

sites on the 0.28RE0.60CaNaY zeolite is due to the presence and 

50 

£ 
: 20 
/.aï 

0.5 

0.2- *—r-
3.0 

—»— 
3.5 5.0 4.0 m 4.5 

io /T, K" 
Fig. 4. N.M.R. relaxation of water adsorbed on 0.88CaNaY 
and 0.28RE0.60CaNaY zeolite, longitudinal proton spin rela-
tion time T^ on reciprocal temperature,W^/2IT= 90 MHz 



fixation of part of the ions within positions in the large 
cavities (Sjj)« sy N.M.R.. relaxation measurements (T of adsor-
bed water, see Fig. 4) £l4] and by I.R. measurements in the lat-
tice vibration region £l5] (see Fig. 5) it could be shown, that 

Fig. 5. I.R. spectra of zeolites activated at 770 K, 
- 2 2 10 Pa, 30 min, selfsupporting discs, <0.7 mg/cm 

the RE^+ ions introduced into a 0.88CaNaY zeolite replace part of 
the Ca2+ ions in the S^j positions and remain there after thermal 
pretreatment also. In Fig. 4 it is demonstrated how the longitu-
dinal proton spin relaxation time of adsorbed water decreases, if 
RE^+ ions (paramagnetic) are introduced in a 0.88CaNaY zeolite. 
This effect is due to the proton paramagnetic ion interaction and 
a proof of the presence of RE^+ ions within the large cavities. 

The results shown in Fig. 5 support the N.M.R. data also. 
The I.R. spectra of unsupported discs (no binder) of the 0.63CaNaY 
and the 0.28RE0.60CaNaY zeolite £15] are quite similar in the re-
gion of the double six ring vibration (550 to 650 cm ). This 



means, the RE"3"1" ions cannot be exchanged preferably into Ŝ . po-
sitions (and only part of them may be located in ST, positions)« 3+ 

The special distribution of the RE ions in a RECaNaY 
zeolite and the outstanding surface chemical properties caused 
by it are the reasons for the high activity and selectivity of 
a Pt/O.28RE0.60CaNaY zeolite catalyst in the n-hexane isomeriza-
tion (see Fig. 6). The data given in Fig. 6 show that the highest 

* 
l 

5 

50 

0A0Mg0.38CaNa Y 

0.28RE 0.60 CaNa Y 

A OMRENaY 

O0.83CaNaY 

550 590 610 
T,K 

Fig. 6. n-hexane isomerization activity of Y zeolites, 3 
dependence on temperature, 2 cm catalyst (0.2 - 0.3 mm) 
H 2 : n-hexane = 5 : 1 mole/mole, LHSV =1.5 v/vh, normal 
pressure, 0.5 % Pt 

yield of iso-hexanes at the lowest temperature are obtained on 
the 0.5%Pt/0.26RE0.60CaNaY zeolite catalyst in comparison with 
catalysts on the basis of 0.64RENaY, 0.83CaNaY, and 0.40Mg0.38 
CaNaY zeolites, respectively. Furthermore, the consecutive for-
mation of double branched iso-hexanes is much more higher on the 
0.5£Pt/0.28RE0.60CaNaY zeolite catalyst [l6] . 
On the basis of these scientific results the industrial catalyst 
Leuna-Kt. 8852 was developed and applicated. Once again an in-



crease in liquid 
could be reached 

yield and higher quality at lower temperat 
in comparison with its pecursors (see Tab. 

ure 
4). 

MC'RDENITE CATALYST FOR THE SHAPE SELECTIVE HYDRCRACKING OF 
n-PARAFFINES 

Due to the pores dimensions mordenite, offretite, erionite, 
and ZSM-5 type zeolites are to taken into account as catalysts 
for the shape selective hydrocracking of n-paraffines out of a 
reformate hydrocarbon mixture. 

According to the carbenium ion mechanism of cracking and 
slso of hydrocracking of n-paraffines the zeolite must be trans-
formed into an acid form to become actively. In case of mordenite 
this can be reached by direct acid treatment. By leaching of sodi-
um mordenite with i-iNO^ of different concentration it is possible 
to influence the activity as well ss the selectivity of the re-
sulting M-mordenite for the cracking of a 1 : 1 molar mixture of 
n-octane and.'-'is.oi.o-etane (see Fig. 7). 

-¿c 

C3 

n-octane 

2 4 6 8 10 
acid concentration, equ./l 

Fig. 7. Activity of Ni/H-mordenite in the hydrocrac'.xng of 
a 1 : 1 molar mixture of n-octane and iso-octane, dependen-
ce on the HNOg concentration used in the leaching treatment, 
pulse reactor, 573 K,' 3 1/h H^, 5^-1 pulses, lOGmg catalyst 
The dependence of the selectivity on the acid treatment con-

ditions can be explained by the prefered dealumination of the 
shells of the mordenite crystallites. The shape selectivity of mor-
denite for n-paraffines in a mixture with iso-paraffines is only 
based on the slowlier diffusion of the latter, because iso-paraf-



fines can enter the mordenite channel system too. By the peri-
pherical dealumination the acid centres in the outskirts, where 
the iso-paraffines could be converted, are removed preferably. 

The best results are obtained by leaching with concentra-
ted HNO_ followed by supporting 5 ma.-% Ni. Investigating the 

2+ 
hydrogen reduction process of the Ni ions introduced in the 
H-mordenite by impregnation we found an interesting effect . 
At temperatures above 770 K we observed a reduction degree of 
the supported of more than 100 percent. A blank test gave 
the surprising result that even the H-mordenite free of Ni strong-
ly chemisorbs hydrogen at temperatures above 720 K (see Fig. 8). 

Fig. 8. Hydrogen chemisorption on H-mordenite ! 

These data were obtained by a volumetric method as follows:'Ac- " 
tivation of the mordenite sample in air for 3 h with 3 1/h at 
the later reduction temperature, treatment for 2 h with 3 1/h 
H 2 at the given temperature, treatment for 1 h with 3 1/h Ar at 
the same temperature, cooling down to room temperature, evacu-_ p 
ation to 10 Pa, adding of outgassed HC1, measurement of the H 2 

evolved. 
On the basis of such experimental results the Leuna-Kt. 

9561 has been developed [l8] . Its performance in a pilot reactor 
is shown in Table 5. The results show, that the Ni/mordenite 
catalyst is able to improve the octane level by about five units 
without large loss in liquid yield. The relationship one RON unit 

4 5 1 



Table 5 
Performance of the Leuna-Kt. 9561 in a pilot plant 

Reaction conditions: 4.0 MPa , 670 K, LHSV = 3.0, gas liquid -
ratio = 1000 : 1 m3/m J , feed: reformate 

feedstock product 
/ 3 density, g/cm 0.759 0.748 

liquid yield, ma.-% - 96.5 
R0N0 81 86 
aromatics, vol.-% 38.0 42.5 
naphthenes, vol,-% 7.0 8.5 
paraffines, vol.-% 55.0 49.0 
sulphur, ppm 3 -

light fraction to 100°C, 
vol.-* 18.5 23.5 

gain per 0.7 ma.-% loss in liquid yield is satisfactory for usual 
reforming. 

Unfortunately the optimal working conditions of mordenite 
containing shape selective hydrocracking catalysts are about 
670 K and a LHSV of about 3 v/vh. This means in case of techni-
cal application an additional reactor in the reforming plant is 
required, in which the special working conditions can be chosen:. 
Especially the working temperature is nontypical of reforming. 
At higher temperature the selectivity rapidly decreases due to 
the origin of the shape selectivity of mordenite catalysts and 
the liquid yield/RON relationship becomes lower than in case of 
conventional reforming. 

ERIONITE CATALYST FOR THE SHAPE SELECTIVE HYDROCRACKING OF 
n-PARAFFINES 

In comparison with mordenite erionite possesses real shape 
selectivity due to its pores dimensions fl9-J. From: the hydrocar-
bons contained in a reformate only the n-paraffines are able to 
diffuse into the erionite structure even at about 770 K. 

By repeated ion exchange with ammonium salt solution and1 
thermal decomposition it is possible to prepare a catalytically 
active form of synthetic erionite. After forming; of the H-erio-
nite and supporting 0.5 % Pt for instance by impregnation a very 
active and selective catalyst is obtained £20}. Similar to this 

452 



the Leuna-Kt. 9562 has been produced in 1978 and applicated on 
industrial scale up today in three refprming plarrts. Table 6 
contains a comparison of usual reforming with a commercial 
Pt/AlgOg catalyst and a sandwich combination of the same Pt/Al203 

catalyst with the Pt/H-erionite catalyst Kt. 9562 in the same 
conventional reforming plant consisting of three reactors. 

Table 6 
Comparison of reforming and reforming/shape selective cracking 
with Leuna-Kt. 9562, industrial plant, 2.5 MPa, gas product ra-

3 3 tio = 1000 : 1 m /m 
reforming reforming/selective cracking 

variant 1 variant 2 

results after time on 
stream, h 
inlet temperature, l< 

1. reactor 
2. reactor 
3. reactor 

at catalyst Kt. 9562 
LHSV, v/vh 
liquid yield, ma.-% 
R 0 N0.04 
aromatics, ma.-% 
naphthenes, ma.-% 
paraffines, ma.-% 

4 200 

766 
771 
779 

2.1 
87.3 
89.6 
39.2 
6.3 

54.5 

3 900 

743 
747 
725 
711 

2.1/25.0 
87.3 
89.9 
35.1 
12.8 
52.1 

100 

748 
751 
757 
735 

2.1/: 
84.4 

94 .7 

43 .3 

8.7 

48.0 

In case of the combination only 10 % of the reforming cata-

lyst have been replaced by the shape selective hydrocracking ca-

talyst Kt. 9562, that the specific space velocity at the lit. 9562 

is about 25 v/vh. 
The results listed in Table 6 show that the application of 

the catalyst Kt. 9562 in combination with conventional reforming 

enables 
- at unusual low temperature the same reforming result (variant 
1), saving of energy and increasing of the life time of the 

whole catalyst combination up to more than 20 000 h without 

régénérât ion 
or 

- at lower temperature as it is usually applicated in reforming 



plants higher RON level at high liquid yields (variant 2) . 
These good results are due to the real shape selective hyd-

. rocracking of the n-paraffines and an additional formation of 
aromatics as is shown in Table 7. The data given in Tab. 7 are 
in accordance to the results of the technical plant listed in 
Tab. 6. 

Table 7 
Feedstock and products for reforming and its combination with 
shape selective hydrocracking, results of capillary chromato-
graphy, reaction details see Tab. 6 

hydrocarbon feedstock 

ma.-% 

reforming 

ma.-% 

reforming/selective cracking hydrocarbon feedstock 

ma.-% 

reforming 

ma.-% 

variant 1 
ma.-% 

variant 2 
ma .-% 

n-pentane 0.02 1.3 1.6 1.9 
n-hexane 2.0 2.2 1.6 1.3 
n-heptane 5.8 4.0 2.3 1.7 
n-octane 6.8 2.8 1.9 1.2 
n-nonane 4.7 1.3 1.0 0.8 
n-decane 2.1 0.4 0.3 0.2 
iso-pentanes 0.03 1.8 1.6 2.4 
iso-hexanes 0.9 2.9 2.8 2.5 
iso-heptanes 6.8 8.7 8.6 7.4 
iso-octanes 7.9 8.1 8.6 8.2 
iso-nonanes 7.1 5.1 6.6 6.1 
benzene 0.4 2.1 1.6 1.9 
toluene 9.8 7.6 9.2 
Cg aromatics 2.4 14.6 11.6 17.3 
Cg+ aromatics 5.5 18.2 17.2 21.1 

The main advantages of the application of the erionite cata-
lyst are : 

- large gain in octane number at only small loss in liquid yield 
- mild reforming conditions 
- long run without regeneration 
- energy economizing 
- rationalization of reforming plants without reconstruction. 
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HYDROCRACKING OF C9 THROUGH Ci, NAPHTHENES ON Pd/LaY AND Pd/HZSM-5 
ZEOLITES 
S. ERNST, J. WEITKAMP 
Engler-Bunte Institute, Division of Gas, Oil, and Coal, University 
of Karlsruhe, D-7500 Karlsruhe 1, Federal Republic of Germany 

ABSTRACT 
The pure naphthenes propylcyclohexane, butylcyclohexane, and 

pentylcyclohexane were comparatively converted on 0.27 Pd/LaY and 
0.27 Pd/HZSM-5 zeolite under hydrogen pressure. On the Y type zeolite, 
the rate of hydrocracking increases sharply as the carbon number of 
the naphthene is raised from C? to Cn. Moreover, on this zeolite, the 
so-called paring reaction takes place if the naphthene contains at 
least ten carbon atoms. Hydrocracking is then extraordinarily,selec-
tive. Mechanistically, the paring reaction requires a bulky carbo-
cation intermediate which, expectedly, does not form in Pd/HZSM-5. As a 
consequence, hydrocracking is much less selective in the medium pore 
zeolite. This is an interesting example for a loss of selectivity under 
conditions of steric constraints. Hydrocracking of butylcyclohexane is 
recommended as a potential test reaction for estimating the effective 
pore width of zeolites with unknown structures. 

INTRODUCTION 
In the past, valuable insight was gained into the mechanisms of 

hydrocarbon conversion by model compound studies over bifunctional ca-
talysts. Most of these investigations were conducted with various al-
kanes. It has been emphasized [1] that such model alkanes should con-
tain at least eight carbon atoms if non-typical side reactions are to 
be avoided. Recently, the conversion of n-decane in acidic zeolites 
loaded with a noble metal has been proposed as a test reaction for 
estimating effective pore widths of zeolites with unknown structures 
[2] . 

Much less work has been done with alkyl substituted naphthenes, 
in spite of the fact that such hydrocarbons represent another major| 
class of petroleum constituents. In this context, the research done|at 
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Chevron more than two decades ago [3] deserves particular attention. 
These early investigations were performed with non-zeolitic catalysts, 
e.g., sulfided Ni/Si02-Al203 and a variety of cyclic hydrocarbons. In 
a recent study, the reactions of Cj through Cs naphthenes in bifunc-
tional Y and pentasil type zeolites were compared [4]. These prior in-
vestigations are now extended to Cj through Ci\ naphthenes. An inter-
esting example for a reaction will be presented which proceeds much 
less selective in a zeolite of medium pore width than in large pore 
catalysts. 

EXPERIMENTAL 
The pure naphthenes propylcyclohexane (P-CHx, purity >99.9 

wt.-%), butylcyclohexane (B-CHx, purity 99.1 wt.-%), and pentylcyclo-
hexane {Pe-CHx, purity 99.4 wt.-%) were comparatively converted on 0.27 
Pd/LaY-72 and 0.27 Pd/HZSM-5 zeolite under hydrogen pressure. The flow 
type apparatus with a fixed bed reactor has been described elsewhere 
[5] . 

The Pd content, the molar ratio Si/Al, and the degree of lantha-
num exchange of the Pd/LaY zeolite amounted to 0.27 wt.-%, 2.46, and 
72 equiv.-%, respectively [4]. HZSM-5 zeolite was prepared according 
to ref. [6] by first stirring a gel with the molar composition 
41.5 Si02 : 1 Al(N03)3 : 10 NaOH : 70 TtPAOH : 11 NH4OH : 3200 H20 : 
525 glycerol for five days at 200 °C in a stainless steel autoclave. 
The resulting material was calcined in air at 400 °C for two days, ion 
exchanged with a 2n solution of NaCl, and then again calcined at 
540 °C. It was then ion exchanged with a 2n solution of NH«C1 at 80 °C 
and calcined in flowing oxygen, the temperature being 540 °C. In all 
calcination steps, the heating rate was 20 °C/h. X-Ray diffraction 
showed that the sample was cristallographically pure. Morphologically, 
it consisted of rectangular crystallites with a size of about 5 um. 
IR spectroscopy indicated OH stretching bands at ca. 3610 and 3745 cm-^. 
The latter band has been assigned to extra lattice or amorphous materi-
al [7]. Chemical analysis gave molar ratios Si/Al and Al/Na of 40 and 
38, respectively. To obtain the bifunctional form, HZSM-5 was ex-
changed with the theoretical amount of [Pd(NH3)4]Cl2 in water, such as 
to achieve a Pd content of 0.27 wt.-%. Both zeolite catalysts were 
pressed binder-free and used in a particle size between 0.2 and 0.3 mm. 
They were pretreated successively in a purge of 02 at 300 °C, a purge 
of N2 at 350 °C and a purge of H2 at 300 °C. 

The products formed from the model naphthenes were analyzed by 
high resolution capillary GLC in the on-line mode. Polypropylene gly-
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col was routinely employed as stationary phase. Supplementary off-line 
analyses were carried out on a different stationary phase, viz. SE 54, 
using liquid product samples which were condensed at ca. -190 °C from 
the product stream. 

In all catalytic runs, the partial pressures of the feed hydro-
carbon and hydrogen at the reactor inlet were 19.4 kPa and 2.0 MPa, 
respectively. The reaction temperature was varied between 200 and 
300 °C. Unless otherwise stated, W/FHC amounted to 140 g-h/mol. 

RESULTS AND DISCUSSION 
Conversions and yields. During hydroconversion of naphthenes, the 

following reactions must be distinguished: Skeletal isomerization, aro-
matization, ring opening to alkanes with the carbon number of the feed, 
and hydrocracking into products with a lower carbon number. No aroma-
tics were detected under the conditions applied in this study. Typical 
product yields are shown in Fig. 1. The naphthenes formed by isomeri-
zation and the alkanes formed by ring opening were lumped because, at 
these elevated carbon numbers, they could not be resolved satisfacto-
rily. Conversions can be derived from the data in Fig. 1 by summing up 
YT „ + Yn„ + Y_ . It will be noted that both zeolites do not differ Iso. Ro. Cr. 
too much in their activities. However, marked differences are en-
countered in the selectivities: On Pd/HZSM-5 there is only little iso-

Fig. 1. Yields of products from propylcyclohexane and pentylcyclo-
hexane on Pd/LaY (full curves) and Pd/HZSM-5 (dashed curves). 
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merization and ring opening, irrespective of the carbon number of the 
feed and the conversion. On Pd/LaY, by contrast, there is no hydro-
cracking at all, as long as the conversion is limited to a certain 
value. It is an important result that, on the large pore zeolite, pro-
pylcyclohexane is hydrocracked much more sluggishly than its homologue 
with two additional carbon atoms. 

Fig. 2 clearly demonstrates that, in the homologous series of 
naphthenes, the rate of hydrocracking in targe pore zeolite catalysts 
increases drastically from C9 to Cit. It will be shown below that this 
is a direct consequence of the mechanism of ionic fi-scission. Earlier 
experiments with a comparable catalyst revealed [8] that alkanes exhi-
bit an analogous jump in the rate of hydrocracking between C7 and Cj 
(see dashed curve in Fig. 2). 

Selectivities of hydrocracking in Pd/LaY. Pertinent selectivities 
of hydrocracking the C9 through C11 naphthenes on the large pore zeo-
lite are depicted in Fig. 3. All curves are nearly symmetrical indi-
cating an essentially pure primary cracking [8]. P-CHx gives mainly 
C4 + C5 beside smaller amounts of C3 and C6• This carbon number distri-
bution resembles the one which is obtained from n-nonane on, e.g., 
Pt/CaY zeolite [8]. The occurrence of some C8 and C7 as well as the 
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Fig. 2. Hydrocracking reactivities of n-alkanes and naphthenes on com-
parable Y type zeolite catalysts (n-alkanes: T = 310 °C, Pu_ = 220 kPa, HC 
PH = 3.7 MPa, W/FHC = 85 g-h/mol, cf. réf. [8]; naphthenes: T = 300 °C, 
PHC = 19.4 kPa, PH = 2.0 MPa, W/FHC = 140 g-h/mol, M-CPn and M-CHx, 
unpublished results from this laboratory, E-CHx cf. réf. [4], p-CHx, 
B-CHx, and Pe-CHx, this study). 
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Fig. 3. Selectivities of hydrocracking on Pd/LaY zeolite (P-CHx: 
T = 300 °C, w/Fp_CHx = 570 g-h/mol; B-CHx: T = 280 °C, W/F B-CHx 
140 g-h/mol; Pe-CHx: T = 260 °C, W/F Pe-CHx = 140 g-h/mol) 

slight surplus of C6 and C5 over C3 and C4, respectively, can be attri-
buted to a disproportionation type of side reaction [9]. B-CHx and Pe-
CHx give distribution curves which differ extremely from those encoun-
tered with paraffinic model hydrocarbons, e.g., n-decane and n-undecane 
[8]. In particular, very little C5 or Cs+C6, respectively, are formed 
from these naphthenes. Note also that the i-alkanes strongly prevail 
in the C4 and C5 fractions, whereas the C6 and C7 moieties consist of 
naphthenes to a very large extent. All these features of hydrocracking 
C10 and C11 naphthenes on large pore catalysts have been reported ear-
lier by Chevron researchers who used a non-zeolitic N1S/SÍO2-AI2O3 ca-
talyst and a variety of isomeric C10 and C11 naphthenes [3,10]. Even 
tetramethylcyclohexanes gave essentially identical product distribu-
tions. In a formal sense, then, the methyl substituents were pared from 
the naphthenic ring and released as i-butane. Hence, the Chevron group 
coined the term paring reaction. 

The mechanism of the paring reaction is easily understood on the 
basis of bifunctional catalysis and conventional carbocation chemistry. 
Following a recent nomenclature proposal [11], the naphthenic system 
tends to undergo exocyclio type A 6-scission which requires a minimum 
of 10 carbon atoms [9]. Precursors of these type A B-scissions are 
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a,a,Y-tribranched carbenium ions which are formed by rapid ionic re-
arrangements from a carbenium ion with the skeleton of the feed. Two 
exocyclic type A 8-scissions are possible for C,o naphthenes. They are 
shown in Fig. 4 (top). It is evident that, after the usual stabiliza-
tion steps involved in bifunctional catalysis, they both lead to i-
butane and methylcyclopentane as the exclusive products. These are, 
indeed, strongly favored on Pd/LaY (Fig. 3). In the lower part of Fig 
4, some type B [11] B-scissions are sketched which explain the occur-
rence of several side products (propane, n-butane, cyclohexane, and 
C7 naphthenes). 

It is evident from Fig. 4 that type A B-scissions start from 
a relatively bulky precursor which carries at least one quaternary car-
bon atom. It is questionable whether such precursors can be accommoda-
ted or formed in a medium pore zeolite such as Pd/HZSM-5 [12] at the 
temperatures employed in this study. If not, then one would expect thai 
hydrocracking in Pd/HZSM-5 necessarily proceeds via type B (or even 
type C [11]) B-scissions. It can be shown that such a route would ren-
der hydrocracking of C10 or C11 naphthenes much less selective in 
Pd/HZSM-5 than in a large pore zeolite. 

Selectivities of hydrocracking in Pd/HZSM-5. Selectivities of 
hydrocracking in Pd/HZSM-5 are shown in Fig. 5. The deviations from 
symmetry are now much stronger indicating a considerable extent of sec-
ondary cracking reactions. It is, moreover, seen that on Pd/HZSM-5, 

a -

mode of G-scission 
A 

•Cf * ± 

• à +
 -1 

M-CPn + i-Bu 

M-CPn + i- Bu 

0 ^ 
ç r • A 

c r 

CHx + i - Bu 

M-CHx + Pr 

-> M-CPn + n -Bu 

Fig. 4. Exocyclic type A and type B B-scissions (for nomenclature see 
ref. [9] or [11]) of cycloalkylcarbenium ions with 10 carbon atoms 
(probable mechanisms of cleavage in Pd/LaY). 



Xp-CHx = 2 0 "/. X B . C H x = 1 5 "/. X p e.cHx = 2 3 •/. 

Y C r. = 15 Y C r =11 •/. Y C r. = 20 °/o 

CARBON NUMBER Cp OF CRACKED PRODUCTS 

Fig. 5. Selectivities of hydrocracking on Pd/HZSM-5 zeolite 
(P-CHx: T = 260 °C; B-CHx: T = 250 °C; Pe-CHx: T = 260 °C). 

much more C3 and Cm_3 are formed than on Pd/LaY. In principle, both 
these results have been found earlier in hydrocracking of alkanes on 
Pt/HZSM-5 [11]. Another feature of hydrocracking in 0.27 Pd/HZSM-5 is 
the formation of some methane and ethane. To account for their occur-
rence, either hydrogenolysis on Pd or ionic cleavage via non-classical 
cycloalkylcarbonium ions [13] can be invoked. From the facts that these 
same products do not form on 0.27 Pd/LaY (Fig. 3) which contains the 
same amount of Pd, and that there are more moles of C2 than Ci [13], 
one might favor the second possibility. 

However, in the present context, the most striking result is 
that B-CHx and Pe-CHx indeed hydrocrack with a much lower selectivity 
than on Pd/LaY: Not only are the valleys at C5 or Cs+C6 much less pro-
nounced, but many more individual hydrocarbons occur in the cracked 
products. Note, for example, that starting from B-CHx, the molar i-
butane/n-butane ratio is around 0.7 compared to ca. 20 on Pd/LaY. A 
low i-butane/n-butane ratio of 0.8 has also been reported for hydro-
cracking of cyclodecane on Pt/HZSM-5 [14]. It is unlikely that the pre-
ferred formation of n-butane over i-butane in Pt/ or Pd/HZSM-5 is due 
to product shape selectivity since the diffusion coefficients of these 
two isomers in a pentasil type zeolite were shown to differ only 
slightly from each other [15]. Rather, the loss of selectivity in 
Pd/HZSM-5 as compared to Pd/LaY (or any other large pore catalyst) 
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probably results from the fact that the bulky precursors required for 
type A B-scissions cannot be formed in the pentasil type channels. 
Hence, even with B-CHx or Pe-CHx type B and/or type C B-scissions [11] 
take place in Pd/HZSM-5 as sketched in Fig. 6. The same principal con-
clusion was arrived at in a study on hydrocracking C9 through Ci6 
alkanes on Pt/HZSM-5. Moreover, this postulated pathway accounts for 
the independent finding that, in Pd/HZSM-5 (see Fig. 1), P-CHx is hy-
drocracked essentially as fast as Pe-CHx: C9 naphthenes, due to their 
relatively low carbon number, are principally excluded from exocyclic 
type A B-scissions. But if this route is forbidden on account of steric 
constraints, then all C9 through C11 naphthenes are forced to undergo 
type B and/or type C B-scissions. 

Cleavage of endocyclie carbon-carbon bonds is a very slow reac-
tion in large pore zeolites [9]. With C6 through C8 naphthenes, this 
effect was found to be less pronounced in pentasils [4]. It is reason-
able, then, to anticipate (Fig. 6, bottom) that ring opening routes 
contribute to the mechanism of hydrocracking in Pd/HZSM-5. This is one 
way to explain the formation of, e.g., i-butane and n-hexane (see Fig. 
6). Such a pathway is not in contradiction with the low yields of ring 
opening products (cf. Fig. 1) on Pd/HZSM-5 since the aliphatics formed 
by ring opening can undergo consecutive cleavage prior to leaving the 
intracrystalline channel system. 

Fig. 6. Exocyclic type B and type C B-scissions [9,11] of cycloalkyl-
carbenium ions with 10 carbon atoms and hydrocracking via ionic ring 
opening (probable mechanisms of cleavage in Pd/HZSM-5). 
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CONCLUSIONS 
This study reveals that catalytic reactions may proceed less se-

lectively in a medium pore zeolite as compared to a large pore zeolite. 
Hydrocracking of butylcyclohexane is an example. The phenomenon can 
be rationalized if one takes into account that the most selective mode 
(type A) of ionic B-scission starts from very bulky intermediates. We 
propose hydrocracking of butylcyclohexane as another [2] test reaction 
the selectivity of which might furnish rapid information on the effec-
tive pore width of zeolites with unknown structures. 

It has been pointed out earlier [1,8] that model alkanes with 
at least eight carbon atoms should be employed to allow for the most 
favorable ion\c pathways of hydrocracking in large pore zeolites. It 
is now shown that this critical carbon number is even higher for naph-

thenes. For mechanistic studies we recommend model naphthenes with at 
least ten carbon atoms. 
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SYMBOLS AND ABBREVIATIONS _ i 
F^ feed rate mol-h 
m carbon number of feed -1 
n molar flux mol-h 
P^ partial pressure Pa 
p carbon number of cracked products 
T temperature °C 
W mass of dry catalyst g xi conversion 
Yi yield 

B butyl Pe pentyl HC hydrocarbon 
Bu butane Pn pentane i iso-alkanes 
E ethyl Pr propane ISO. isomerization 
Hx hexane n normal alkane 
M methyl C cyclo Ro. ring opening 
P propyl Cr. hydrocracking TtP A tetrapropylammonium 
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KINETIC STUDY OF n-HEPTANE HYDROCRACKING OVER HZSM-5 AND Pt-HZSM-5 CATALYSTS 

G. GIANNETTO, G. PEROT and M. GUISNET 
Unité Associée au CNRS 350, Catalyse Organique, U.E.R. Sciences, 40 avenue du 
Recteur Pineau, 86022 Poitiers Cedex, France 

ABSTRACT 
A kinetic study of the n-heptane transformation has been carried out on HZSM-5 

and on Pt-HZSM-5 under low pressure (1 bar, pH^/pnC^ from 10 to 35) and under high 
pressure (30 bar, pH^/pnC^ from 4 to 15). There are fundamental differences in the 
distribution of the products in each case. On HZSM-5, cracking is the main reac-
tion ; under low pressure the light products are formed by scission of C ? carbenium 
ions and under high pressure by scission of bimolecular intermediates. On Pt-HZSM-5 
n-heptane is isomerized into methylhexanes and cracked into isobutane and propane. 
The formation of these light alkanes results from the scission of tertiary carbenium 
ions with a 2-methylhexane skeleton. The high rate of this scission is a peculiarity 
of the porous network of the ZSM-5 zeolite. Moreover the change in reaction rate 
with n-heptane pressure can only be explained by a concentration effect in the 
zeolite pores. 

INTRODUCTION 
The hydroisomerization and hydrocracking of n-alkanes on Pt-HY catalysts have 

been the subject of numerous studies and we now know the factors which determine the 
activity, the selectivity and the stability of these catalysts fl-7]. The catalysts 
in which the noble metal is deposited on a shape-selective zeolite have been studied 
irT~much less detail. The main work in this field is that of Weitkamp et al on the 
transformation of C -C 1 = n-alkanes on Pt-HZSM-5 which reveals a variety of shape-s' lo 
selectivity effects £8]. However, no kinetic study has been carried out on these 
catalysts. 

In the kinetic study of the n-heptane transformation on Pt-HZSM-5 and on HZSM-5 
reported here, a large range of operating conditions has been explored : pH^ from 1 
to 45 bar, pnC? from 0.03 to 7 bar, T from 250°C to 380°C. We shall try to define 
the factors which govern the activity and the selectivity of these catalysts. 

EXPERIMENTAL 
Catalysts. HZSM-5 (Si/Al = 40) synthesized according to Mobil Patents [l(5] was 

used in extrudates : HZSM-5 (30 wt %) in an alumina binder (70 wt %). Two samples of 
Pt-HZSM-5 containing respectively 0.4 wt % Pt (0.4 Pt-HZSM-5) and 1 % (1 Pt-HZSM-5). 



were prepared by competitive ion exchange of extrudates with a 1/200 Pt(NH ) 3 > 
C12/NH4N03 solution. The conditions of calcination under dry air (300°C) and 
reduction under hydrogen (500°C) are those previously defined as leading to the best 
dispersion of platinum (H/Pt = 0.7) [ll] . 

Reactions. n-Heptane hydrocracking was studied in dynamic reactors working 
respectively under normal pressure and under high pressure. The reaction mixtures 
were analyzed on line using a 100 m Squalane Scot capillary column. 

RESULTS 
1. Activity and selectivity. The total activities of the three catalysts 

determined at 260°C, total pressure P T = 30 bars, pH^/pnC^ = 9, are very close. 
However the influence of P T (for pH2/pnC7 = 9) on the reaction rates is clearly less 
significant for the bifunctional catalysts : thus under normal pressure the activity 
of Pt-HZSM-5 is about 25 times higher than that of HZSM-5. The influence of tempera-
ture however is more pronounced on the two Pt-HZSM-5 samples : the apparent activa-
tion energy is equal to 36 kcal mole ^ whereas on ZSM-5 it is only 21.5 kcal mole 

The selectivities of the HZSM-5 and of the Pt-HZSM-5 catalysts are different 
(tables 1 and 2) : if the formation of light products is always the main reaction, 
the isomerization of n-heptane is less significant on HZSM-5 than on Pt-HZSM-5 
(table 2). On HZSM-5, C -C alkanes (mainly linear or monobranched) are formed 

8 11 
under high pressure. Under normal pressure, these alkanes are no longer observed and 
the isomerization/cracking rate ratio (I/C) is very small (table 2). 

Table 1 
Distribution of the products of n-heptane isomerization at 260°C 
pH = 27 bar, pnC = 3 bar for a conversion equal to about 5 %. 

Catalysts 2mC t> 3mC o 3eCr b 2, 3dmC_ b 2,4dmC_ b 2,2dmC_ b Other 
H ZSM-5 46.2 35.1 4.5 8.3 3.3 2.6 0 
0.4 PtHZSM-5 65.7 31.6 1.0 0.6 0.8 0.3 0 
1 PtHZSM-5 66.1 32.0 0.9 0.4 0.6 0 0 
Equilibrium (9) 21.7 

1 
19.8 2.4 28.1 6.5 10.5 11.0 

The distribution of isomers and light products differs on HZSM-5 and on 
Pt-HZSM-5 (tables 1 and 2) : 

- thus on the Pt-HZSM-5 catalysts at low conversion the n-heptane isomers are 
made up of 2- and 3-methylhexanes for 97 % and for more than 95 % at 50 % conversion 
whereas on HZSM-5 they constitute only 80 % of the n-heptane isomers at low conver-
sion and less than 75 % at 50 % conversion. On all these catalysts the other isomers 



formed are, in order of importance 2,3-dimethylpentane, 3-ethylpentane, 2,4-dimethyl 
pentane and 2,2-dimethylpentane (3,3-dimethylpentane and 2,2,3-trimethylpentane are 
not found). On Pt-HZSM-5 catalysts, 2-methylhexane is clearly favored at low conver-
sion : the rate ratio of the formation of 2- and 3-methylhexanes is 2.1 for a 
conversion of 5 % (table 1) ; this ratio approachs its equilibrium value (about 1.2) 
at very high conversion rates. On HZSM-5, methylhexanes are initially formed in a 
ratio close to that of equilibrium (1.3 for a 5 % conversion) : curiously this ratio 
decreases as the conversion rate rises, dropping well below its equilibrium value, 
e.g. 0.85 for a conversion of about 50 %. 

- On Pt-HZSM-5 catalysts, propane and isobutane (in equimolar quantities) are 
practically the only cracking products, whatever the degree of conversion or the 
n-heptane pressure (table 2). On HZSM-5, C 3 to C g olefinic and saturated hydrocar-
bons are formed. The iso/n ratio is equal to 1 for C and less than 1 for C_ and C_ 4 5 6 
products. The lower the n-heptane pressure, the higher the quantities of olefins, C 3 

and C„ (table 2). 4 

Table 2 
Distribution of the products of n-heptane transformation at 260°G for a 

conversion equal to about 5 %. I = Isomerization, C = Cracking. 

PT PnC7 C2 c3 i C 4 " C4 i C 5 n C 5 i C6 " C6 4 4 I/C 

HZSM-5 30 3 0.3 23.1 20.3 20.4 9.0 14.0 5.8 7.1 0.1 0.15 
0.4 PtHZSM-S 30 3 0 50.8 47.7 1.0 0.1 0.3 0 0.1 0 0.55 
1 PtHZSM-5 30 3 0 50.5 48.4 0.8 0.1 0.2 0 0 0 0.65 
HZSM-5 1 0.03 0 41.6 23.9 19.1 2.6 10.5 0.85 1.85 0.75 0.03 
1 PtHZSM-5 1 0.03 0 51.7 47.8 0.4 0 0.05 0 0.1 0 0.45 

2. Influence of hydrogen and n-heptane pressure on the reaction rate. On HZSM-5 
the reaction rate increases proportionally to n-heptane pressure for low values 
( < 0.1 bar) and with an order value of 0.6-0.8 for high values ( > 10 bar) ; it does 
not depend on hydrogen pressure (Fig. 1 and 2). On the other hand, on the Pt-HZSM-5 
catalysts, the rate is inversely proportional to hydrogen pressure (order value 
= -1) ; it increases with n-heptane pressure for low values, but remains practically 
constant for high values. 
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Fig. 1. Influence of n-heptane pressure on the total activities AT(10 mole 
- 1 - 1 

h g ) on HZSM-5 ( A ) and on Pt-HZSM-5 ( * ) under high pressure (a) and low 
pressure ( b ) . 

_3 
Fig. 2. Influence of hydrogen pressure on the total activities AT(10 mole 
- 1 - 1 h g ) over HZSM-5 (A), 0.4 Pt-HZSM-5 ( • ) and 1 Pt-HZSM-5 (*). 

DISCUSSION 
On catalysts made up of a noble metal deposited on an acid support, three modes 

of alRane tranformation can be found : the first involves only the metallic sites, 
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the second only the acid sites and the third successively the metallic and the acid 
sites (bifunctional mechanism). The relative significance of these three mechanisms 
depends essentially on the acid strength of the carrier and on the operating condi-
tions ^12, 13]. On Pt-HZSM-5 catalysts, C^ and C^ hydrocarbons are not formed and 
transformation on metallic sites (hydrogenolysis...) is probably very slow. The 
second reactionnal mode can also be excluded since Pt-HZSM-5 and HZSM-5 behave in a 
completely different way. On the other hand the absence of the bulkier isomers in 
the products : 3,3-dimethylpentane and 2,2,3-trimethylpentane suggests that the 
n-heptane transformation occurs inside the ZSM-5 porous system. 

1. Factors governing product distribution. On HZSM-5, as on the majority of 
acid catalysts, cracking is the main reaction. Selectivity depends on n-heptane 
presssure : 

- at low pressure, C^ and C^ hydrocarbons (the products expected from a simple 
scission) constitute more ihan 80 % of the cracking products and they are formed in 
equimolar amounts. Their formation can be explained by the scission of mono or bi-
branched C^ carbenium ions formed by rapid isomerization of the linear C^ carbenium 
ions (nC7

+). The formation of these nC 7
+ carbocations by hydride transfer from 

n-heptane to a preadsorbed carbenium ion is very likely the limiting step of this 
reaction. 

nC ? + R+ nC ?
+ + RH 

- At high pressure, C^ hydrocarbons constitute only 20 % of the. cracking 
products, the formation of C„, C_ and C. alkanes being highly favoured. Moreover 4 o o 
alkanes with more than 7 carbons and n-heptane isomers are formed. All these 
products can be explained by the reactional scheme proposed for butane dispropor-
tionation on mordenite £14]• formation of bimolecular intermediates followed by 
their rearrangement and scission. 

,, C3 + C11 
2C C J g P j l C ' + C m — » 7 ^ 14 * 14 4 1 0 

I 

C5 + C9 
C6 + C8 ""> 

The formation of the bimolecular intermediates ( C ^ ions carbenium) would be the 
kinetically limiting reaction [.14]. This formation is probably favored by the very 
high concentration of n-heptane in the vicinity of the active sites as a result of 
the physical adsorption in the narrow pores of the HZSM-5 zeolite. 
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On Pt-HZSM-5 catalysts isomerization accompanies the cracking of n-heptane. 
However, whereas on Pt-HY the n-heptane transformation occurs through the following 
successive scheme : 

nC_ _ ~ mC_ ~ dmC- ^ cracking products 7 6 b 

on Pt-HZSM-5 the reactional scheme is different, i.e. the cracking products are 
primary products (reaction 2) and isomerization to dimethylpentanes is very slow : 

1 - 4 nC_ ~* mC. dmC: 

cracking products 

The cracking products being constituted of about 50 % of isobutane and 50 % of 
propane (table 2), evidently they cannot result from the scission of a carbenium ion 
with a n-heptane skeleton. The apparent reaction 2 can readily be explained using 
the classical bifunctional framework (63 if (i) the diffusion of the olefinic inter-
mediates from one hydrogenating site to another is slow in comparison to their 
reaction on the acid sites or if (ii) these olefinic intermediates remain adsorbed 
on an acid site long enough to undergo, successively, isomerization and cracking. In 
both cases the cracking products result from the scission of a carbocation with a 
mono or bibranched skeleton. 

On Pt-HZSM-5 2-methylhexane is clearly privileged in comparison to 3-methyl-
hexane whereas statistically one would have expected the contrary [l] . Since these 
hydrocarbons diffuse at similar rates, this observation can only be explained by 
steric constraints in the formation and scission of protonated cyclopropanes [8j 
(intermediates of the transformation of n-heptane into methylhexanes). The privi-
leged formation of 2-methylhexane found on Pt-HZSM-5 means that the reactions 
occuring through the protonated cyclopropane a are favored. 

These steric constraints probably also explain why the transformation of 
methylhexanes into dimethylpentanes is very slow on Pt-HZSM-5. Indeed, this reaction 
also occurs through protonated cyclopropanes which are moreover bulkier than those 
invoked in the isomerization of n-heptane into methylhexanes. If such is the case, 
carbocations with a dimethylpentane skeleton will only be formed in small quanti-



ties and cracking products will thus only result from the scission of carbocations 
with a monobranched skeleton. It should be noted that this is precisely the conclu-
sion reached by Weitkamp et al in their study of C g-C l g alkane transformation on 
Pt-HZSM-5 (8j . However, according to the authors, "the light products are a result of 
the scission of secondary carbocations with methylhexane skeletons. Such a mechanism 
cannot be considered valid here, since it would lead to n-butane rather than to the 
isobutane observed : 

9 A + 
c-c-'c-c-c-c —» c-c-c + c=c-c-c 

C A + + 
C-C-i-C-C-C —> c-c-c-c + c=c-c 

The formation of isobutane can only be explained by concerted 8 -scission of the 
tertiary 2-methyl hexane carbocation and hydride transfer [l5j. 

a c + c-c-c 

This scission, generally considered to be slow, is certainly favored in the porous 
structure of ZSM-5 zeolite, for the same reason as protonated cyclopropane a. 

2. Kinetic models. The influence of hydrogen and hydrocarbon pressures on the 
n-heptane transformation rate over Pt-HZSM-5 is similar to that reported by Froment 
et al for n-alkane isomerization on Pt-USY C4>53 '• hydrogen order close to -1, 
hydrocarbon order from 1 to 0 with increasing hydrocarbon pressure. These observa-
tions are in agreement with the classical bifunctional mechanism (Fig. 3) provided 
the concentration of n-alkane in the vicinity of the active sites is taken to be the 
concentration of physisorbed (and not gas phase) alkane. 

nC„ mC, 

- H„ + H„ 

+H" 
nCL 

-H 

2 

nC„ mC, 

-H 

- H, + H„ 

-H 
m 0 6 

+H„ 

i C4 + C3 

Fig. 3. n-Heptane transformation by the classical bifunctional mechanism : 
nC 7 : n-heptane ; n0 ? : n-heptenes ; nC 7

+, n)Cg+ : carbenium ions ; mOg : methyl-

hexenes ; mC. : methylhexanes. b 
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The platinum content of the catalysts is sufficient to consider the reactions on 
the acid sites as kinetically limiting [llj. The formation of carbocations (step 2) 
is very rapid, and step 3 is very likely the limiting step in cracking and 
isomerization. At low conversion (neglecting the reverse reaction and the adsorption 
of-products)," the transformation rate of n-heptane can be written : 

k_ C K, K„ C „ 3 m 1 2 nC ? 
r 

P H 2 + K1 K2 CnC ? 

where k_ is the rate constant of step 3, C the concentration of Bronsted sites in 3 m 
the zeolite, K^ and K^ respectively the equilibrium constants of the dehydrogenation 
of n-heptane (reaction 1) and of carbenium ion formation (step 2) and C „ the nC7 
concentration of physisorbed n-heptane. This concentration can be linked to the 
pressure of n-heptane in gas phase (p ) by the Langmuir-Hinshelwood equation nUy 

'(nC7)m PnC ? 

nC_ „ 
7 L PnC 7 

where (C _ ) is the maximum concentration in zeolite pores and Kt the equilibrium n^7 m L 
constant of n-heptane physisorption. 

k3 Cm K1 K2 ( CnC 7
)m KL PnC ?

 3 PnC ? 
r = 

P H 2
 + KL PH 2

PnC ?
+ Kl K2 ( CnC 7

)m KL PnC 7 " P H 2
 + bpH 2

PnC 7
 + CpnC ? 

This equation accounts for our results : 1/r versus pH 2 and versus l/pnC7 are 
straigth lines. The values of a, b, c are respectively : 3.5, 12.5, 14. 

As expected, on HZSM-5 zeolite, the reaction rate does not depend on hydrogen 
pressure. Hydrocarbon order, equal to 1 at low pressure, remains close to this value 
under high pressure. This limited change can seem curious compared to the signifi-
cant change observed on Pt-HZSM-5. But, as shown by the distribution of the products 
on HZSM-5, the reaction mechanism is not the same at low pressure (monomolecular 
intermediates) as it is at high pressure (bimolecular intermediates). The latter 
mechanism could give an alkane order value of 2, as has been observed in butane 
disproportionation on H mordenite Q.4] . The value in fact observed (0.7) is much 
lower, which could be explained ,as on Pt-HZSM-5, by a condensation effect in the 
narrow pores of HZSM-5 zeolite. 
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ABSTRACT 

The hydroc racking and hydroisomerization of n-heptane on Sn-Pd/HY zeolites have 

been studied, in order to understand the influence of tin on the activity and 

selectivity of these catalysts. 

When the tin content increases, we observe a decrease of the global activity, 

and a change of the selectivity with a decrease of the molar ratios: isomerization/ 

/cracking and monobranched/dibranched products. 

The influence of tin cannot be explained only by the poisoning of the palladium 

by tin. In fact, the presence of the second metal will probably induce the production 

of highly active hydrogen species, which diffuse towards the catalyst surface, by a 

spillover effect, getting in competition with the n-paraffins in the adsorption over 

palladium. In consequence, there is a change in the balance between the acidic and 

hydrogenating functions, with a decrease of the hydrogenating activity. 

INTRODUCTION 

The hydrocracking of different petroleum cuts, from light naphtas to atmospheric 

vacuum residue, to produce propane, butane, gasoline, jet fuels and diesel oils [1,2] 

uses bifunctional catalysts, some of them composed of a noble metal (palladium) on a 

acidic zeoli te. 

The hydroisomerization of n-alcanes to upgrade the octane number of the light 

gasoline fractions also use bifunctional catalysts. 

The balance between the acidic and the metallic functions has a great influen-

ce on the selectivity and activity of the bifunctional catalysts [3,^]. 

In the last years, the use of bimetallic-acidic catalysts has had a growing 

interest, namely for the catalytic reforming [5,6]. Consequently, it is important 

the clarify the role of the second metal [7,8,9] in the behaviour of the bifunctional 

catalysts. 

The purpose of this work is to study the influence of tin on the activity and 
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selectivity of Sn-Pd/HY zeolites, in the hydrocracking and hydroisomerization of n-

-heptane. 

EXPERIMENTAL 

Four tin-palladium HY zeolites were prepared (with different tin contents), 

according to the following procedure: 

- Preparation of the ammonium Y zeolite, by ion exchange of the NaY with 

ammonium nitrate solutions; 

- Dilution of the NH^Y in an alumina gel (50 wt.%), extrusion and calcination 

in wet air at 500°C for 2 hrs; 

- Introduction of palladium (Pd (NHJ)J^ +), by using the technique of ion ex-

change with competition [10] (the competing ion is NH i (
+) ; 

- Calcination in dry air at 500°C, for 2 hrs, and reduction with hydrogen 2hre, 

at 450°C; 

- Introduction of tin, as described in reference [11]. 

The percentage loadings of tin and palladium on HY zeolite were determined by 

X-ray fluorescence. 

The metallic phase was characterized by electron probe microscopy and trans-

mission electron microscopy. 

The n-heptane transformation was carried out in a fix-bed dynamic reactor,under 

the following conditions: total pressure = 60 bar, molar ratio H^/nC^ = 6.2, temper^ 

ture from 230 to 290°C. 

The liquid condensates and the gaseous effluents were analyzed by GLC (100 m 

squalane capillary column), with a flame-ionization detector. 

RESULTS 

Characterization of the metallic phase 

The metal contents of the catalysts are presented in Table 1: 

T a b l e 1 

Metal contents of catalysts 

Catalyst 
Pd ;sn Sn/Pd 

Catalyst 
(wt.l) (wt.£) (molar ratio) 

Pd HY -
v i. 

Sn/Pd HY 0. .5 0.45 0.25 0.5-- . 

Sn/Pd HY 0, .8 0.45 0.38 0.8 

Sn/Pd HY 2. .2 0.45 1.12 2.2 

4 7 8 



The character izat ion of the meta l l i c phase, by electron probe microscopy, ena-

ble us to conclude that t i n remains on the external surface of the c a t a l y s t s and 

palladium is well d i s t r i bu ted . As shown in Figure 1, with Sn/Pd HY 0.5 t i n i s l o c a H 

copy 

zed on a thin external layer which represents about 20% of the tota l surface of the 

ca r r i e r . 

Calculated values from electron microscopy of palladium d i spers ion and average 

pa r t i c l e s ize were - 30% and 14 A°. 

Ca ta l y t i c Results 

( i ) Effect of the t in content on the a c t i v i t y 

Figure 2 shows, for each c a t a l y s t , the n-heptane conversion as a function of 

the temperature. 



220 240 260 280 300 
T <°C) 

Fig. 2 - n-heptane transformation on Sn/Pd HY zeolites: conversion against temperature 

We can conclude that the monometallic catalyst is the most active, and the 

activity, decreases with the tin content. 

(ii) Influcence of the tin content on the selectivity 

In Figure 3, it is represented the molar product distribution, of the transfor 

mation of n-heptane at the same conversion (30%). 
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rig. 3 Distribution of products produced by transformation of n-heptane on Sn/Pd HY 

zeolites for the same conversion 

We can conclude that, as tin content increases, the production of C^ isomers 

lecreases and that of cracked products increases. For all the catalysts, the main 

iracking products are butanes and propane in equimolar quantities with a very high 

sobutane/n-butane ratio. We observe an increase of C^ and C^ products without for-

lation of C.j and C2, as tin content increases. 

Figure 4 shows for each catalyst, the evolution of the molar ratio of the iso-

lerization/cracking products (l/C) with the conversion. It can.be remarked that in 

ill the catalysts, there is a decrease of the l/C ratio, as the conversion increases 

ly increasing the temperature. This decreasing is more pronounced for the lowest tin 

:ontent. 

For a given conversion, the l/C molar ratio decreases with the tin content. 
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Fig. k Isomerization/cracking molar ratio against the conversion for the transfor-

mation of n-heptane on Sn/Pd HY zeolites 

In respect of the distribution of the hydroisomerization products, Figure 5 

shows the evolution of the molar ratio of the monobranched/dibranched isomers (M/D) 

with the conversion. As the conversion increases, there is a decrease of the M/D 

ratio, which is more pronounced for the lowest tin content. For a given conversion, 

the M/D ratio decreases as the tin content increases. 

Conv. (%) 

Fig. 5 Monobranched/dibranched isomers molar ratio against the conversion for the 
transformation of n-heptane on Sn/Pd HY zeolites 
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11SCUSSI ON 

In order to understand the influence of tin on the activity and selectivity of 

:he bimetallic Sn/Pd HY zeolites, it is important to present the bifunctional mecha-

iism [12,13] scheme for the hydroisomerization and hydrocracking of n-heptane, pro-

losed by Gu i snet [14]. 

nC7 mC6 dmC5 iC4+C3 

n0 7 m06 ' dm05 

nCy . - ' mCg • —' dmC£ " IC+-f 10 

ig.6 Bifunctional transformation of n-heptane (n C7) ;m C^: methyl hexanes; d m C,-: 
dimethyloentanes; C +: carbocations; 0: olefins; Z: light products 

For high hydrogenating activity, the skeletal isomerization and the cracking of 

arbocations are, respectively, the rate limiting steps of the hydroisomerization and 

ydrocracking of n-alcanes [15,16]. 

For low hydrogenating activity, the dehydrogenation reactions limit the bifun-

tional process, and the n-heptane transformation rate is proportional to the metal 

urface area [16,17] • 

The evolution of l/C and M/D molar ratios, with the conversion 

The decrease of the l/C molar ratio, as the conversion increases by increasing 

he temperature, can be explained by the fact that the activation energy of cracking 

eactions is higher than the activation energy of isomerization reactions. So, at 

igher temperatures, the cracking reactions become more important, and the molar 

atio l/C decreases. 

Moreover, as cracking products are obtained mainly from dibranched carbocaticns 

e must wait a similar behaviour for the evolution of l/C and M/D molar ratios as the 

onversion increases [18]. 

The evolution of the activity and selectivity of Pd/Sn HY zeolites with the 

in content 

The analysis of Figure 2, indicates that the activity of the catalysts, for 

he same temperature, decreases, as tin content increases. For the same conversion, 

he l/C and M/D molar ratios (Figures 4,5) also decrease as tin content increases. 

The bifunctional mechanism described above, offers a good explanation for the 

hange in the activity and selectivity with the tin content: the behaviour of the 

n/Pd HY zeol1 i tes; can be explained by a change in the equilibrium of the hydrogena-

ing-dehydrogenating/acidic functions, caused by a decrease of the strength of the 
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I 

metal I ic funct ion. -j 

In fact, the decrease of the activity of the hydrogenating-dehydrogenating 

function, in a bifunctional catalyst, will give rise to the decrease of the forma-

tion of the intermediate olefins and carbocations and consequently to a decrease of 

the catalyst activity. 

Moreover, we can also explain the decrease of the l/C and M/D molar ratios wil 

the decrease of the hydrogenating-dehydrogenating function, in agreement with the 

mechanism of n-heptane transformation on bifunctional catalysts. In fact, with a hi 

gher hydrogenating activity the rate of carbocation formation will be greater than 

carbocation skeletal isomerization and/or carbocation cracking; so we will obtain 

more isomers products and they will be mainly monobranched products [14]. 

These modifications in the catalytic behaviour of the Sn/Pd HY zeolites,by thi 

presence of tin, cannot be explained only by the poisoning of the palladium by tin. 

In fact, as referred above, only a small fraction of palladium is recovered by tin. 

So, we proposed that the presence of tin will induce the production of highly activi 

hydrogen species, easily desorbed from tin and rapidly adsorbed on palladium parti-

cles, displacing the equilibrium (a) to the left: 

H M 2 
fast (a) 

H u . ' H, , ' H„ 
1 S G 

M^ - Palladium; M^ - Tin; S - Support; G - Gaz-phase; H - Adsorbed hydrogen 

species. 

So, the concentration of H u species will increase, favouring the displacemen 
1 

of the equilibrated reaction (b) to the left: 

P G + M 1 ^ = ° M l
 + 2 \ (b) 

P„ - Paraffins in gaz-phase; 0 U - Olefin adsorbed on Palladium, (j M j 

Therefore, there will be a decrease of the hydrogenating-dehydrogenating 

function, induced by the presence of tin. As we have seen above, this explains not 

only the decrease of the activity of the Pd/Sn HY zeolites, with the tin content,bu 

also the decrease of the l/C and M/D molar ratios: the occupation of an important 

number of palladium sites by active hydrogen species, will increase the relative 

acidity of the bifunctional catalysts. 

So, there is a change in the rate limiting step of the bifunctional mechanisn 

and the adsorption of the intermediate iso-olefins on the acidic sites will be favc 

red, with the consequent increase of the formation of dibranched carbocations and 
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their consecutive cracking. 

This interpretation is also supported by the results of the product distribu-

tion in isoconversion conditions (Fig.3): the increasing of C^ and C^ products,with 

the tin content, without formation of C^ and C^, are in compliance with a mechanism 

where the hydrogénation of the intermediate iso-olefins has become the rate limiting 

step. There is an increase of the carbocations concentration, which can dimeriseand, 

by consecutive cracking, can originate C^ and Cg products (without the production of 

Cj and C ^ . 

CONCLUSION 

The decrease of the activity and the change of selectivity for the Sn/Pd HY 

zeolites with the tin content, on the transformation of n-heptane can be explained 

by a change in the balance between the acidic and metallic functions. 

The presence of tin will induce the production of highly active hydrogen spe-

cies which diffuse towards the catalyst surface, by a spillover effect getting in 

competition with the n-paraffins in the adsorption over the palladium. In consequen-

ce, the hydrogenating-dehydrogenating rate of n-paraffins slows down, becoming the 

rate limiting step for the bifunctional mechanism. 
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IS0MER1ZATI0N AND HYDROCRACKING OF N CIO - N C17 ALKANES ON Pt/H-BETA 

J.A. MARTENS, J. Perez-Pariente3, P.A. Jacobs 
Laboratorium voor Oppervlaktechemie, Katholieke Universiteit Leuven, 
Kardinaal Mercierlaan 92, B-3030 Leuven, Belgium. 

ABSTRACT 
Long chain paraffins ranging from decane to hepta'decane are hydroconverted 

over Pt loaded H-BETA. The isomerization-hydrocracking products are analysed using 
high resolution capillary GLC and compared with those obtained with Pt/H-USY and 
Pt/H-ZSM-5. Pt/H-BETA behaves as an ideal bifunctional catalyst and its main 
characteristics are a high selectivity for isomerization, pure primary cracking of 
the hydrocarbon chain and reduced propane formation. In contrast to zeolite Y, the 
pores of zeolite-BETA restrict the formation of ethyl- or bulkier side chains in 
the feed isomers. 

INTRODUCTION 
During the last decade zeolite research has focussed on the synthesis of 

high-silica zeolites and the investigation of their properties. Among them the 
Pentasil family of materials received particular attention. Other high-silica 
zeolites were known before the advent of the Pentasil zeolites but have been 
overlooked. Zeolite BETA is such a zeolite. 

Zeolite BETA was synthesized in 1967 by Mobil researchers [_l] and showed a 
silica to alumina ratio in the range from 5 to 100 [2]. It is an aluminosilicate 
crystallised from a gel containing tetra-ethylammonium (TEA) or Na ions [1,2] and 
eventually Cr, Fe or La [4]. The XRD peaks can be indexed in a cubic unit cell 
with a. = 1.204 nm although Breck [5] contests this. The zeolite has a pore 

-1 
volume of 0.20 ml g , sorbs hexane and cyclohexane and can be dealuminated by HC1 
treatment [3J. Recently it was shown that the void structure was similar to that 
of zeolite L and consists of pores with 12-membered rings and lobes [6]. 

£ 
On leave from : Instituto de Catalisls y Petroleoquímica, Madrid 
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Only a few Industrial applications of this zeolite have been claimed till 
today. It is able to alkylate benzene with dodecene to prepare phenyldodecanes 
[8j. In this reaction it has a selectivity similar to that of zeolite L, ZSM-4, 
ZSM-20, ZSM-38 and mazzite [8]. It can also be used for the formation of 
diphenylmethane out of benzene and trioxane [7] . High-silica BETA loaded with 
platinum is an efficient dewaxing catalyst avoiding extensive gas formation [9] . 
Dealuminated-BETA seems to have potential uses as a catalyst component in the 
hydrocracking-dewaxing of heavy oils [loj. 

In the present work, it was aimed to investigate more fundamentally the 
potential of zeolite BETA in isomerization-hydrocracking reactions of n-paraffins. 
Its behaviour was compared to that of proven bifunctional catalysts as Pt/H-ZSM-5 
and Pt/Ultrastable Y (US-Y). 

EXPERIMENTAL 
For the synthesis of zeolite BETA a mixture of tetra-ethyl orthosilicate 

(80 g) and a 40 % aqueous solution of TEA-OH (56.4 g) was stirred for 1 hour to 
achieve complete hydrolysis of the ester. Then were subsequently added : 
A1(N03)3.9H20 (9.5 g), NaOH (1.4 g), TEA-OH solution (56.4 g) and water (8.1 g) 
under continuous stirring. The gel obtained (with Si/Al = 15) was autoclaved at 
393 K. After rotation for 6 days zeolite BETA with Si/Al = 14 was formed in the 
autoclave. The sample showed the typical XRD-spectrum [jQ and a crystal size of 
0.2 pm. The H-form of this zeolite was obtained after washing, calcination at 723 
K, NH,-exchange and heating at 673 K. 

H-BETA showed a hydroxyl spectrum with bands at 3725 and 3600 cm . Similar 
spectra were reported for H-ZSM-5 samples [ll}. The Pt-H-form of BETA was prepared 
upon Impregnating the NH^-form with aqueous PtCNH^^C^, drying, calcination in 
oxygen and reduction in hydrogen at 637 K. The latter two treatments were 
performed in situ in a continuous flow tubular reactor after pelletizing the 
Pt/NH^-zeolite into 0.3-0.5 mm grains. The reactor could be operated up to 2 M Pa. 
Paraffins and hydrogen were mixed in a thermostatted saturator. The whole 
conversion range was covered by varying the reaction temperature. The reactor 
outlet was analyzed on-line over a 50 m CPt Sil 5 fused silica column using 
temperature programming between 283 and 473 K. 

The reference zeolite Pt-US-Y was prepared by repeated steaming from NH^-Y 
[12J. ZSM-5 with Si/Al = 60 and crystal dimensions of 1-4 pm was synthesized and 
transformed into a bifunctional catalyst according to published methods £15]. All 
catalysts contain 1 % by weight of platinum. 
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RESULTS AND DISCUSSION 
1. Isomerization and hydrocracking of tridecane 

As a typical example the isomerization of tridecane into mono- and 
dibranched feed isomers and its hydrocracking is shown in Fig. 1 for the three 
zeolite frameworks, BETA, ZSM-5 and US-Y. In comparable conditions BETA is more 
active than ZSM-5 because it contains a higher number of BrtJnsted sites (the Si/Al 
ratio of the samples is 14 and 60, respectively). As also found for n-CIO Qíf¡ , 
ZSM-5 is more active than US-Y. As far as overall selectivity is considered, BETA 
behaves as US-Y and from the figure the following reaction sequence is obvious : 

tridecane •+• monobranched C ^ isomers •*• dibranched C ^ isomers -»• cracked products 

As reported for various n-paraffins on Pt loaded US-Y D-Cl » CaY D-^3 an<* 
dealuminated Y l̂íf] , very high selectivity for isomerization was also observed for 
BETA. In terms of a classical bifunctional mechanism, an increase in isomerization 
selectivity has to be associated with a decrease in average acid strength Q^j . 

reaction t«mp«ratur* (K) 

Fig. 1. Conversion of n-C^j ^ n t o ®ono- (a), dibranched (b) isomers and 
cracked products (c) against its total conversion; p

t ri,j e c a n e = 1«3 k Pa; P g 
= 2 M Pa; A, Pt/H-BETA (WHSV = 0.88 h - 1); B, Pt/H-US-Y (WHSV = 0.47 h _ 1); C, 
Pt/H-ZSM-5 (WHSV = 0.88 h _ 1 ) 

A high selectivity for dibranched isomers is reached on BETA (Fig. 1). The 
degree of branching of the feed isomers is not determined by acid strength but 
rather by the size of the zeolite pores |jff|. The high yield of dibranched isomers 
on BETA suggests that this zeolite contains no constraints for the formation of 
highly branched intermediates. The high overall selectivity for isomerization 
against hydrocracking also suggests that BETA doesnot possess the very strong acid 
sites of ZSM-5. 
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2. Composition of the feed isomers 
Starting with n-decane as feed, the distribution of the methyl-branched 

isomers is shown in Fig. 2. 

rsactlon temperatur* i K 
436 450 458 4S5 399 434 446 433 453 463 

Fig.•2."Distribution of-the methylnonanes at increasing total conversion of 
decane at P, = l.l k Pa, P,.„ = 0.1 M Pa; A, Pt/H-BETA at WHSV = 0.4 h" 1, decane Ji2 . 
B, Pt/US-Y at WHSV = 0.2 h and C, Pt/H-ZSM-5 at WHSV = 0.3 h~ ; a, 
2-methylnonane, b, 3-methyl-, c, 4-methyl- and d, 5-methylnonane. 

The behaviour of US-Y has already been described at this level [if] : the 
formation of 2-methylnonane is kinetically hindered since branching occurs via 
protonated cyclopropane (PCP) intermediates, the rate of formation of which is 
lower near the end of a hydrocarbon chain Ql4j . From medium conversion on, 
thermodynamic equilibrium is reached. In ZSM-5 an excess of 2-methylnonane is 
found at low conversions, largely at the expense of the 4- and 5-methylisomer. 
This composition gradually changes to that of equilibrium. Such behaviour is 
typical for small crystal ZSM-5 Q.6]] , while for large crystals the initial 
composition is not affected by the degree of conversion ¡J.5] . Transition state 
shape selectivity Q.5] may be responsible for this behaviour. 

The distribution of these isomers in BETA is close to that observed on US-Y 
zeolite, although the kinetic hindrance of 2-methylnonane is less pronounced. This 
indicates that PCP-type branching is followed by very rapid equilibration via 
methylshifts. When the Brfinsted sites are very diluted in an open zeolite 
framework, It has been reported that the relative rates of isomerization by 
alkyl-shifts drops considerably compared to PCP-branching Q.6]. The behaviour of 
BETA is explained in this context by its high aluminium content, although secondary 
isomerization at the external surface cannot be entirely excluded. 
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The distribution of the isomers at the maximum isomerization conversion in 
terms of methyl-, ethyl- and propyl-branched products is shown in Table 1. On 
ZSM-5 only Diethyl-isomers are formed, which confirms previous reports [l5,16^ and 
which can be ascribed to transition and/or product shape selectivity. The product 
distribution on BETA and US-Y is rather similar, although less propyl- and 
ethyl-branched isomers are formed on the former zeolite. 

Table 1 
Distribution of monobranched isomerization products on Pt/H-zeolites 

at maximum isomerization conversion 

Feed Zeolite WHSV/ Temp. Isomerization Isomer distribution % 
h ^ K % methyl ethyl propyl branched 

BETA 0.4 472 42 88.5 10.2 1.3 
US-Y 0.2 446 34 86.0 12.3 1.7 
ZSM-5 0.3 453 30 98.8 1.2 0.0 

BETA 0.9 472 28 87.6° 12.4 - d 

US-Y 0.6 431 19 85.1° 14.9 - d 

a, P H 2 = 0.1 M Pa and P c l 0 = 1.1 k Pa; b, = 2 M Pa and P C 1 7 = 0.9 m. Pa; C, 
including 3-ethylpentadecane; d, propyltetradecanes, butyltridecanes and 
pentyldodecane are not resolved from the dibranched isomers. 

This indicates that BETA is a large pore zeolite with cages or lobes slightly 
smaller than the supercage of the faujasite structure. This is confirmed when 
other isomer or product fractions are considered. Indeed'* the yield of 
methyl-ethylbranched C ^ isomers in the dibranched ones amounts to 4.5 and 1 % for 
US-Y and BETA, respectively. 
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3. Carbon number distribution of hydrocracked products 
On large pore zeolites in the acid form with a well-dispersed metal phase on 

it, ideal bifunctional cracking is expected. This cracking consists of primary 
events and consequently the carbon number fractions are distributed symmetrically 
among their carbon numbers. Central scission is preferred in this type of 
chemistry and propane abstraction is not very probable [jQ. On medium pore 
zeolites, central scission is less abundant and propane formation has increased 
[6,15,163. The carbon number distribution of the hydrocracked products from 
decane, dodecane and tridecane at low cracking conversions are given in Fig. 3 for 
the three zeolites to illustrate this. 

c a r b o n n u m b a r o f c r a c k a d p r o d u c t a 

Fig. 3. Carbon number distribution of hydrocracked products from decane (A), 
dodecane (C) and tridecane (B) at 5 % hydrocracking over a, US-Y, b, BETA and 
c, ZSM-5 zeolites. Experimental conditions for tridecane and decane are 
given in Figs. 1 and 2, respectively; for dodecane : P p 1 0 = 1.2 k Pa; P u o = . LIZ Hz 
2.0 M Pa; on BETA, WHSV = 0.5 h at 465 K, and on US-Y, WHSV = 0.4 h at 
434 K. 
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The typical features mentioned are observed for US-Y with each feed molecule. 
On ZSM-5, much propane is formed, central scission is decreased and secondary 
cracking of the longer hydrocracked products occurs mainly for the longer feed 
molecules. This confirms earlier work [¡6,15,16]. The cracking of decane on BETA 
shows the ideal pattern. Central scission is even more preferred than over US-Y 
and propane abstraction is lower. With C ^ and C ^ paraffins as feed, however, 
minor but significant differences between BETA and US-Y appear : the preference of 
central scission has decreased over BETA. It will be shown elsewhere that mainly 
A-type cracking of a,a,Y-tri-branched isomers is responsible for this central 
scission [l8] . The absence of dimethylethylisomers in BETA, as a result of shape 
selective hindrance, can explain that central scission decreases with increasing 
carbon number of the feed Ql8] 

4. Product distribution in the individual carbon number fractions 
The composition of the C6 carbon number fraction is shown in Fig. 4 for feed 

paraffins with carbon number between 10 and 17. At low cracking conversions it is 
seen that over US-Y as well as over BETA this composition is the same irrespective 
of the chain length of the feed hydrocarbon. 

Fig. 4. Composition of the C6 carbon number fraction against the feed carbon 
number at 5 % hydrocracking conversion over US-Y (full points) and BETA (open 
points). Experimental conditions : for CIO, C12, C13 : Fig. 3; C17 : Table 
1; for C14 : = 2M Pa, PC14= 1.1 k Pa, WHSV = 0.6 h"1 on BETA at 444 K and 
0.4 h _ 1 at 425 K on US-Y; for C16 : pressures as for C14, WHSV = 1.0 h"1 at 
490 K on BETA and WHSV = 0.5 h"1 at 436 K US-Y; a = 2-methylpentane; b = 
3-methylpentane; c = 2,3-dimethylbutane. 



The figure shows that on both zeolites this composition is not dependent on 
the chain length of the feedstock. Such a behaviour is only possible when the 
discrete fS-scission mechanisms operate on the parent carbocations at a rate which 
is not dependent on their chain length. Furthermore, also the relative 
concentration of these cations with a structure susceptible to an attack by one of 
the scission mechanisms is independent of the feed. This behaviour will be 
explained in detail in a later publication. The slight differences in the 
2-methylpentane and 2,3-dimethylbutane yields over BETA and US-Y are the result of 
slight differences in the feed isomer composition mainly at the level of the ethyl-
and propyl-branchings. 

For the C4 and C5 fractions the same constant composition of the fraction, 
irrespective of the carbon number of the feed was observed. The yield of isobutane 
in the C4 fraction varied between 80 and 86 % and between 78 and 83 % for BETA and 
US-Y, respectively. Isopentane represented always 85 to 89 % of the C5 fraction 
over BETA and 83 to 87 % over US-Y. 

The composition of the C7 fraction hardly changes for feeds longer than CIO. 
The decreased yield in n-fragments in the fraction obtained by propane abstraction 
is indeed a typical feature of ideal hydrocracking QsQ in large pore zeolites and 
consequently the constant composition is only observed now from Cll on as feed. A 
typical difference between BETA and US-Y is the decreased yield of ethylpentane on 
the former zeolite. This component can only be obtained from ethyl-branched parent 
ions which are less abundant in BETA. 

These observations are of key importance for the design of dewaxing and 
hydrocracking catalysts. It follows that whatever mixture of long chain paraffins 
is cracked over zeolites as US-Y and BETA always almost identical compositions of 
the hydrocracked products will be obtained. 

CONCLUSIONS 
In this work it is shown that zeolite Pt/H-BETA shows all the characteristics 

of an ideal bifunctional isomerization and hydrocracking catalyst when long chain 
n-paraffins are used as feed. This material is very active and selective for 
isomerization of such feeds. Once bulkier than methyl-branchings are formed, 
sterical restrictions are imposed by the inner structure of this zeolite. This 
behaviour distinguishes the BETA structure from that of ultrastable Y. 

The yields of the carbon number fractions of the hydrocracked products in 
BETA ressemble those obtained over US-Y. The low yield of ethyl-branchings in the 
multiply-branched feed isomers causes a somewhat reduced rate of central scission 
on zeolite BETA. Finally, the distribution of the individual isomers in each 
carbon number fraction is very similar in BETA and US-Y. 
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OXIDATIVE ACETOXYLATION OF PROPYLENE OVER METAL-CONTAINING ZEOLITE 
CATALYSTS 

Kh.M.MINACHEV, V.V.KHARLAMOV 
N.D.Zelinsky Institute of Organic Chemistry USSR Academy of Sciences, 
Moscow 

ABSTRACT 
The activity and the selectivity of the catalysts on the basis 

of A, X, Y, chabasite, erionite, mordenite, ZWM and ZWK type zeolites 
containing VIII group metals have been investigated in the reaction 
of oxidative acetoxylation of propylene to allylacetate. It was 
shown that among VIII group metals only Pd-containing catalysts are 
active in the allylacetate synthesis. The reaction of deep oxidation 
of propylene takes place in the case of another metal containing ca-
talysts. The effect of transition metals on activity and selectivity 
of Pd-zeolite catalyst have been studied. 

18 
Using 0 labelled acetic acid it was shown that the mechanism 

of the reaction of propylene oxidative acetoxylation can include the 
formation of allyl alcohol as an intermediate with its etherization 
with acetic acid to allylacetate. 
INTRODUCTION 

As is known the reaction of olefin oxidative acetoxylation can 
produce many important products such as vinylacetate and allylacetate. 

CH 2=CH 2 + CH 3COOH + 1/2 O 2 CH 3COOCB=CH 2 + H 2 O 

CH 2=CHCH 3 + CH 3C00H + 1/2 o 2 — > CH 3COOCH 2CH=CH 2 + H 2 O 
Allylacetate can be used as a starting compound for production of 
glycerine, glycidol, epichlorhydrine, ft -acetopropylacetate and other 
useful products £1][. Oxidative acetoxylation of olefins was discove-
red in 1960 when it was shown [2]that vinylacetate is formed from in-
teraction of ethylene with sodium acetate in the presence of palla-
dium chloride 
CH2=CH2 + 2Na0C0CH3+PdCl2—CH3COOCH=CH2 + 2NaCl + CH-jCOOH + Pd 
Since the process has been improved by using acetic acid instead of 
sodium acetate and by addition of cupric chloride to the reaction 
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mixture for palladium reoxidation 
C2H4 + AcOH + PdCl2 — A c ОС ̂ + 2HG1 + Pd 

Pd + 2CUC12 —>• PdCl2 + 2CuCl 
2CuCl + 2HC1 + 1/2 02 2CUC12 + H20 

Later it was shown that this reaction could be carried out not only 
in homogeneous conditions but also in the gas phase using palladium 
or its compounds together with added different promoters (such as 
salts of transition metals) supported on alumina, silica gel, silica-
aluminas, activated charcoal and other solids [j4-11]. Besides palla-
dium alkali acetate added up to 10-15 wt.% is a necessary component 
of the catalyst. It was suggested that alkali acetate may increase 
acetic acid adsorption on the catalyst surface, which may result in 
variation of the reaction kinetic order for acetic acid from 1 to 0 
[12,13]. 

Different olefins, dienes and aromatics are shown to take part 
in the reaction of oxidative acetoxylation [14-22] 

(j) + AcOH + 1/2 0 2 — > AcO<^f) + H20 
CH 2=CHCa=CH2 + AcOH + 1/2 0 2 —>• AcO-CH2CH=CHCH2OAc + н2о 

+ AcOH + 1/2 0 2 —p- AcO-^^ + H 2 о 

CH3<g) + AcOH + 1/2 0 2 Ac0-CH2<£) + H20 
In addition to vinylacetate synthesis another important process 

is oxidative acetoxylation of propylene to allylacetate. This process 
is usually carried out in a gas phase at 140-200° under pressures of 
1-10 atm 3 . In these conditions together with the main reaction of 
allylacetate synthesis deep oxidation of propylene proceeds to give 
carbon dioxide and water but as a rule the selectivity of allylaceta-
te formation is. not lower than 90# £.3]. 

The aim of this study is to investigate metal-containing zeoli-
te catalysts in oxidative acetoxylation of propylene to allylacetate 
and elucidate the kinetics and mechanism of this process. 

EXPERIMENTAL 
Catalysts were prepared using synthetic zeolites of types A 

(Si02/Al203=2.0), X(3.0), Y(4.8), K,Na-chabasite (5.0), Z,Na-erionite 
(6.5), mordenite (11.9), ZTSM (30-47) and ZWK (68-78). Active compo-
nents (VIII group metals, promoters) were introduced into the zeoli-
tes by both, ion exchange and impregnation. After reduction the zeoli-
te catalyst was moulded without aay bindings at a pressure of 100 atm 
The fraction of the catalyst particles of 0.5-1.0 mm was used in the 
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experiments. 
The catalytic experiments were carried aut in a flow reactor at 

atmospheric pressure, 160-190° and a molar ratio of C^Hg: CH^COOHtOg« 
= (2-6):1:(0.3-1.0). The amount of the catalyst loaded into the reac-
tor was 1-6 cc. The liquid reaction products were collected into the 
trap at 0° and analysed by GLC. 18 Labelled 0 acetic acid was prepared by interaction of CH^COCl 

18 with Hp 0. The products obtained from propylene oxidative acetoxy-
18 

lation and allyl alcohol etherization with acetic acid- 0 were ana-
lysed by chromato-mass-spectrometry with a "Varian MAT-111" and 
"Kratos MS-70". 

The temperature programmed reduction of the oxidized catalyst 
samples was carried out using chromatographic technique. The weight 
of the catalyst sample was 0.4 g. The catalyst sample was preoxidized 
by air or a mixture of air and helium (1:1) at 180 and 500°. The cata-
lyst was reduced in a flow of a N2 and 10$ H2 mixture at a rate of 
30 cc/min. The temperature of the catalyst sample was increased li-
nearly at a rate of 20 K/min. Changes in the hydrogen concentration 
at the reactor outlet was determined by a catarometer. 

RESULTS AND DISCUSSIONS 
By analogy with liquid phase olefin oxidation [23j copper is 

sometimes added to Pd-catalysts for propylene oxidative acetoxylation 
as a promoter t7}. Therefore, first, we are to discuss the influence 
of the procedure of Pd,Cu-catalyst preparation on its activity and 
selectivity in allylacetate synthesis [24]. Results obtained are gi-

ven in table 1. As is seen the type Y zeolites of Na- and H-forms 
as well as unreduced PdCuNaY and reduced ones are not active in 
oxidative acetoxylation of propylene to allylacetate. But over these 
catalysts acid catalyzed addition of acetic acid to propylene takes 
place with formation of isopropylacetate. Deep oxidation of propy]Bene 
also takes place to a small extent over Pd,Cu-catalysts (samples 3 
and 4). This is indicated by water formation in an amount of about 2%, 

To prevent acetic acid addition to propylene zeolite acidic cen-
ters were neutralized in four different ways: 1.catalyst pretreatment 
with a sodium acetate solution, 2.catalyst pretreatment with a so-
dium chloride solution, 3.catalyst impregnation with a sodium chlori-
de solution followed by calcination of the catalyst at 500°, 4.cata-
lyst pretreatment with an alkaline solution. Ater pretreatment of the 
reduced catalyst with a sodium acetate solution (sample 5) the amount 
of isopropylacetate in the reaction products decreased to 4.3%. At 



Table 1 
Dependence of the properties of Pd,Cu-catalyst on the basis 
of NaY zeolite on the preparation procedure (1% Pd and 0.6% 
Cu were introduced by ion exchange). Process conditions: 180° 
atmospheric pressure, 6 cc, VCH COOH =0»''11 » 
C3H6:CH3C00H:02 = 6:1:0.5 3 

Catalyst and Product composition, % Activity Se-
preparation g-mole 
procedure acetic water allyl- isopro- iso- g.cat.h vitj 

acid acetate pylace- pro- „ 
tate pyl 70 

alco-
hol 

1. Starting NaY 9*8.3 1.2 - 0.5 - - -

2. HY 90.3 0.6 - 9.1 - - -

3. PdCuNaY un-
reduced 

88.4 1.9 " — 9.7 

4. PdCuNaY re-
duced 

87.3 2.1 — 10.6 mm 

5. PdCuNaY re-duced and 
pretreated 
with 0.2 N 
CH,C00Na 
CpHa9-10) 

93.6 2.1 0.1 4.3 

6. PdCuNaY re-
duced and 
pretreated 
with 0,2 N 
"NaCl(pIt= 
9-10) 

92.7 2.7 2.4 2.2 0.25 24.i 

7. PdCuNaY re- 86.5 
duced im-
pregnated 
with 0.2N 
NaCl and pre-
heated at 500° 

6.2 4.4 0.1 2.9 0.38 29.« 

8. PdCuNaY redu-
ced and pre-
treated with 
0.2 N NaOH 

92.1 3.5 4.4 0.40 39.5 

y 



the same time formation of allylacetate as a product was observed. 
Catalyst pretreatment with a sodium chloride solution is more effec-
tive (sample 6). The amount of allylacetate in the reaction products 
was 2.4 %. This corresponds to catalyst activity of 0.25x10"-̂  g-mo-
le/g.cat-h, with the reaction selectivity of 24.6%. However, with 
this catalyst pretreatment it is impossible to prevent isopropylace-
tate formation (2.2%). This suggests incomplete neutralization of 
zeolite acidic centers. Formation of isopropylacetate was excluded 
by impregnation of the catalyst with sodium chloride (sample 7), but 
in this case isopropyl alcohol occured in the reaction products. The 
rate of allylacetate formation was 0.38x10""̂  g-mole/g»cat.h, with the 
reaction selectivity of 29.5%. Catalyst pretreatment with an alkali 
solution was found to be the best procedure to neutralize the cata-
lyst acidic centers (sample 8). By this method isopropylacetate for-
mation was excluded completely and the catalyst activity and reaction 
selectivity were 0.4-0x10 g-mole/g.cat.h and 39*5%, respectively. 

The effect of metal concentration on the catalytic properties 
of PdCuNaY catalysts have been also investigated (fig.1 and 2). 
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Fig.1. Dependence of the catalytic properties of PdCuNaY on Pd 
concentration (Cu contents 3%) 1-activity, 2-selectivity. 

Fig.2. Dependence of the catalytic properties of PdCuNaY on Cu 
concentration (Pd contents 1%) 1-activity, 2-selectivity. 
As is seen monometallic catalysts containing only Pd or Cu are 

inactive in propylene oxidative acetoxylation. As the metal concen-
tration increased the catalyst activity and reaction selectivity also 
'.ncreased up to some extent. The catalyst containing 1% Pd and 0.6% 
5u is found to be most efficient. This metal content corresponds to 
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atomic ratio PdsCu 1:1. 
Next, the effect of different ways of metal introduction into 

the catalyst was studied. It is shown (table 2) that the most active 
(0.79x10"^ g-mole/g.cat.h) and selective (52,8%) catalyst can be pre-
pared by simultaneous ion exchange introduction of Pd and Cu from a 
solution of palladium tetraaminochloride and cupric chloride. 

The influence of alkali cations on the properties of type Y zeo-
lite based Pd,Cu-catalyst can be seen from the data presented in 
table 3. The catalytic activity slightly increases with an increase 

Table 2 
Influence of succession of metals introduction into NaY zeo-
lite on its catalytic properties (1% Pd, 0.6% Cu). Reaction 
conditions are indicated in table 1 

Selectivity % 

1. Pd, 2. Cu 0.40 39.5 
2. 1.Cu, 2. Pd 0.38 38.1 
3. Pd+Cu simultaneously 0.79 52.8 

Succession of metals Activity, 
introduction „ -1 o 

ft-mQle xlO 
g.cat.h 

Table 3 
Catalytic properties of NaY zeolite with various alkali ca-
tions (1% Pd, 0.6% Cu). Reactions conditions are indicated 
in table 1 

No Zeolite Activity, Selectivity, 
fi-mole x 103 % 
g.cat.h 

1. LiY 
2. NaY 
3. KY 
4. CsY 

of the metal atomic number, i.e. with transition from Li to Cs. Thid 
is confirmed by the influence of acetates of alkali metals on the Pd 
catalyst of olefins oxidative acetoxylation jjl. I 

Copper is shown to be a promoter of zeolite NaY based Pd-cata-| 
lyst only in the case of ion exchange metal introduction. But the c| 

=¡02 I 

0.34 
0.40 
0.47 
0.51 

36.1 
39.5 
43.2 
9.6 J 



fcalyst is also active in the reaction, with no copper involved, pro-
vided it is prepared by zeolite impregnation with palladium chloride 
and alkaline metal acetate after its reduction (table 4). As is seen 
from the data presented the activity and selectivity of Pd-catalyst 
lepend on the type of zeolite used. The catalysts on the basis of 
tfaA and NaX zeolites are inactive in this reaction. In the case of 
low silica zeolites of Y, chabazite, erionite and mordenite type the 
catalyst activity is on the level of (0.2-0.4)x 10~3 

Table 4-
The effeit of the type of zeolite on the properties of Pd-cata-
lyst (1.5% Pd, 15% AcOK) at 180°, atmospheric pressure, C^Hgj 
CH3C00Ht02=2:1:0.5, Vcat = 2 cc, V G E 3 0 0 0 K = 2 h"1 

Uo Zeolite Si02 
AI2O3 

Activity, 
fi-mole 103 g.cat.h 

Selectivity, % 

1 NaA 2.0 0 0 
2 NaX 2.9 0 0 
3 ..NaT 4-.8 0.35 35 
4 KNa-chabazite 5.0 0.44- 34 
5 K,Na-erionite 6 . 5 0.15 100 
6 Na-mordenite 1 1 . 9 0.19 26 
7 ZWM-408 2 9 . 6 7.33 96 
8 ZWM-364 4 7 7.43 94.3 
9 ZWK-XI 68 5.52 87 
10 ZWK-III 78 3.04 89 

The catalysts on the basis of high silica zeolites of type Z1M (molar 
ratio of SiOg/A^Oys 30-47) are most active. But an increasing in the 
ratio of silica to alumina in zeolites to 68-78 results in a decrease 
of the catalyst activity which may be accounted for by structural fac-
tors (transition from zeolite of type ZWM to zeolite of type ZWK). 
The reason for inactivity of Pd-catalysts on the basis of NaA and 
NaX zeolites is not clear and further investigations are nedeed. The 
fact that copper is an unnecessary component of the catalyst when it 
is prepared by impegnation could be explained by a large size of Pd-
crystallites resulting from reduction of impegnated catalysts. Conse-
quently the process of Pd reoxidation is facilitated. It is well known 
[13] , that in the case of Pd-catalysts prepared by impegnation of 
nonzeolite carriers the activity passes through the maximum, which de-



pends on the size of metal crystallites on the surface. 
According to the literature data [3-9] Pd with various promoters 

is usually used as a catalyst for the reaction of propylene oxidative 
acetoxylation. No information on the catalytic properties of other 
VIII group metals is available. The data we obtained show (table 5) 
that among VIII group metals only Pd is active in this reaction. 

Table 5 
Activity of monometal catalysts on the basis of zeolite of 
ZWM-408 type (metal content 1,5%» AcOK-15%). Reaction condi-
tions are indicated in table 4 

No Metal Product composition,%(wt) Activity, 
K-mole

 x 103 
g.cat.h 

Selec 
tivi-

acetic acid water allyl-
acetate 

Activity, 
K-mole

 x 103 
g.cat.h ty, % 

1. Co 96.2 3.8 - - -

2. Ni 95.2 4.8 - - -

3. Ru 97.4 2.6 - - -

4. Rh 96.6 3.4 - - -

5. Pd 71.5 6.3 22.2 7.33 96 
6. OB 94.1 5.9 - - -

7. Ir 97.1 2.9 - - -

8. Pt 95.1 4.9 - - -

9. Ag 96.5 3.5 - - -

Other VIII group metals as well as Ag, a typical catalyst for ox 
dative reaction, can effect only deep oxidation of propylene. This re 
suit is unique because in other oxidative type reactions all VIII 
group metals are more or less active. The cause of inactivity of VIII 
group metals, except Pd, in allylacetate synthesis may be either the 
absence of a necessary intermediate originating from a propylene mo-
lecule or a high rate of full oxidation of this intermediate. 

Bimetal catalysts on the basis of Pd and a metal of group VIII 
or another transition metal have been investigated (table 6). As is 
seen from the table the activity and selectivity of Pd-catalyst de-
pends on the type of the second metal component. In the case of such 
metals as Rh, Ag the activity of Pd-catalyst decreases up to zero. To 
explain the effect of transition metals on the activity of Pd-cata-
lyst it is necessary to take into account, on the one hand, possible 
change in palladium dispersion on the surface the carrier as well 
as specific catalytic activity and, on the other hand, possible chan 



Table 6 ;: 
Activity of bimetal Pd-catalyst on the basis of ZWM-408 zeoli-
te (content of Pd 1.5%, content of second component 1.5% AcOK-
15%). Reaction conditions are indicated in table 4 

No Second 
component 

Product composition, (wt) % Activity, 
g-mole 103 g.cat.h ,u 

Selecti-
vity, 
% 

Second 
component 

acetic 
acid 

water allyl-
acetate 

Activity, 
g-mole 103 g.cat.h ,u 

Selecti-
vity, 
% 

1. Fe 90.1 3.0 6.9 2.00 71.0 
2. Ni 73.2 17.2 9.6 3.42 26.5 
3. Ru 77.5 17.1 5.4 1.88 16.5 
4. Rh 81.0 19.0 - - -

5. Os 66.2 18.3 15.5 5.75 36.4 
6. Ir 76.9 13.8 9.3 • 3.20 31.0 
7. Pt 73.7 19.3 7.0 2.52 18.0 
8. Mn 76.8 6.6 16.6 5.35 76.4 
9. Ag 96.8 3.2 — - — 

ges in the rate of palladium oxidation. To answer the question which 
of these possibilities is prevailent further investigations are nee-
ded. 

Studies of bimetal catalysts with copper and a metal of group 
VIII as its two components has also show that in this case only Pd 
containing catalyst are active in allylacetate synthesis (table 7). 

Table 7 
Activity of bimetal Cu-catalyst on the basis of ZWM-408 zeolite 
(Cu content 1.5%, content of the second component 1.5%, AcOK-15%). 
Reaction conditions are indicated in table 4 

No Second Product composition, (wt.) % Activity, Selec-
component g-mole ,-03 tivi acetic water allyl- g.cat.h % 

acid acetate 
1. Co 95.4 4.6 -
2. Ni 96.3 3.7 -
3. Ru 88.3 11.7 -
4-. Rh 96,7 3.3 -
5. Pd 84.9 6.6 8.5 2.64 52.3 
6. Os 92.9 7.1 -
7. Ir 94.9 5.1 
8. Pt 91.5 8.5 -



Other bimetal Cu-containing catalysts are active only in full oxida-
tion of propylene. 

To elucidate the mechanism of the reaction the kinetics of the 
process has been investigated using Pd,Cu-catalyst on the basis of 
a mordenite type zeolite £25}« The catalyst was prepared using ion 
exchange technique. The amounts of palladium and copper in the cata-
lyst were 1.5 wt.% and 2.5 wt.%, respectively. After reduction of the 
catalyst it was pretreated with an alkaline solution to neutralize 
the acidic centers, 

As is shown the reaction rate is proportional to the oxygen par-
tial pressure (fig.3) and passes through a faint maximum in dependen-
ce on the propylene partial pressure (fig.4). 
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Fig.3 Fig.4 
Fig.3. The dependence of allylacetate formation on the oxygen 
partial pressure at i^Hg = 0«25 atm, 1*011300011 = °*1 a t m 6111(1 t e m~ 
peratures: 1-160°, 2-1705, 3-180°, 4-190°. 
Fig.4. The dependence of allylacetate formation on propylene par-
tial pressure at Pq = 0.075 atm, P^g coOH ^.l 8111(1 tempera-
tures j 1-160 , 2- 1^0°, 3-180°, 4- llo°. 

Thus, according to the data obtained the following kinetic equation 
could be proposed 

r =
 k -Poa -Ffi»HG ( 1 ) 

+ a-pc3H6
) 

The constants "k" and "a" were estimated by the graphical method at 
various temperatures and the values of the Arrenius parameters of 
these constants (Ko, £, aQ and Q) were also calculated. Next, using 
these values as the initial estimates of the parameters the minimiza-
tion of the function F was done by means of a microcomputer "Iskra-



where n is the number of experiments, r. and r.„ are the experimen-16 Xv 
tal and calculated reaction rates. Initial and corrected values of 
the parameters are presented in table 8. 

Table 8 
The kinetic parameters corrected with a microcomputer 

"Iskra-1256" 
No Parameters K „ cal a„ A cal F 0 E' m61e 0 Q mole 

1. initial 89 4090 0.392 2540 0.493 
2. corrected 87.56 4258 0.397 2640 0.177 

This table shows that the value of the minimized function decreases 
from 0.493 to 0.177 but the kinetic parameters vary insignificantly. 
This is indicative of a rather deep pit over the surface of the mini-
mized function F within the parameters. 

To determine the slow stage of the process the catalyst oxida-
tion in air flow at various temperatures followed by temperature prog-
rammed reduction has been studied (fig.5). Hydrogen consumption 

Fig.5. TPR profiles for Pd,Cu-cata-
lysts pretreated at 500° in air 
flow for 1 hr 
1-1.55% Pd, 3.0% Cu 
2-0.1% Pd, 1.55% Cu 
3-0.1%Pd, 3.0% Cu 

takes place in temperature ranges of 40-100°, 100-200° and 200-400°. 
The first maximum of hydrogen consumption is due to reduction of pal-
ladium ions. This conclusion is confirmed by the fact that the area 
of the first peak increases with an increase in the Pd content in the 
catalyst from 0.1% (curves 2 and 3) to 1.55% (curve 1). It is well 
known from the literature data [26,27J that palladium cations are re-
duced into the atomic state in a temperature range of 20° to 150°. 
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Two other peaks in temperature ranges of 100-200° and 200-400° are 
assigned to reduction of copper ions [27,28] since an increase in the 
copper content of the catalyst results in an increase in the area of 
these peaks (curves 2 and 3). 

As at a temperature as high as 500° metal atoms are oxidized not 
only on the surface of the metal crystallites but also in their volu-
me the catalyst used to investigate the kinetics of the process was 
oxidized at the reaction temperature (180°). In this case the oxygen 
partial pressure in the oxidizing gas (a mixture of air and helium) 
was equal to 0.1 atm as it was in some catalytic runs (fig.6). As is 
seen from this figure hydrogen consumption at TPR of the catalyst oxi 
dized at 180° is much lower than that for the catalyst oxidized at 
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Pig.6. TPR profiles for Pd,Cu-catalyst oxidized at: 1.-180 , 
Po2=0.1 atm, t=5 min; 2-180°, Po2=0.1 atm, = 15 min; 3-180°, 
Po2 = 0.1 atm, tT =30 min; 4-180°,.Po2=0.1 atm, Z =60min{ 5-
180°, Po2 =0.1 atm, tf =120 min; 6-500°, Po2=0.2 atm, X =60min 

Fig.7. The amount of hydrogen absorbed by the catalyst at its 
TPR in temperature ranges of 40-100°(1), 100-200°(2), 200-300° 
(3) and 40-300° (4) (total amount of H2) in dependence on the 
duration of catalyst oxidation at 180° and Po2= 0.1 atm. 

500°. It can be assumed that only atoms on the surface of metal crys-
tallites would be oxidized at 180 . 

From the data presented in fig.7 the amount of metal atoms oxidi 
zed at 180 could be estimated. For instance, the highest amount of 
Pd atoms is found to be 20-25% of the total content of Pd in the cata 
lyst. The rate of Pd oxidation as determined by graphical differentia 17 
tion of the kinetic curve (fig.7, curve 1) is equal to 0.2 x 10 ' Pd 
at/g.sec. But the reaction rate of propylene oxidative acetoxylation 



o 17 
at 180 and PO2=0.1 at, is equal to 5 x 10 molec./g.sec. As Pd oxi-
dation is the first stage of the process of propylene oxidative ace-
toxylation the rate of metal oxidation could be either higher than 
that of the overall process or the rates of metal oxidation and those 
of the process could be equal. It seems likely that a higher rate of 
the process of propylene oxidative acetoxylation we observed may be 
indicative of a higher rate of Pd oxidation in the reaction condi-
tions, particularly, in the presence of acetic acid. 

18 
Experiments with labelled 0 acetic acid were carried out to 

identify the intermediate stages of the process of propylene oxida-
tive acetoxylation. It can be assumed that this reaction proceeds 
through formation of allyl alcohol as intermediate species followed 
by their etherization with acetic acid to give allylacetate. This 
conclusion can be made from the fact that acrolein and allylacetate 
are formed upon propylene oxidation over a Pd,Cu-catalyst prepared 
on the basis of Na-form zeolite (table 9), whereas only deep oxida-
tion of propylene takes place over a Pd,Cu-catalyst prepared on the 
basis of H-form zeolite. Acrolein would not form over this catalyst 
and it would not carry out the reaction of oxidative acetoxylation 
of propylene to allylacetate. Instead, simple addition of acetic acid 
to a propylene molecule takes place to form isoproylacetate. One can 
assume that upon propylene oxidation over Pd,Cu-catalyst on the ba-
sis of Na-form zeolite acrolein is formed as a secondary product du-
ring oxidation of allylalcohol. 

Table 9 
Dependence of the products of propylene oxidative conver-
sion on the catalyst composition 

Catalyst Products of propylene 
oxidative acetoxyla-
tion at 180° 

Products of propylene 
oxidation at 200° 

PdCu/HM CH 3COOCH(CH 3) 2 co2 

PdCu/NaM CH 3COOCH 2CB=CH 2 C02,CH2=CHCH0 * 
C&JCOOCI^CHSCHG 

* Total selectivity of acrolein and allylacetate formation is 
equal to 40% with propylene conversion up to 10%, but the 
portion of these products among the products of partial oxi-
dation is equal to 80%. 



If the reaction of propylene oxidative acetoxylation proceeds 
through formation of allyl alcohol followed "by its etherization with 

18 
acetic acid the labelled oxygen of the acetic acid CH^CO OH would 
convert either into molecules of allylacetate or water 

C 3 H 6 + C H 3 C 0 1 8 0 H + £ O 2 — | 

'CH 3C0 1 80C 3H 5 + H 2 O (5) 

ch3COOC3H5 + H2
 180 (6) 

Which of these processes will take place depends on the mechanism of 
allyl alcohol etherization over the Pd,Cu-catalyst 

CH 2=CHCH 2OH + C H 3 C O 1 8 O H 

•CH 3CO' 1 8OCH 2CH=CH 2 + H 2 O (7) 

CH 3COOCH 2CB=CH 2 + H 2
1 8 0 (8) 

The isotopic composition of the initial acetic acid and that of 
the acetic acid after the reactions of oxidative acetoxylation and 
etherization are indicated in table 10. 

Table 10 
Isotopic composition of acetic acid (%) 

Number of 180 atoms in molecule Specific con-
Substance centration of 

0 1 2 a 50 

Initial acetic 53.4 38.3 8.3 27.5 
acid 
Acetic acid af- 55.6 37.8 6.6 25.5 
ter oxidative 
acetoxylation 
Acetic acid af- 77.7 18.2 4.1 13.2 
ter etherization 
with allyl alco-
hol 

It can be seen that there are 38.3% of molecules with one ^80 atom 
18 and 8.3% of molecules, containing two 0 atoms in the initial acetic 18 acid. The specific concentration of 0 in the initial acetic acid 

18 is equal to 27.5%. Approximately the same distribution of 0 was 
observed in the acetic acid after the reaction of propylene oxidati-

18 
ve acetoxylation. But the specific concentration of 0 in the ace-
tic acid after the reaction with allyl alcohol decreased approximate-
ly twice and was equal to 13.2%. 

Masss-spectroscopy of the allylacetate obtained from the reac-18 tion of oxidative acetoxylation shows that the specific 0 concen-



tration is equal to ~28% both in acyl and alcoxyl parts of the mo-
lecule. This implies that both oxygen atoms in the molecule resulting 
from this reaction originate from acetic acid and the reaction pro-
ceeds according to equation 5» 

Allylacetate obtained from the reaction of allyl alcohol etheri-
zation with acetic acid on Pd,Cu-catalyst at 180° has been analyzed 
mass-spectroscopically using chemical ionization. The number of mole-ilD /JO 
cules containing no 0 atoms, and one or two 0 atoms is shown to 
be equal to 79*8, 16.9 and 3.3 %, respectively. Comparison of the 
isotopic composition of allylacetate obtained from the reaction of 
allyl alcohol etherization with that of acetic acid after this reac-
tion (table 10) shows their good agreement. Isotopic exchange of oxy-
gen between acetic acid and allyl alcohol makes difficult elucida-
tion of the mechanism of etherization reaction. Calculations made 
show that the isotopic exchange proceeded up to 83% against the equi-
librium. The presence of acetic acid and allyl alcohol with near 18 equilibrium distribution of oxygen 0 will give allylacetate with 18 the same specific 0 concentration independent of the way of its 
formation (equations 7 or 8). But simple calculations may show that 18 
oxygen 0 distribution in allylacetate will depend on th3 way of 
the etherization reaction (table 11). 

Table 11 
Isotopic composition of allylacetate for various mechanisms 

of allyl alcohol etherization 

Number of Content of isotopic molecules of allylacetate for the 
"l̂ n etherization scheme (%) 
in allyl-
acetate 
molecule 

CBLjCOĈ " *+ H0'CHoCH=CHo 4 2 2 CH3C0[0H + HJ 0CH2CH=CH2 

0 77.7 74.4 
1 18.2 23.7 
2 4.1 1.9 

Specific 
concentra-
tion of 18 q 

13.2 13.7 

If a etherization reaction proceeds retaining completely the acetic 
18 

oxygen in the allylacetate molecule the distribution of 0 in the 
reaction product will coincide with that in the acetic acid after re-
action (table 10). In the case of inclusion of oxygen from allyl al-
cohol to allylacetate the amount of unlabelled ether molecules and 



18 that with two 0 atoms would decrease but the content of isotopic 
18 ether molecules with one 0 atom would increase. Experimentaly ob-18 

served distribution of 0 in allylacetate molecules indicates that 
the etherization reaction proceeds according to equation 7, i.e. 
ether oxygen in allylacetate originates from acetic acid. 

Hence, the results obtained do not contradict the mechanism of 
the reaction of propylene oxidative acetoxylation through allyl alco-
hol as an intermediate: 

C H 2 = C H C H 3 + \ O 2 C H 2 = C H C H 2 O H 

CH 3COOH + C H 2 = C H C H 2 O H C H 3 C O O C H 2 C H = C H 2 + H 2 0 (10) 

It can be assumed that allyl alcohol is in a chemisorbed state as a 
compound with palladium (type B) and scheme of allylacetate forma-
tion could be presented as follows: 

Pd + i °2 >- PdO (A) 

PdO + C H 3 C H = C H 2 Pd / 
\ 

OH 

C H 2 C H = C H 2 

( B ) 

OH 0 C 0 C H 3 

P d + C H 3 C 0 0 H Pd + H 2 0 

^ C H 2 C H = C H 2 T H 2 C H = C H 2 

( C ) 

Pd' 
0 C 0 C H 3 

^ 
C H 2 C H = C H 2 

C H 3 C 0 0 C H 2 C H = C H 2 + Pd (0) 

Thus the reaction of propylene oxidative acetoxylation conside-
red in terms of traditional heterogeneous catalysis has a number of 
specifio features. Firstly, only the catalysts on the basis of alkali 
forms of zeolites show activity in this reaction. If an H—form of 
zeolite is used in catalyst preparation addition of acetic acid to 
propylene with formation of isopropylacetate will take place instead 
of the reaction of oxidative acetoxylation. The cause is shown to be 
a change in the selectivity of propylene oxidation in the case of H-
form zeolite (table 9). This is likely to be due to the fact that in 
the case of H-form zeolite catalysts it is not propylene molecules 
which are oxidized but propyl carbooations emerging on the acidic 
centers of the zeolite upon their interaction with propylene, Carbo-
cation formation will not take place if zeolites contain alkali ca-
ti&ns insteaa o f pro-ton8. Another function o f alkaline cations in 



zeolites may be involvement into formation of alkaline metal acetate 
in the reaction conditions 

NaZ + AcOH > Ac ON a + HZ 
which in this case will play a role similar to that in the catalysts 
on the basis of nonzeolites carriers [12,13] . There is some possibi-
lity that in the presence of alkaline metal acetate instead of stage 
(C) in the proposed reaction scheme the following reactions will take 
places 

OH OAc 
P d ^ + AcONa > P d ^ + NaOH 

CH2CHSCH2 CH^C H= CH2 
NaOH + AcOH AcONa + HgO 
Another specific feature of the reaction of propylene oxidative 

acetoxylation is that only palladium is active in allylacetate syn-
thesis. In the case of other VIII group metals only the reaction of 
deep oxidation of propylene takes place. To answer the question what 
is responsible for this phenomenon further investigations are needed. 
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CONVERSION OF METHANOL TO LOWER OLEFINS - APPLICATION STUDIES 

L.W.ZATORSKE. P.T.WIERZCHOWSKI, A.A.CICHOWLAS 
Institute of Organic Chemistry of the Polish Academy of Sciences, 
Warszawa, Poland 

ABSTRACT 
The conversion of methanol to lower olefins over various ZSM5 

zeolite catalysts was studied in two-stage fixed bed reactor system. 
The catalysts containing ZSM5 zeolite with different Si02/Al20^ 
ratios (.73 and 183) modified with phosphorus and magnesium were 
used. Some effects of temperature, space velocity, and water to me-
thanol ratio on the selectivity for C2-C^ olefins and product 
yields were determined. Catalyst deactivation due to coke rormation 
was investigated. The activity loss from coking can be regained by 
oxidative regeneration. An aging test of over 34.5 hours on stream 
was performed during which 26.5 g of methanol/g of zeolite catalyst 
(Si02/Al20^ ratio in ZSM5 is 183) was processed, yielding 17.5 g 
of C2-C^ olefins, among of them 5.3 g of propylene was found. 

INTRODUCTION 
The lower olefins, especially ethylene and propylene, are ma-

jor raw materials for manufacture of many industrial organic chemi-
cals. The synthesis of lower olefins from methanol, instead of from 
petroleum naphta, opens a new way to produce hydrocarbons from 
either natural gas or coal. The discovery that methanol can be con-
verted selectively to hydrocarbons with ZSM5 type zeolite developed 
by Mobil Oil Corp. was first reported in the middle 1970's. By cont-
rolling zeolite structural and methanol conversion process parame-
ters it is possible to enhance the yield of lower olefins. The re-
sults of the previous studies [1-4] have showed that to enhance 
the lower olefins yield the methanol conversion reaction must be 
run as follows: operate at short contact time, decrease the acidity 
of the zeolite, and increase the products shape-selectivity by re-
ducing the apparent pore size of zeolite. 

This paper describes the results of a process variable study 
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of the methanol to lower olefins conversion in a fixed bed reactor 
over various H-ZSM5 zeolite catalysts with different Si02/Al20j 
ratios. Some effects of temperature, space velocity, time on stream 
and water to methanol ratio on product yield were determined. The 
results from an aging test of four zeolite catalysts are described. 

EXPERIMENTAL 
Catalyst used. ZSM-5 Zeolite (ULTRAZET - designated by the 

Institute of Industrial Chemistry, Warszawa) in two ranges of SiO^ 
AlgOj ratio (73 and 183) was prepared according to the previously 
described procedure [5] . The zeolite was converted into the hydro-
gen form by stirring with the solution of hydrochloric acid (0.5 N, 
353 K) for sixT hours. The method of modification of HZSM-5 invol-
ved a treatment of the zeolite with trimethyl phosphite as descri-
bed in Mobil patent [6 J . For the catalytic activity tests the zeo-
lites were mixed with magnesium and/or aluminium oxide and tableted 
(5 x 5 mm tablets were formed) using polyvinyl alcohol (MW=100000) 
as the binder (binder content - 8 wt %). 2T-Alumina (Pechiney-Saint-
Gobain Activated Alumina, France) was used as the dehydration cata-
lyst in the first step of the process. Catalyst's composition and 
characteristics are shown in Table 1. 

Table 1 
Catalyst's composition and characteristics 

No ZSM-5 A I 2 O 3 MgO Tablets 

[mm/mm] 

Compression 
strength 

(after reac-
tion^, 

Lkg/cm J 

No 
fjrt %] 

Si02 P 
[wt %] [wt %] [wt %J 

Tablets 

[mm/mm] 

Compression 
strength 

(after reac-
tion^, 

Lkg/cm J 
A 50 73 2.3 50 0 5/5 37 
B 50 73 2.3 40 1 0 5/5 30 
C 50 183 0.7 40 1 0 5/4 45 
D 5 0 183 0.0 40 1 0 70 
Apparatus and procedure. The experimental studies on process 

variables were carried out in two-stepr.fixed bed type apparatus 
with a continuous flow system at atmospheric pressure. Using two 
reactor system the first reactor contains alumina that promotes 
only a methanol dehydration reaction to dimethyl ether. Dehydra-
tion catalyst in the first reactor can be operated for long pe-
riod without any significant loss in activity and therefore was 
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not studied in details. 
The studies concerning only the second step of the process ha-

ve been perfoimed. The special stainless steel tubular reactor (50cm 
long and 0.5cm in diameter) was developed for these purposes. Three 
separate electrical heating sections were constructed. The upper part 
of the reactor was used as a preheater for the gaseous products from 
the first reactor and for water additionally allowed into the conver-
sion reactor. Six thermocouples connected to a multichannel recorder 
provided facilities for the controlling of temperature of the gaseo-
us substrates at the inlet to the reactor and to record a profile of 
the temperature in the catalyst bed. 90 g of HZSM-5 zeolite catalyst 
was placed on support grid and then calcined at 833 K in a flow of 
argon/oxygen for six hours. A blend of methanol and water (80/20 w/w) 
was delivered to the first reactor by a metering pump at a oonstant 
feed rate. The hot vapours leaving the first reactor containing a 
near equilibrium mixture of dimethyl ether, methanol and water were 
combined with water vapour and fed into the second reactor. Product 
analysis was provided in a Chrom 4 Chromatograph as described in the 
details elsewhere [4]. 

RESULTS 
The effects of temperature, space velocity (WHSV), and water 

to methanol ratio were determined. These parameters were examined 
over a range of 688-748 K, 0.66-25.0 h"1 and 0.25-2.96 g/g, respec-
tively» Representative data are shown in Table 2. Pig. 1 shows the 
change of activity of the catalyst (A) with the reaction temperatu-
re. Changes in aromatics and olefins yield with time on stream on 
studied catalysts are shown in Pig. 2 - 5 . The dependence of C2~C4 
olefin yield and selectivity in methanol conversion reaction on the 
water to methanol ratio ilustrates Pig.6. 

•p s 20 

x) rH ® 
10 

Aromatics 

Fig. 1. Effect of temperature 
on methanol conversion. 1 Catalyst A. TOSV=1.2 h 
H20/CH30H=2.3 

67? 693 713 723 (K) 



Tab le 2 

Operating conditions and distribution of hydrocarbons in the conversion of methanol 

Catalyst No 
Temperature K 
Space velocity 
gCH OH/g cat.h 
Wat er/Methanol g/g 

B B B D D D 
703 736 740 740 743 738 748 746 750 748 750 748 746 743 743 745 747 
1.15 1.34 1.41 1.38 1.38 1.37 0.8 0.79 0.79 0.66 0.8 0.8 0.8 2.3 2.28 2.5 2.44 
2.45 2.19 2.14 2.30 2.30 2.30 0.25 0.97 1.52 1.74 1.80 2.28 2.96 2.15 2.21 2.12 2.16 

Conversion % 92.68 97.23 94.29 95.41 96.28 90.74 99.68 98.74 97.92 98.23 97.60 97.18 92.78 94.23 94.05 95.15 95.20 
Selectivity % 
Hydrocarbons 
Dimethyl Ether 
Water 

42.41 43.54 43.17 43.45 43.37 42.30 43.74 43.62 43.62 43.65 43.61 43.59 43.07 43.12 43.14 43.47 43.00 
2.15 0.34 0.95 0.49 0.63 2.37 0.00 0.22 0.22 0.17 0.22 0.27 1.12 1.04 1.00 0.39 0.58 
55.41 56.12 55.88 56.06 56.00 55.92 56.25 56.17 56.16 56.18 56.18 56.14 55.81 55.84 55.86 56.07 56.48 

Hydrocarbone wt % 
Ethylene 
Propylene 
Butenea 
Methane 
Ethane + Propane 
Butanes 
C + aliphatics 

aromatics s 

13.24 15.49 15.26 16.57 17.53 14.37 10.90 10.29 10.26 10.59 9.70 9.62 
30.47 35.56 36.58 36.57 35.52 36.48 31.36 40.16 44.08 44.89 43.97 46.80 
13.76 16.81 
0.85 0.88 
2.70 
9.70 

2.73 
6.34 

15.53 15.84 15.11 
1.84 0.91 1.34 
2.19 3.71 4.02 
4.91 5.34 5.10 

15.29 22.16 21.86 21.25 21.08 21.66 20.57 
1.84 2.22 1.82 1.40 1.69 1.13 1.13 
1.57 3.58 2.37 2.05 1.97 1.79 
4.05 4.52 2.82 2.33 2.34 2.73 

14.83 12.37 12.44 13.18 12.55 16.69 16.61 15.09 14.58 13.46 15.5Î? 
1.51 
2.17 
14.70 

8.71 8.82 8.69 7.33 7.93 
46.38 47.37 46.69 44.07 48.52 
20.14 21.00 21.68 20.97 21.12 

0.95 0.74 
0.96 1.21 
2.67 2.41 

1.16 0.97 
1.26 0.97 
2.03 2.91 
17.38 14.95 14.86 19.03 

0.84 
1.31 
2.35 
13.90 

14.53 9.72 11.16 7.79 8.93 9.72 9.16 5.68 4.05 3.88 3.50 3.31 2.83 2.73 3.40 4.24 3.83 
C -C olefin selec-

4 tivity % 
C„-C. olefin Yield _2 4 

57.48 67.87 67.36 68.98 68.15 66.13 63.92 72.31 75.59 76.58 75.32 76.89 75.24 78.18 77.06 72.37 77.62 
22.61 28.73 27.42 28.59 28.45 25.39 27.88 31.14 32.28 32.83 32.06 32.61 jo.06 31.76 31.27 29.93 32.07 

Propylene yield % 12.00 15.10 14.90 15.20 14.84 14.00 13.70 17.30 18.80 19.25 18.70 19.80 18.50 19.20 18.90 18.20 19.90 



30 

SS. 
-£20 

<D 
£ 1 0 

C„-C„olefins 
2 4 

738K 
WHSV=1 . 4 

Propylene 

Ethylene 
Aromâ lcs 
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Fig.2-5. Activity change with time on stream on catalysts A - D. 
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6. Effect of water/methanol 
ratio on methanol con-
version. Catalyst A and C. 
A - 738K; WHSV=1 .4 h~} 
C - 748K; WHSV=0.8 h 
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WaterAiethanol ratio (g/g) 
The perfoimance of the cratalyst (D) throughout the '13 successful 
cycles in the long aging test is shown in Table 3, where the outlet 
concentrations of products formed from methanol are plotted as func-
tion of time on stream in each cycle. 

Table 3 
Product distribution in long-term aging test. Temp. 733 K; WHSV=1.2$ 
diluent gas - He. I x - temp. 743 K; WHSV=0.8; H^O/CH^OH = 2.7. 
Cycle No 1 g 8 10 12 I* 
Time on stream 
in cvcle. h 1 24 1 6 25 5 24 29 1 19 1 22 30 
Composition, wt % 
ethylene 7.1 6.2 8.9 9.0 6.9 10.6 6.6 6.7 8.0 7.2 8.5 7.2 8.5 
propylene 45.3 42.0 43.9 41.4 38.7 45.5 42.3 40.4 48.0 40.0 46.8 39.5 51.7 
butenes 29.4 32.0 29.2 27.0 26.1 28.1 22.2 21.2 27.5 22.2 27.3 21.2 22.2 
methane 1.1 1.3 2.4 3.8 8.5 1.7 8.3 10.6 1.5 8.7 1.5 10.1 0.9 
ethane/propane 1.3 1.8 1.5 1.4 1.5 0.8 0.2 0.2 0.9 1.0 1.2 0.9 1.4 
butanas 2.1 2.7 2.7 3.2 3.5 1.5 0.9 0.8 1.7 1.2 2.0 0.9 2.5 
C +aliphatics 
dimethyl ether 

13.8 le.o 
4.0 

11.4 14.0 20.3 
10.0 

10.7 14.8 
4.8 

12.1 
8.0 

12.3 14.8 
4.9 

12.6 
0.1 

14.0 
5.9 

11.1 
1.3 

Q 



DISCUSSION 
The results from the process variable study previously publi-

shed ¡2 - 4] provided basis to select operating conditions for above 
described experiments. It was found that reaction temperature should 
be higher than 733 K,and WHSV not be higher than 2.0 h7 and water 
to methanol ratio at the range 2.0-2.2. Higher space velocity requi-
red that the reaction temperature should be so high as 773 K to 
maintain the conversion level above 90 %. The incre ising the tempe-
rature above 773 K gave the higher olefin selectivity but simultane-
ously the amount of methane was increased above 4 %. For these reason 
TOST = 1.4 h-1 was chosen in further studies. 

The next process parameter controlling the formation of olefin 
which was optimized was water to methanol ratio. The charge stock 
used in the study was a blend of methanol and water -(20 %). This com-
position simulated the product from the commercial methanol plant. 
By co-feeding of water to the effluent from the dehydration reactor 
the contact time of the reactants was shortened resulting in an 
improvement through the prevention of coke deposition. The relation 
shown in Fig. 6 allowed one to make a conclusion that the olefin se-
lectivity and yield increases parallely to rater/methanol ratio. The 
optimization of this process parameter is limited because simultane-
ously with the enhacement of selectivity - conversion and yield of 
the process are decreased. The maximum C2-C^ olefin yield (greater 
than 28 wt %) and conversion more than 95 % were achieved for water/ 
methanol ratio equals 2.2 over catalysts (A) and (B). The modifica-
tion of the zeolite with magnesium oxide (B) resulted in the shorte-
ning of lifetime of the catalyst (from 17.5 to 13.5 hrs) and the 
insignificant increasing of the olefins yield. 

It is known [7] in the art that the catalytic activity and se-
lectivity for the formation of lower olefins over ZSM-5 catalyst 
depend.:;on such catalyst parameters as activity and SiOg/A^O^ ratio. 
The selectivity to C2-C^ olefins increases with diminishing of the 
strong Bronsted acid sites population, which are probably located at 
channel intersections [8] as it was observed by Balkrishnam [7]. In 
general, decreasing of the catalytic activity of the zeolite can be 
achieved by decreasing of the surface acidity (concentration of all 
acid sites) parallely with increasing Si02/Al20j ratio. It is ala> 
knows [9] that higher yield of olefins can be obtained over phospho-
rus-modified ZSM-5 zeolite. Therefore, the zeolite catalysts which 



contain ZSM-5 with SiOg/Al^O^ ratio equal to 183 and. modified with 
phosphorus and magnesium were prepared. Modification of ZS.ll-5 zeo-
lite by oxides of magnesium and/or aluminium was aimed to improve 
the catalyst selectivity towards lower olefins as well as at the 
preparation.of a catalyst with the required mechanical strength. 
These two features are very important for the catalyst practical 
application in the industrial process of conversion of methanol to 
lower olefins. Those modifications of catalysts required us to 
optimize such a process parameter as the contact time (VVHSV). The 
optimization of this parameter shows that WHSV should be at the 

—1 
level of 0.8 h enabling the maintenance of conversion higher than 
95l%. Previously [3] we observed the changes of olefin selectivity 
in .dependence to a maximum gradient in the bed. It was noticed that 
thejreducing of temperature gradient gives the increasing of the 
olefin selectivity. The temperature gradient strongly depends on 
WHsjf a a d water/methanol ratio. In order to correct these parameters 
the influence of the dilution of methanol with water on methanol 
transformation was studied. On comparing C^-O^. yields for the 
zeolite catalyst (A) and (C) (Pig. 6) it is shown that the maximum 
yield over the range of water/methanol = 1.8 - 2.2 is not so sharply 
marked for the catalyst (c) as for (A). In order to obtain the high 
olefin selectivity it is necessary to resolve the problem of such 
a dilution of substrate at which the conversion will be at the level 
enabling the recovery and recycling of the unconverted methanol and 
dimethyl ether to the process. An isolation of these compounds from 
a big amount of water is difficult technological problem. Therefore 
the parameters of the process must be checked in a pilot plant and 
than it will be possible to answer the question to which economical 
level the conversion can be lowered in order to obtain the best ole-
fin selectivity. Like it was expected the olefin yield (Fig.2-
5) was increased to more than 30 % using the zeolite catalysts with 
higher SiOg/AlgO^ ratio. The yield of propylene was also high - about 
of 20 wt %. The direct comparision of the life-time of the studied 
catalysts with the various SiOg/A^O^ ratios was difficult because 
of the different WHSV used in the experiments. However, refering the 
life-time of catalyst to the amount of methanol processed on the 
catalyst it was possible to compare those catalysts.From the results 
presented in Table 4 it is noticed the prolonged life—time of cata-
lyst (C) and (D) up to 22 and 35 hrs, respectively. It can be also 
concluded that the best catalyst is that one (D) containing HZSM-5 
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zeolite with SiC^/A^O^ = 183 modified with magnesium oxide. During 
34.5 hours on stream 26.5 g of methanol/g of catalyst was processed 
forming 17.5 g of C2~ C^ olefins, among of them 5.3 g of propylene 
was found. 

Table 4 
Comparision of life-time of the catalysts per cycle 

Catalyst 
No 

Working time at 
conversion level 

above 90 % 
[hrs] 

Methanol 
processed 
[g/g cat] 

Propylene 
[g/g cat] 

A 1 7 . 5 49 7.3 
B 1 3 . 5 38 5.7 
C 22.0 35 7.0 
D 34.5 55 10.5 

Considerable effort was devoted to the study of catalyst aging which 
is mainly due to coking. The deactivation is reversible and most of 
the -catalytic activity c^n be restored by controled coke burning. 
A noteworthy feature of this process is that a catalyst ages in a 
band. This was evident from the change of the temperature profil 
through the catalyst bed. Coke fonnation which deactivates the cata-
lyst during its time on stream and requires a periodical regenera-
tion determines the cyclic behaviour of the process of methanol 
conversion to lower olefins. 

The results of these studies have demonstrated the feasibili-
ty of converting methanol to lower olefins in a fixed bed reactor. 
These data can be used to develop the design basis for a fixed bed 
pilot plant. 
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SYNTHESIS OF OLEFINS FROM METHANOL ON ERIONITE AND MORDENITE WITH 
ISOMORPHOUS SUBSTITUTION OF Si4+ CATIONS BY B3+, Ga3+ OR Fe3+ 

N.V. Kljueva, Nguen Due Tien, KvG. lone 
Institute of Catalysis, Novosibirsk 630090, USSR 

ABSTRACT 
The peculiarities of erionite and mordenite crystallization in 

the presence of polycharged cation salts and their catalytic proper-
ties in methanol transformation have been studied. It is shown that 
the capability of zeolites, in which part of Si4+ cations are iso-
morphoualy substituted by B3+, Ga3+ or Fe3+, to accelerate hydrogen 
redistribution reactions of olefins differs from that of aluminosili-
cate catalysts of the same crystal structure but without polycharged 
cations. 

INTRODUCTION 
As is known, the formation of acid-base centers in zeolites is 

4+ 3+ 
a result of isomorphous substitution of Si by A1 cations. It was 
shown earlier [1-3] that introduction of E 3 + cations, where E3+ = 
B3+, Ga3+, Fe3+ into ZSM zeolites changes their catalytic properties 
in methanol conversion to hydrocarbons due to isomorphous substitu-
tions, E3+ and A l 3 + ^ E3+, and formation of active centers 
of peculiar compositions. In the present work zeolites with the erio-
nite and mordenite structures were synthesized. Part of Al3+ cations 
in the initial reaction mixture was substituted by the same amount <3 ^ ^ 

of B , Ga or Fe cations. Crystallization fields in systems 
Na20-K20-Al203-E203-Si02-H20 and NagO-Al^-EgO-j-SiOg-HgO, where 
E203 = B203> Ga203 or FegOy were studied. 
EXPERIMENTAL 

The initial reaction mixture for erionite synthesis was prepar-
ed by mixing solutions of NaOH, KOH, aluminium, gallium and iron sul-
phates, boric acid and sodium silicate. Molar ratios of 0H/Si02 and 
Si02/Al203 were varied from 0.60 to 0.90 and from 20 to 100, respec-
tively. When thoroughly stirred, the mixture was placed into a steel 
autoclave in a Teflon tube and was held at 120°C for 1-30 days. 

Mordenites were synthesized by crystallization of the initial 
mixture under hydrothermal conditions at 150°C for 3-7 days. 30% sili-



ca sol, sodium hydroxide, salts of iron, gallium, boron, aluminium 
were used as reactants, with water and mordenite powder as a seed 
added in a quantity of 1 wt%. Reactant molar ratios were varied in 
the range: SiOg/AlgO^ = 30+80, OH/SiOg = 0.25+0.60, Si02/E203 = 
26+60 at constant SiOg/Al^+EgO^ = 20 and H20/Si02 = 35. 

X-ray spectra were recorded using CuK^monochromatic radiation 
at reflection angles ranging over 2° < 8 < 20°. The crystalline phase 
was determined from the comparison of reflex intensities within 10-
15° of the resulted product and reference zeolite. This latter was 
synthesized as described above without addition of inorganic salts. o The efficient specific surface area of silicates (S , m /g) sp 
was calculated from the values of argon adsorption at the tempera-
ture of liquid nitrogen. 29 27 if 71 * 

Si, Al, B, Ga HMR spectra were recorded using a Bruker 
CXP-300 spectrometer. In some cases magic angle spinning was employed 
Prior to spectra registration, the samples were held in a desiccator 
over the saturated solution of NH^Cl at room temperature until the 
constant weight. 

££>R spectra were taken*on a Bruker EP 201 spectrometer. Silica 
glass with Fe^+ admixture ions, whose ESR spectrum was characterized 
by the line with a g-factor of 4,28, was used as a reference. Rela-
tive line intensities were found by comparing peaks of line intensi-
ties for the sample under study and the reference. 

Experiments were carried out by a pulse method in a fluidized 
catalyst bed microreactor. The samples were pre-calcined in air flow 
at 500°C. Methanol conversion was studied in the temperature range 
350-450°C at an input methanol concentration of 21 vol#, the rest 
being helium, and at contact time 1+0.2 s. The reaction mixture at 
the reactor outlet was chromatographically analyzed using columns 
filled with polyethylene glycol and sodium-modified Jf-AlgOy The 
selectivity of methanol conversion into i-product was calculated from 
the formula 

C. 
S, «a — i - . 100% , where 

C^ is the concentration of i-product in the gas mixture at the reac-
tor outlet in g*dia~̂ . Olefin yield was estimated from the formula 

HMR spectra were taken by V.M. Mastikhin 
ESR spectra were taken by V.F. Yudanov 



V- £C 
V/ = , where 

m 
V - space velocity of the gas mixture in dm .h ; C ^ - olefin con-
centration in the gas mixture at the reactor outlet, g.dm"3; m - cata-
lyst weight in g. 

RESULTS 
Hydrothermal treatment of bialkaline aluminosilica gels with 

B- Ga3+ or Fe3'*' additives at molar ratios of OH/SiC>2 = 0.70+0.90, 
SiOg/AlgO^+EgO^ = 20 and at 120°C leads to the formation of erionite. 
Polycharged cations considerably affect the formation rate of a zeo-
lite phase. Thus, crystallization of erionite is markedly accelerated 
after introduction of B3+ and is somewhat slowed down upon addition 

3 + • T . •S 4-X» V I 1 A A M A M M /S T Î » 3 + of a Ga source. In the presence of Fe the selectivity of 
erionite phase formation decreases (Fig. 1). 

the 

200 400 
Time of crystal l izat ion, (h ) 

600 

Fig. 1. Content of erionite phase in a solid product versus 
the time of crystallization in the presence of B 
cations. 1 - BEr, 2 - Er, 3 - GaEr, 4 - FeEr. 

3+ Ga' Fe 3+ 
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In the Ha20-Al203-E2c>3-Si02-H20 system, at OH/Si(>2 = 0.30*0.60 
and Si02/Al203+E203 = 20, crystallization temperature 150°C and 
1 wt% of mordenite powder as a seed, crystallization of mordenite is 
observed. Table 1 shows the effect of the nature of substituting ele-
ments introduced into the initial reaction mixture on the content of 
crystalline phases of erionite and mordenite in crystallization pro-
ducts. 

Table 1 
Chemical composition of silicates with the structure of erionite (Er) 
and mordenite (M) synthesized under optimal conditions in the pres-
ence of G a F e ^ + sorces. 

Product composition, mol/mol AlpO-. S Content Crystal-
Sample 

Na20 K 2 O B2°3 Ga203 Fe203 Si02 
Y of crys-

m /g talline 
phase,% 

line phas< 
composi-
tion 

Er 0.03 0 . 3 0 — — - 6.7 630 100 erionite 
BEr 0.01 0.22 0.29 - - 7.3 680 95 erionite 
GaEr 0.03 0.21 - 0.21 - 8.3 520 100 erionite 
FeEr 0.01 0.24 — — 1.01 12.1 430 80 ErfP,cha-

basite 
M 0.03 - - - - 11.6 600 100 mordenite 
BM-1 0.03 - 0.3Q - - 19.0 610 100 mordenite 
BM-2 0.04 - - - - 35.0 560 80 mordenite 
BM-3 0.04 - - - - 52.0 420 70 mordenite 
GaM-1 0.03 - - 0.59 - 21.3 610 90 mordenite 
GaM-2 0.03 - - 0.79 - 26.0 580 90 mordenite 
GaM-3 0.05 - - 1.33 - 34.4 560 80 mordenite 
FeM-1 0.03 - - - 0.45 17.3 570 100 mordenite 
FeM-2 0.04 - - 1.98 32.5 530 100 mordenite 
FeM-3 0.22 - - - 2.96 40.6 500 70 mordenite 

fljjR spectra of the synthesized silicates have signals with 
chemical shifts (6 ) -99, -105, -119 ppm. The line with 8 = -113 ppm 
is attributed [4,5] to;silicon cations, having no aluminium cations 
in the second coordination sphere, and the line with 6 = -105 and 
-99 ppm is attributed:, to silicon cations with one and two aluminium 
atoms in the second coordination sphere, respectively. The chemical 
shifts of the signals in ̂ S i HMR spectra of the synthesized element-
containing silicates are the same, but intensities of signals with 
$ = -105 and -99 ppm are less than in the spectrum of aluminosili-
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cate synthesized without addition of inorganic salts (Fig. 2). This 

Fig. 2. 2^Si NMR spectra of mordenite samples: 1 - M, 2 - BM-1, 
3 - GaM-1, compositions of samples are given in Table 1. 

indicates that decreasing of the number of aluminium cations in the 
second coordination sphere of silicon cations has taken place. 

2 7 

In A1 NMR spectra of all solid samples a line with a chemical 
shift of 6 = 54,3 ppm corresponding to Al3+ cations in the tetrahed-
ral coordination is observed [6]. The position of this line and, 
hence, the state of aluminium cations in the zeolite framework is un-
affected by introduction of boron or gallium into the silicates, but 
the intensity of signal and the content of A1 cations decrease. In 
accordance with the M R data, the aluminium content in the tetrahed-
ral coordination within the experiment error is consistent with the 
total concentration of Al3+ in a solid product derived from chemical 
analysis data (Table 2). 

11 
B HMR spectra of mordenite and erionite samples have the line 

with a chemical shift & = -23.8 ppm with respect to an aqueous satu-
rated solution of H^BOy This signal is attributed [7] to boron ca-
tions in tetrahedral oxygen environment, which appear to enter the 
zeolite framework. Comparison of UMR and chemical analysis data 
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Table 2 
NMR data on the content of Al3+, B 3 + and Ga3+ cations in 
tetrahedral coordination in erionite samples. 

Sample 0tetr. A12 3 
- «tetr. 
2 3 r ntetr. 

2 3 Sample 
A1 0 COm' 2 3 B203

com- Ga203
COm* 

Er 0.9 - -

BEr 0.9 0.1 -

GaEr 1.1 - 0.5 

(Table 2) reveals that only small part of B 3 + cations is fixed in the 
tetrahedral environment of the zeolite framework. 

^1Ga HHR spectra possess a broad signal with 6 =157 ppm ascrib-
ed to gallium cations in tetrahedral coordination, i.e. in the frame-
work [8]. Relative intensities of this signal suggest that only part 
of the overall amount of gallium cations determined by the chemical 
analysis are in such state (Table 2). 

In ESR spectra of Fe cations three signals with g-factors of 
2.003, 2.3 and 4.28 are observed. The third signal is the weakest. 
The presence of the g = 4.28 signal extends an evidence for that part 
of iron cations is in tetrahedral oxygen environment of the crystal-
line lattice[9].Relative intensities of signals with g-factors of 
2.003 and 4.28 versus the total content of Fe3+ in samples are given 
in Fig. 3. Based on the intensity ratios of these signals one may 
conclude that the major part of Fe3+ are in the oxide phase composi-
tion and only little part in zeolite framework. 

The main reaction products of methanol conversion are light 
hydrocarbons, Cg-C^, paraffins and olefins. Aromatic hydrocarbons, 
mainly ethyl-benzene, toluene, xylene, are present in the reaction 
products too. Table 3 shows the effect of Al3+ concentration in the 
zeolites, synthesized in the presence of E 3 + cations on the selecti-
vity of methanol conversion. 

The decreasing of the aluminium content in the erionite, as 
well as in the mordenite, changes selectivity of methanol transforma-
tion to hydrocarbons. Thus, in the case of erionites a decrease in 
the AlgO^ content in the solid product from 15,4 down to 7,5 wt% 
resulted in the increase of the olefin-to-paraffin ratio in methanol 
conversion products from 1,6 to 3,8. As for mordenite, the decrease 
in the AlgO^ content from 9,4 down to 5,2 wt% leads to a slight de-
crease of the olefin-to-paraffin ratio in the reaction product and 
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F e 2 0 3 , ( % wt.) 

Pig. 3. Relative intensities of signals with g-factors of 
2.003 (1) and 4.28 (2) in ESR spectra of Fe-containinf mor-
denites as a function of the concentration of i^O^ in the 
samples. 

enhances the selectivity to the formation of aromatic hydrocarbons 
(Table 3). 

Table 3 
Selectivity of methanol conversion on silicates synthesized 
in the presence of B3+, Ga3+, Fe3+ sources. Reaction tempera-
ture 380°C. 

Content 
Sample of AlgO^ 

wt% 

Selectivity to 
hydrocarbons, wt% 

paraffins olefins aromat, 

Yield of olefins 
Solef/Scat'11 

Er 15.4 38.3 
BEr 13.9 29.5 
GaEr 11.7 20.4 
FeEr 7.5 21.4 
M 9.4 57.8 
BM-1 6.8 64.8 
GaM-1 5.2 64.3 
FeM-1 6.3 67.0 

61.5 0.2 0.93 
69.9 0.6 1.13 
78.0 1.6 0.86 
78.6 0.0 0.07 
41.0 1.0 0.29 
32.6 2.6 0.36 
27.8 7.9 0.25 
30.2 2.8 0.12 

On further decreasing of AlgO^ content down to 2.8 wt% in a 
solid product the olefin-to-paraffin ratio tends to increase. It is 
important to note that at the same A150 content the lowest selectivi-



ty to olefin formation is observed for B-containing samples and the 
highest one for Pe-containing mordenites (Pig. 4). 

30 40 
Si0 2/Al 20 3 

Pig. 4. Olefin-to-paraffin ratios in methanol conversion 
products at 380°C versus the SiOg/AlgO^ mole ratio in mor-
denites; 1 - GaM, 2 - 3 - PeM. 

The yield of olefins in methanol conversion in the presence of both 
erionites and mordenites decreases in the order (Table 3): 

BEr > Er > GaEr > PeEr 
BM > M > GaM > FeM 

The yield of olefins is the highest for boron-containing zeolites, 
and the lowest for ferrozeolites. 

The selectivity of methanol conversion to aromatic hydrocarbons 
is lower on erionites than on mordenites. Different selectivities of 
erionite and mordenite samples with respect to aromatic hydrocarbons 
seem to be due to geometric peculiarities of erionite porous struc-
ture which prevents the development of hydrogen redistribution reac-
tions [10] . Gallium-containing samples have shown the highest selec-



tivity to the formation of aromatic hydrocarbons. 

DISCUSSION 
The reported experimental data is an evidence for that the crys-

tallization of erionite and mordenite zeolites with a low content of 
aluminium cations is possible under hydrothermal synthesis. The crys-
tallization is achieved by introduction of polycharged B3+, Ga3+, 
Fe3+ cations into the initial reaction mixture. 

Prom the character of 11B, 7lGa NMR and Fe3+ ESR spectra it may 
be proposed that during crystallization part of these cations enter 
the silica-oxygen framework of solid products in isomorphous Sî "+ po-
sitions. 

It may be concluded that along with the catalytically active 
centers of type {C SiO) . Si(OAl) ]n~ supposed previously [11} , the 
groups with the composition of [(Si0)^_nSi(0Al)n_m) (0E)n] n~ in zeo-
lite structures may also be formed. As reported earlier [11], the abi-
lity of zeolites to convert methanol to aromatic hydrocarbons (and 
coke precursors) depends upon the concentration of the centers of 
multipoint interaction with reagent molecules [(SiO)^_nSi(OAl)n_1] n~2 
'Al3+. These centers include the framework anions and aluminium ca-
tions that have emerged from the framework as a result of hydrolytic 
rupture of the Si-O-Al bond. 

It may be expected that during decationation and thermotreat-
ment procedures of the synthesized element-containing zeolites 
[(SiO)4_nSi(OAl)n_m_1(OE)m_1]n-2.Al3+-E3+ groups may be formed. On 
the one hand, these groups have a lesser value of "n" in Si(OAl)n 
groups and, on the other hand, a lesser concentration of aluminium 
in cation positions in comparison with zeolites, synthesized without 
polycharged cations. The appearance of such centers would decrease 
the rate of secondary reactions of the hydrogen redistribution in 
olefins and, consequently, change the reaction selectivity. The pro-
posed explanation of variations in the selectivity of zeolite action 
upon introduction of cations capable of isomorphous substitution of 
types Si^* E3+ and Al3+ st E 3 + are consistent with experimental 
data presented in Table 3 and Pig. 4. 
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ABSTRACT 
Catalytic activity of ZSM-5 zeolite poisoned by adsorption of 

pyridine was studied in order to elucidate the role of C 2 and C^ 
olefins in the transformation of methanol. Consecutive steps in the 
sequence : alcohol-olefins-oligomers-cyclopolyenes-arom8tics/paraffins 
are catalysed by acid centers of increasing strength, but in case of 
methanol the initiation of the chain by the formation of the first 
C-C bond from C^ species requires the presence of strongest acid 
centers. Ethylene is the first product in Cj conversion and its 
appearance creates a new facile route consisting in methylation and 
bypassing the formation of C-C bond. Propylene and higher olefins are 
methylated more readily than ethylene and are responsible for the 
increasing rate of methanol consumption, but a parallel route to 
develop the reaction network is operating through oligomerization of 
propylene. 

INTRODUCTION 
It is well known that high silica type ZSM-5 zeolites show high 

catalytic activity in the conversion of alcohols and olefins [ 1 - 4 ] . 
Reactions of different alcohols in the presence of hydrogen form of 
ZSM zeolites result in the formation of the whole spectrum of hydro-
carbon products containing olefins,cycloolefins, paraffins and 
aromatics. It is the characteristic feature of these catalysts that 
the composition of the products obtained is practically independent 
of the type of alcohols used what hints to the common reaction path 
of the transformations of all alcohols. The main difficulty in the 
identification of the elementary steps and in the construction of the 



reaction network is due to the very high rate of these transformation 
in the presence of the very active hydrogen form of the zeolite. It 
seems thus of interest to reduce the activity of this catalyst by 
poisoning the active centers of acid character with appropriate bases 
adsorbed before the catalytic tests in order to study the mechanism 
of the raactions of C^-C^ alcohols and to determine the role of C 2 

and C2 olefins in the transformation of alcohols, in particular 
of methanol, into higher hydrocarbons. 

EXPERIMENTAL 
Zeolite z-79 of the ZSM-5 type was synthesized according to 

the patent description [ 5 ] and its structure was identified as that 
of ZSM-5 by X-ray analysis. The hydrogen form was obtained by three 
fold ion exchange in 0.1 M NH^Cl solution at 363 K and subsequent 
heating in the stream of nitrogen at 823 K for 5 hr. Preparations 
with reduced acidity were obtained by adsorption of pyridine, which 
was introduced into the carrier gas passing through the reactor with 
catalyst bed heated to the reaction temperature of 673 K until 
pyridine appeared in the gas at the outlet. Catalytic activity in the 
reaction of methanol ( MeOH ), ethanol ( EtOH ), isopropanol (iso-PrOH) 
and butanol ( n-BuOH ) was determined in the pulse microreactor 8 mm 
in diameter, filled with 0.28 g samples of the catalyst and kept at 
reaction temperature of 673 K. The flow rate of nitrogen as the 
carrier gas was 30 ml/min at the atmospheric pressure. Products were 
analysed using the on-line gas chromatograph with flame ionization 
detector and a 4 m column filled with Chromosorb w ( 60/80 mesh ) and 
silicon oil DC 550 with 5 % addition of stearic acid as the active 
phase. Reagents were of analytical grade and were used without 
further purification. Pyridine (Fluka) used for poisoning of the 
cetalyst was of spectroscopic grade. 

In the Temperature Programmed Desorption ( t p d ) experiments the 
sample of 100 mg of the zeolite was first activated at 823 K for 3 hr 
at the pressure of 5.10~3 Torr (6.63*10"1-N/m2). After cooling to 
room temperature 15 yl of alcohol was introduced end its adsorption 
carried out for 15 min. The sample was then outgassed for 1 hr and 
tpd experiment was carried out in the temperature renge 303-923 K at 
the heating rate of 10 K/min. Desorbing products were analysed with 
a mass-spectrometer. 

RESULTS AND DISCUSSION 

Our earlier studies showed [ 6 ] that adsorption of pyridine at 



CH30H/ZSM-5-Pyridine 
o methanol 

Fig. 1. Product distribution as function of number of pulses 
of MeOH introduced on ZSM-5 type zeolite poisoned by pyridine. 

the surface of ZSM-5 zeolite results in drastic changes of the product 
distribution of the reaction of alcohols. Fig. 1 shows the changes 
of the composition of products obtained when pulses of MeOH were 
consecutively introduced on the initialy poisoned zeolite. In the 
first pulses dimethylether (DME)is observed as the only product. 
Only after 10 pulses of MeOH traces of higher hydrocarbons appear. 
As the first products small amounts of C 2 and C 3 olefins are observed 
after 8 pulses, when more important amounts of propylene are formed 
immedietely the whole spectrum of both paraffins and aromatics 
appears in the products. This is accompanied by the rapid decrease of 
the amount of unreacted MeOH and DME. 

When reaction of EtOH was carried out in identical conditions, 
100 % conversion to ethylene was observed already in first pulses, 
ethylene remaining as the only product through the whole experiment. 
Zeolite, which after partial removal of pyridine by consecutive 
pulses of the alcohol due to competitive adsorption of the reaction 
products and eluating effect of the carrier gas at high temperature 
developed the activity in the transformation of MeOH hot only to DME 
but also hydrocarbons, remained inactive for the transformation of 



ethylene. Apparently it 
still leeks acid centers 
strong enough to 
convert ethylene into 
higher hydrocarbons. 
Their first trace 
amounts appeared only 
in the conditions in 
which methanol was 
already transformed 
into higher hydrocarbons 
to a considerable 
degree. After 20 pulses 
the conversion of 
ethylene was only 5 % 
the main product(2 %) 
being propylene. 
Fig. 2 illustrates the 
results obtained when 
pulses of iso-PrOH 
were injected into the 
reactor with poisoned 
zeolite. At variance 
with the beheviour of 
C^ and C2 alcohols 
already after 
introduction of the 

first pulses of iso-PrOH not only propylene as the direct product of 
the dehydrstion of this alcohol on weak acid centres, but also the 
whole spectrum of hydrocarbons including paraffins and aromatics was 
observed, the conversion of iso-PrOH being 100 %. At the begining 
mainly propylene,products of its oligomerization and of the oligomer 
cracking are formed as Indicated by high content of C^-Cg olefins. 
It may be mentioned that studies of the adsorption of propylene on 
HY zeolite [ 7 ] revealed the oligomerization of 4 molecules of 
propylene, and measurements of the adsorption of butene also on HY 
zeolite [ 8 ] indicated the formation of the oligomer from 3 molecules 
of butene. 

Further removal of adsorbed pyridine by pulses of iso-PrOH 
results in gradual increase of the amount of products of cyclization 

Fig. 2. product distribution as 
function of number of pulses of iso-PrOH 
introduced on ZSM-5 type zeolite poisoned 
by pyridine. 



and hydride transfer i.e. paraffins and aromatics. It is noteworthy 
that in the esse of iso-PrOH all these products appear in conditions 
in which in the case of MeOH and EtOH only products of their dehydra-
tion to DME and ethylene respectively are observed, but no compounds 
which require the formation of C-C bonds between Cj or C 2 species. 

Results obtained with n-BuOH were similar to those with 
iso-PrOH. 

Comparison of the behaviour of MeOH and iso-PrOH clearly 
indicates that formation of the first C-C bond from C^ species, 
necessary for further transformations and development of the whole 
reaction network, requires the presence of acid centers of the 
catalyst stronger than those, which are involved in the development 
of this network from propylene. It also shows that transformations of 
higher alcohols such as iso-PrOH or n-BuOH consist of a series of 
consecutive steps, catalysed by acid centers of increasing strength: 

very weak 
a o a weuk acid 

i centers centers 
alcohol o olefins — — o l i g o m e r s 

strong acid / \ strong acid 
st iung centers / \ centers 
acid y 
centers r ^ 

aromatics cyclopolyenes paraffins 

It can be namely concluded from the results presented in Fig. 2 
that oligomerization and cracking, which are the first step in the 
series, require the presence of weaker acid centers and are therefore 
regenerated in the first instance on pyridine desorption. Further 
removal of pyridine incovers stronger acid centers of the catalyst 
responsible for cyclization and hydrogen transfer. 

The condition necessary to start the reaction chain in the case 
of methanol is the removal of pyridine from strongest acid centers 
required for the formation of the first C-C bond. Appearance of even 
small amount of such centers makes possible the formation of first 
portion of ethylene. Once they have been formed they undergo methyla-
tion by MeOH, which as shown before [6] proceeds with the participa-
tion of much weaker acid centers, from which pyridine has already been 
desorbed earlier. The absence of the products of dimerization or 
trimerization of ethylene at the early stages with the simultaneous 
presence of propylene indicates that no oligomerization of C 2H 4 takes 
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place, but only its methylation with MeOH. It may be concluded, that 
once small amounts of ethylene have been formed in the reaction of 
MeOH, the initial step consisting in the formation of C-C bond from 
C^ species becomes bypassed by the much easier step of the 
methylation of the resulting carbon chain. It is obvious that also 
other products of the reaction sequence, higher olefins, cycloolefins, 
aromatics may undergo methylation by MeOH. 

Thus, in the case of methanol the reaction network may be 
represented by a following scheme: 

very weak 
acid 

MeOH 
very strong 
acid 
centers DME tsmsiL^ ethylene 

weak acid centers j 

weak 
acid 
centers 

methylation 

aromatics 
strong 
acid 
centers 

methylation 

cyclopolyenes 

propylene 

strong 
acid 
centers 

weak 
acid 
centers 

V 
oligomers 

paraffins 
. strong 

aad cenfers 

In the absence of MeOH, ethylene remains unreacted and therefore is 
the only product of the reaction of EtOH on zeolite catalysts which 
have not available very strong acid centers. The low reactivity of 
ethyl alcohol and ethylene was also postulated by other euthors[3 ,4,9] 

We have noticed that besides the intramolecular dehydration 
of EtOH also its intermolecular dehydration to diethylether (DEE) 
is possible in the first stages of the reaction. This is illustrated 
by Fig. 3, which shows the results of an TPD experiment after 
adsorption of EtOH on hydrogen form of the ZSM-5 zeolite, which has 
been previously activated at 823 K in vacuum of (6.65.10"1 N/m2 ) 
5.10"^ torr. The values in brackets by the TPD curves of different 
m/e fragments indicate the sensitivity range used by registration. 
The curve m/e=45 corresponding to the fragment CH-jCHeOH with 
maximum at 395 K represents the desorption of EtOH as confirmed by 
the appearance of a similar pe8k on curve m/e=3l (ch2=0H), m/e=29 
( HC=0 ) and m/e=46 (CH3CH2OH). The curve m/e=28 shows two maxima. The 
first, at 395 K is apparently related to the fragmentation of 
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Temperature , K 

of EtOH on 

may be assigned 
presence of 
olefin e.g. 
the desorption 

of ethylene at this temperature. The curve illustrating the formation 
of a fragment with m/e»59 registered at the sensitivity 21 times high-
er than that of ethylene indicates the presence of diethylether 
(m/e=59 corresponds to the fragment CH2=0-CH2CH3). The characteristic 
fragment m/e=3l, which usualy serves for identification of DEE is in 
our experiment screened by fragments originating from EtOH. 

Results of TPD experiment clearly indicate that on the inter-
action of EtOH with ZSM-5 zeolite not only its intramolecular but 
also intermolecular dehydration with the formation of DEE takes place. 

The studies of catalytic properties of the series of boron and 
aluminium phosphate of different composition [ 10 ] have shown that in 
the composition range, in which BrSnsted acidity is present, only 
dehydration of EtOH to ethylene takes place, whereas in the composi-
tion range, in which pairs of Lewis acid-base centers are generated, 
ethanol is dehydrated mainly to DEE. It is possible that preactivation 
of the zeolite sample before the TPD run in comparitively severe 
conditions resulted in generation of some Lewis acidity. In normal 
conditions this reaction path is marginal in comparison with intra-

Fig. 3. TPD spectrum obtained after adsorption 
ZSM-5 zeolite. 
desorbed alcohol, whereas the second maximum at 509 K 
to the desorption of ethylene (CH2=CH2 f ragment). The 
other peak characteristic for the mass spectrum of c~ + + + 
e/m=27 { c h = c h 2 )m/e=25 ( c h e c), m/e=l4 ( c h 2 ), confirms 
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CH30H/ZSM-5— NH3 

molecular dehydration. 
In order to confirm the 
role of ethylene as the 
intermediate ivhich enables 
the bypassing of the first 
most difficult step in the 
transformation of MeOH-
the formation of the first 
C-C bond,a series of expe-
riments was carried out in 
which the state of the 
reaction was registered on 
the zeolite poisoned with 
ammonia (Fig. 4). 

The first product 
appearing besides the DME 
at the begining of the 
reaction is ethylene. The 
presence of ethylene does 
not yet lead to the 
appearance of higher 
hydrocarbons. The next 
rapidly growing product is 
propylene. As already 
mentioned the absence of 
C 4 and Cg hydrocarbons as 
products of ethylene 
oligomerization and 
appearance of propylene 
indicates that it is 
methylation of the first 

portion of ethylene which is responsible for initiation of the 
reaction sequence. The appearance of propylene results in rapid 
acceleration of the reaction and increase of the conversion of 
methanol which is consumed mainly through the methylation of the 
growing hydrocarbon chains. Simultaneously, as may be concluded from 
the results obtained with iso-PrOH, propylene alone reacts rapidly, 
developing through oligomerization and cracking the whole reaction 
network. This contributes to further consumption of MeOH and results 
in its total conversion. On studing the influence of various alcohols 

Fig. 4. Results of gas-
chromatorgaphic analysis after five 
consecutive pulses of MeOH introduced 
on 2SM-5 type zeolite poisoned with 
ammonia. 
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and olefins added in small amounts to MeOH on its conversion at the 
surface of the zeolite catalyst poisoned by pyridine [ 11 ] it was 
found that indeed propylene much easier undergoes methylation than 
ethylene and therefore accelerates the transformation of MeOH to a 
much greater extent. In later stages of the reaction ethylene is 
formed not only by direct formation of C-C bond from c^ species.which 
is a difficult step and requires the presence od strong acid centers, 
but also as the result of cracking of larger olefins. 

Temperature , K 

Fig. 5. TPD spectrum obtained after adsorption of MeOH on 
ZSM-5 type zeolite. 

Additional information on the role of lower olefins in the 
transformation of MeOH was obtained from TPD experiments. 

Fig. 5 illustrates the TPD curves registered after adsorption 
of methanol on active HZSM-5. The curve m/eo29 illustrates the 
desorption of the unreacted MeOH, curves m/e=18 and m/e=17 - desorp-
tion of water. Maximum at 481 K is related to the dehydration of 
methanol. The curve m/e«45 represents the formation of DME (maximum 
desorption temperature 523 K ] and its disappearance on further 
heating. The magnified part of the temperature range 643 K - 823 K 
(shown in the insert) illustrates the desorption of ethylene 
m/eo27 (CH2»CH), m/e-26 ( CH5CH) and propylene m/eo4l (CH3-CH=CH) 
It may be seen that methylation of ethylene is not difficult. On the 
other hand the very rapid disappearance of propylene at higher 



ter.peratures with simultaneous accumulation of ethylene shows that 
propylene reacts further more rapidly than ethylene, through 
methylstion and oligoraerization. Apparently, the competition 
from higher olefins and aromatics for rcethylation results in the 
accumulation of less reactive ethylene. It is noteworthy that some 
amount of methane is also formed (curve representing the fragment 
with rn/e=16). 
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HYDRODESULFURIZATION OF THIOPHENE ON H- AND NiH-FAUJASITES X AND Y 
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ABSTRACT 

In the hydrodesulfurization of thiophene catalyzed by Ni loaded faujasites two 

active sites seem to be effective. Besides the Br0nsted acidic sites the hydrogeno-

lysis activity of the metal phase is essential for maintaining a stable rate of thio-

phene conversion and for theprevention of coke deposition. The observed particle size 

distribution suggests a more effective contribution of the small fraction of larger 

crystallites (d > 4 nm) to the hydrogenation activity of the catalyst. 

INTRODUCTION 

The most effective hydrodesulfurization catalysts are based on Co/Mo supported 

on y-A^Og- The active phases M0S2 and COgSg are responsible for hydrogenation and 

hydrogenolysis respectively in a model of contact synergism proposed by Delmon [1]. 

The need for two active sites warrants the study of other groups of bifunctional ca-

talysts, namely metal loaded zeolites in the catalytic hydrodesulfurization reaction. 

In an extensive study of the properties of transition metal loaded- zeolites Brooks [2] 

demonstrated the capability of Ni loaded faujasites in the hydrodesulfurization of 

thiophene. In the present study the proposed bifunctionality of the metal loaded zeo-

lite [2], i.e. hydrocracking due to the acidity of the zeolite and minimization of 

coke formation due to the hydrogenolysis activity of the metal, is tested in more 

detail. 

EXPERIMENTAL 

Sodium faujasite X (Si/Al = 1.2; crystal size 5-10 ym) -and sodium faujasite Y 

(Si/Al = 2.8; crystal size 2-3 ym) were prepared by hydrothermal crystallization 
2+ 

[3,4]. Ni -exchange was carried out in Ni(CH 3C00) 2 solutions and for the preparation 

of H-X, Y samples NH^CHgCOO-solutions were used. The metal contents were determined 

by atomic absorption spectroscopy. In the case of NH^ the degree of exchange was de-

termined by backtitration of the solution. 
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Samples (0.5 g) of the crystalline powders were pressed (0.5 GPa), granulated 

(0.3 - 0.7.mm), dehydrated in argon (100 ml min" 1, 693 K, 16 h,heating rate 5K min" 1) 

NH* exchanged samples were converted into the H-form of the zeolite under the same ^ -1 
conditions. The NiNaX samples were reduced with hydrogen (80 ml min , 573 K, 0.1 MPa 

25 h). All reactions were carried out in a fluidized bed reactor. 

The crystal 1inity of the dehydrated and reduced samples was checked by their 

X-ray pattern as well as their capacities for nitrogen physisorption (77 K, 10 KPa). 

The particle size distributions were determined by transition electron microscopy 

(EM 10, Zeiss) following the procedure for sample preparation reported by Nagy et al. 

[5]. From the approximate degree of reduction (a=0.5 [6]) and the size distribution 

of the metal crystallites the number of Ni surface atoms could be estimated (Fig. 1). 

% i> 

p— NiX 39 

• —1 — NiX 17 

T V n . m , , , , 1. . • • » 
123iS6789 10 

diameter (nm) 

Fig. 1. Particle size distribution for 

NiX 39 and NiX 17 following reduction 

of the Ni-exchanged samples 

Number and strength of acid sites in the H-X, Y catalysts were determined by 

titration with n-butylamine solution in the presence of a series of H Q and H R indi-

cators [7]. The activities of the samples in the hydrodesulfurization reaction were 

determined in a fluidized bed reactor (2 ml) containing 0.2 - 0.4 g of the catalyst 

(60 ml min" 1, WHSV: 0.1 h" 1, 573 K, 0.1 MPa). The reaction gas mixture consisted of 

95 % N2, 5 % Hg and 80 vpm thiophene. Thiophene was analyzed by gas chromatography 

(F 22, Perkin Elmer) using a carbopack column (B-HT-100, Supelco Inc.) and a FID. 

Hydrocarbons were determined using the same column. The following catalysts were 

tested: NiX 17, NiX 39 (degree of Ni-exchange 17% and 39% respectively); HX 33 

(Hp 7Nac 7X) and HY 100 (H^Y). 
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RESULTS 

The distribution of the nickel particle size following reduction is depicted 

in Figure 1 for the two nickel exchanged zeolites used in the experiments. Table 1 

contains the particle size distributions before and after the catalytic reaction 

(3h time on stream) and an estimation of the number of Ni surface atoms belonging 

to a selected size range of the Ni particles. Both samples exhibit little sintering. 

The dispersity of the nickel phase was found to be considerably higher for the NiX 39 

sample and only about 25% of the surface atoms belong to crystallites beyond 4 nm 

in diameter as compared to around 50% in the case of NiX 17. 

Table 1 

Particle size distribution before and after reaction and related absolute 

number of Ni surface atoms per gram-unit cell 

catalyst mean 
diameter 

nm 

following reduction 
no. of Ni surface 

% atoms per g-u.c. 

after 3h time on stream 
no. of Ni surface 

% atoms per g-u.c. 

73 7T 
23 

23 

23 

23 

23 

23 

23 

NiX 17 

NiX 39 

1-4 

5 

6 
; 8 
1-4 

5 

6 

94.3 3.68 x 10' 

5.7 2.75 x 10 
23 

98.6 11.7 x 10' 
23 

0.7 0.88 x 10 

0.7 2.52 x 10 

23 

23 

89.4 

2.3 

6.1 

2.3 

97.4 

0.5 

1.6 

0.5 

2.17 x 10 

0.37 x 10 

1.49 x 10 

I.10 x 10 

II.6 x 10 

0.39 x 10 

1.87 x 10 

1.68 x 10 

The activity of the nickel loaded zeolites are compared in Figure 2 for the 

first 3 h time on stream. The NiX 39 sample shows a rapid decline in activity star-

ting at high rates of conversion , while NiX 17 starts out at a relatively low 

value, passes through a maximum and stabilizes at a slightly higher rate of conversion 

compared to NiX 39. Figure 3 depicts the activities of the hydrogen forms of the 

faujasites. More than 90% of the acid sites of HY 100 and between 75% - 100% of the 

acid sites of HX 33 could be titrated. It was found that around 50% of the acidic 

sites were strong in the case of HY 100 (pK< -13.3). In the case of HX 33 around 50% 

of the acidic sites titrated were of medium strength (pK > -6.6). The remaining 

sites were of lesser acidity. The reactivities of the samples (HY 100 and HX 33) are 

characterized by rapid deactivation especially in the case of HY 100 having more 

and stronger acidic sites. Hydrocarbons C^ - C^ were formed exclusively in the thio-

phene conversion. 
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Fig. 2. Rate of conversion (mole thio- Fig. 3. Rate of conversion (Mole thio-

phene/s-gram-unit cell) vs. time on phene/s-gram-unit cell) vs. time on 

stream • NiX 17 / o NiX 39 stream • HX 33 / o HY 100 

DISCUSSION 

For thiophene adsorbed on a HY zeolite a strong band was observed in the IR-

spectrum, which is due to the S-H vibration. This observation demonstrates the clea-

vage of the C-S bond, which is assumed to proceed in the presence of Br0nsted aci-

dic sites [8]. In the absence of hydrogenolysis activity the high initial activity 

of the H-X, Y-catalysts decreases rapidly due to coke deposition on strong Br0nsted 

sites. 

In the presence of Ni the hydrogenolysis activity of the metal phase may be 

able to reduce the rate of coke formation on strong acid sites by hydrogenation of 

coke precursors. The high initial activity of NiX 39 can be attributed to the higher 

acidity of this zeolite as compared to NiX 17. The activity stabilizes at a value 

presumably determined by the activity of the metal phase. Both Ni containing cata-

lysts reach about the same stationary level of thiophene hydrodesulfurization. 

The estimated number of Ni surface atoms per gram-unit cell is more than twice 

as large for NiX 39 compared to NiX 17 (Table 1). For metal particles beyond 4 nm 

in diameter the number is about the same for both catalysts. It is assumed that the 

larger Ni-crystal1ites are responsible for the hydrogenation activity of the metal 

phase in agreement with published results [9,10]. Ni loaded faujasites serve as a 

model for the study of the bifunctional activity of metal loaded zeolites. Develop-

ing the capability of a Ni-faujasite hydrodesulfurization catalyst for the removal 

of small amounts of thiophene from gases used for synthesis on sulfur sensitive cata-

lysts requires careful consideration of the combined activity of acidic and metal 

functions. 
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A B S T R A C T 

The reaction between methanol and hydrogen sulfide was carried 

out on HNaY and ZSM-5 type zeolites. Br0nsted acid sites are cataly-

tically active centers. In the absence of acidic OH g r o u p s , i.e. on 

NaX and NaY z e o l i t e s , sodium cations play the role of active sites. 

The selectivity of this reaction towards ( C H 3 ) 2 S and CHjSH depends on 

the temperature and the molar ratio H 2 S : CH^OH. Competitive with the 

reaction of H 2 S with C H 3 0 H is the decomposition of methanol to hydro-

carbons . 

INTRODUCTION 

Results of a study on the reaction between methanol and hydrogen 

sulfide on HNaY zeolites have been presented in an earlier paper [1]. 

It was found that the methoxylation of the zeolite surface is the 

first step of this process. The formation of the methoxyl groups re-

quires Br0nsted acid centers to be present on the zeolite surface. It 

seemed interesting to compare the activity of hydrogen and sodium 

forms of zeolites, and to find out whether the same catalytically 

active centers take part in this reaction on both forms of zeolites. 

It was the aim of this study to elucidate this problem. 

EXPERIMENTAL 

Catalysts. The following catalysts were used: NaX, Linde Lot No. 

1360027, with Si/Al=1.21; N a Y , Linde SK-40 Lot No. 3606411 , with Si/ 

Al=2.37; HNaY, prepared from NaY via ion exchange with 1M solution of 

C H 3 C 0 0 N H 4 (degree of e x c h a n g e , 6=60 %); NaZSM-5, Ultraset T-1000/J 

(Na 4 q 7 A 1 2 4 5 S i 93 1 5 0 1 9 2 ^ ' synthesized i n the Institute of Industrial 

Chemistry in W a r s a w , with Si/Al=38; HZSM-5, prepared from NaZSM-5 via 

ion exchange with 0.25 M solution of NH^Cl (6 =100 %). 

Reaction conditions. The continuous flow technique was used to 

measure the catalytic activity. The apparatus has been described in 
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Ref. [1]. Portions of 0.2 g of dehydrated zeolite were e m p l o y e d . The 

zeolite crystallites were tabletted without b i n d e r , g r o u n d , sieved to 

a 0.5-1.0 mm diameter range and 4 hours in-situ activated in pure and 

dried helium flow at 673 K. 

A mixture containing Merck research grade H 2 S (3-12 v o l . % , de-

pending on the desired H^S : CH^OH ratio), methanol (3 vol. %) and 

helium as a carrier g a s , was passed through the catalyst bed to a gas 
-4 3 - 1 

chromatograph. The flow rate was 2.4 x 10 m h Each e x p e r i m e n t 

was carried out twice: (i) using GC analysis with a c a t h a r o m e t e r , (ii) 

using GC analysis with a flame ionization d e t e c t o r . The first tech-

nique was applied in particular for the determination of H 2 S conver-

sion. In both analyses a 2 m Porapak Q column was employed at 423 K 

for separating the products. 

The catalytic experiments were conducted at 623 and 673 K, using 

various H 2 S : CH^OH molar ratios, viz. 1:2, 1:1, and 4:1. The reaction 

between H 2 S and CH^OH was also carried out after poisoning the acidic 

centers with pyridine at 623 and 673 K. 

IR m e a s u r e m e n t s . IR spectra were obtained with a Perkin-Elmer 

Model 325 spectrometer. Design and operation of the IR cell has been 
described elsewhere [2]. The zeolite w a f e r s , having a thickness of 

_ 2 
about 10 mg-cm , were activated for 12 h at 673 K under high vacuum 

-4 

(10 Pa). Subsequently, pyridine or water was adsorbed at 623 and 

673 K. 

RESULTS 

Catalytic experiments. The results of the reaction between metha-

nol and hydrogen sulfide on faujasite-type zeolites are presented in 

Table 1. 

The highest conversion of methanol was observed on H N a Y , but the 

selectivity towards CHgSH and (CHg) 2S was lower than in the case of 

the pure sodium forms of faujasite type z e o l i t e s . It was observed 

that on HNaY zeolite a fraction of the methanol underwent d e c o m p o s i -

tion to hydrocarbons. It was possible, h o w e v e r , to increase the se-

lectivity of HNaY towards CH^SH and ( C H 3 ) 2 S by using an excess of H 2 S 

in the feed. In the case of NaX and NaY z e o l i t e s , no products of 

methanol decomposition were observed. NaX zeolite exhibited higher 

activity than NaY. 

The increase of the reaction temperature did not give rise to any 

significant changes in the activity and selectivity of sodium forms of 

X and Y type zeolites. H o w e v e r , in the case of H N a Y , the s e l e c t i v i t y 

towards ( C H 3 ) 2 S increased with increasing reaction t e m p e r a t u r e . This 
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Table 1 

Methanol conversion and yield of products in the reaction of H 2 S and 

CHgOH on faujasite-type zeolites (data after 2h time on stream) 

H,S:CH,0H CH,0H CH,SH (CH,)?S After poisoning with pyridine 

Zeolite 1 3 CH3OH CH3SH ( C H 3 ) 2 S 

molar ratio conv.(X) yield(%) yield(%) c o n v > { i ) y i e l d ( % ) y 1 e l d ( i ) 

Reaction Temperature : 623 K 

NaX 1 2 65 15 40 48 15 30 

NaX 1 1 70 40 30 40 30 10 

NaX 4 1 85 65 20 50 45 5 

NaY 1 2 50 4 18 20 4 -

NaY 1 1 33 13 20 10 10 -

NaY 4 1 50 30 20 25 20 5 

HNaY 1 1 98 10 13 25 4 -

HNaY 4 1 100 15 80 50 15 15 

Reaction Temperature : 673 K 

NaY 1 2 50 6 18 20 6 1 

NaY 1 1 35 13 20 15 13 2 

NaY 4 1 50 30 20 35 30 5 

HNaY 1 1 100 5 20 70 5 15 

HNaY 4 1 100 15 55 90 6 45 

was even more evident in a lower range of reaction t e m p e r a t u r e s , when 

no products of methanol decomposition were observed, which was des-

cri bed earlier [1]. 

Measurements of the effect of the H 2 S : C H 3 0 H molar ratio on the 

activity and selectivity of the reaction indicated that,-on sodium 

forms of faujasite-type zeolites, an excess of H 2 S causes an increase 

both in methanol conversion and selectivity towards CH^SH. This seems 

to be correlated to the reaction between ( C H 3 ) 2 S and H 2 S . Indeed, in-

spection of the reaction curves (Figure 1) reveals that at the be-

ginning of the reaction between H 2 S and CHgOH on NaX, the yield of 

( C H 3 ) 2 S was higher than that of C H ^ S H . With increasing reaction t i m e , 

the yield of ( C H 3 ) 2 S decreased and the yield of CHjSH increased. 

Poisoning of the acidic centers on faujasite-type zeolites by py-

ridine at 623 K resulted in a significant decrease of the ( C H 3 ) 2 S 

y i e l d , and in a smaller one of the C H 3 S H yield (see Table 1). At 

higher temperatures (673 K), the poisoning by pyridine did not change 

the yield of C H 3 S H , but brought about a decrease of the ( C H 3 ) 2 S y i e l d . 

Hence, the formation of either product requires acidic c e n t e r s , but 
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the r e a c t i o n towards CH^SH o c c u r s 

on w e a k e r c e n t e r s than the r e a c t i o n 

towards ( C H 3 ) 2 S . A f r a c t i o n of the 

fed CH-jOH still d e c o m p o s e d w h e n the 

c a t a l y s t was poisoned by p y r i d i n e . 

A g a i n , d e c o m p o s i t i o n of C H ^ O H seems 

to proceed on w e a k e r c e n t e r s than 

the r e a c t i o n with H 2 S . 

T a b l e 2 shows the r e s u l t s of 

the r e a c t i o n between H 2 S and C H 3 0 H 

over N a Z S M - 5 and HZSM-5 z e o l i t e s . 

Only in the case of e x c e s s of me-

thanol ( H 2 S : C H 3 0 H = 1 : 2 ) , w e r e me-

thanol d e c o m p o s i t i o n p r o d u c t s ob-

s e r v e d . ZSM-5 type z e o l i t e s ex-

hibited h i g h e r a c t i v i t y than fauja-

s i t e - t y p e z e o l i t e s . S i m i l a r l y , as 

was found on f a u j a s i t e - t y p e z e o l i t e s , the e x c e s s of H 2 S c a u s e d an in-

rease in s e l e c t i v i t y towards C H 3 S H . At h i g h e r t e m p e r a t u r e (673 K ) , 

the yield of CH^SH over ZSM-5 is higher than at lower t e m p e r a t u r e 

(623 K ) , in c o n t r a s t to the b e h a v i o u r of f a u j a s i t e - t y p e z e o l i t e s . Si-

milar to w h a t was found with f a u j a s i t e - t y p e z e o l i t e s , p o i s o n i n g of the 

acidic centers by pyridine r e s u l t e d in a s i g n i f i c a n t d e c r e a s e of the 

( C H 3 ) 2 S yield and a smaller d e c r e a s e of the C H 3 S H y i e l d . 

IR m e a s u r e m e n t s . The aim of the infrared study was to c l a r i f y 

which type of acidic c e n t e r s (Lewis or B r 0 n s t e d s i t e s ) is i n v o l v e d in 

the reaction between H 2 S and C H 3 0 H and w h e t h e r w a t e r (the p r o d u c t of 

this r e a c t i o n ) can form a c i d i c hydroxyl g r o u p s . 

After pyridine a d s o r p t i o n on NaX and NaY z e o l i t e s at 623 K for 

1 h and e v a c u a t i o n at the same t e m p e r a t u r e d u r i n g 15 m i n u t e s , w e a k - t o -

medium bands at 1 4 4 2 , 1 4 9 0 , and 1598 c m
- 1
 a p p e a r e d (see F i g u r e 2 ) . 

A c c o r d i n g to Parry [3] and Liengme and Hall [ 4 ] , the band a r o u n d 

1442 c m " 1 is typical of c o o r d i n a t e l y bonded p y r i d i n e . L i e n g m e and Hall 

[4] ascribed the band at 1442 c m - 1 to p y r i d i n e c o o r d i n a t e d to s o d i u m 

ions. T h e r e f o r e , the IR e x p e r i m e n t s showed that the o n l y c e n t e r s on 

the surface of NaX and NaY z e o l i t e which could be p o i s o n e d by p y r i d i n e 

were Lewis acid centers (sodium c a t i o n s ) ; Brtfnsted or true L e w i s sites 

[4-7] were not p r e s e n t . 

Figure 3 p r e s e n t s the spectra obtained after a d s o r p t i o n of pyri-

dine on HNaY z e o l i t e at 623 and 673 K. Bands were o b s e r v e d at the fol-

lowing w a v e n u m b e r s : 1628 and 1620 c m - 1 , due to c o o r d i n a t e l y b o n d e d 
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Table 2 

Methanol conversion and yield of products in the reaction of H 2 S and 

CH,0H on ZSM-5 type zeolites (data after 2h time on stream) 

Zeolite 
H 2S:CH 30H 

molar ratio 

C H 3 O H 

conv.(%) 

C H 3 S H 

yield(%) 

( C H 3 ) 2 S 

yield(%) 

After poisoning with pyridine 

C H 3 O H C H 3 S H ( C H 3 ) 2 S 

conv.(%) yield(%) yield(%) 

Reaction Temperature : 623 K 

NaZSM-5 1: : 2 70 3 50 10 3 -

NaZSM-5 1: : 1 90 10 80 10 7 -

NaZSM-5 4: : 1 98 33 65 17 9 -

HZSM-5 1: : 1 98 5 93 25 3 -

HZSM-5 4: : 1 100 40 60 20 15 -

Reaction Temperature : 673 K 

NaZSM-5 1: :2 85 - 65 35 - 10 

NaZSM-5 1: : 1 98 15 83 30 15 10 

NaZSM-5 4: : 1 98 43 55 40 25 10 

HZSM-5 1: : 1 100 10 90 40 8 10 

HZSM-5 4: :1 100 50 50 75 40 35 

pyridine [ 4 ] , 1545 c m " 1 due to py-

ridinium ions [ 4 ] , 1488 c m - 1 , due 

to pyridine and pyridinium ions t 4 ] , 

1452 c m - 1 , due to pyridine coordi-

nately bonded to true Lewis sites 

[3-7]. After pyridine adsorption 

at 623 K, a small shoulder around 

1442 c m " 1 appeared (Figure 3 , spec-

trum b), which is assigned to py-

ridine coordinated to sodium ions. 

After heating at 673 K this shoul-

der disappeared (Figure 3 , spectrum 

c). Simul taneously,.;.the intensity. . 

of the pyridinium ion band at 1542 

c m " 1 (pyridine adsorbed on Brtfnsted 

acid centers) decreased more than 

the band due to pyridine adsorbed 

on true Lewis acid sites. The results shown in Figure 3 lead to the 

following conclusions: (i) After activation at 673 K, HNaY possesses 

both Br0nsted and Lewis acid c e n t e r s , which are poisoned by pyridine 

at either reaction temperature (632, 673 K); (ii) pyridine does not 

< I— 

s: I/) z < 
cr 

^n 
1598 1 U 2 

1700 1500 1300 

WAVENUMBER [CM-1] 

Fig. 2. Adsorption of pyridine 

on NaY. (a) b a s e l i n e , after acti-

vation at 673 K; (b) after py-

ridine adsorption and subsequent 

evacuation, at 623 K 
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F i g . 3. A d s o r p t i o n of p y r i d i n e 

on H N a Y . (a) baseline after acti-

vation at 673 K; (b) after .pyri-

dine a d s o r p t i o n and s u b s e q u e n t 

d e s o r p t i o n , at 623 K; (c) a f t e r 

c o n t i n u e d e v a c u a t i o n at 673 K 

<_> z < 
i— ^ 
s: CO z < 
ce 

4000 3 6 0 0 3 2 0 0 2 8 0 0 

WAVENUMBER LCM"1 ] 
F i g . 4 . A d s o r p t i o n of w a t e r on NaY 

(A) and NaX ( B ) . (a) b a s e l i n e , 

after a c t i v a t i o n at 673 K; (b) 

after H 2 0 a d m i s s i o n at 623 K ( c a . 2 

Pa final p r e s s u r e ) and s u b s e q u e n t 

p u m p i n g ; (c) a f t e r s u b s e q u e n t heat-

ing to 673 K (1/2 h) and p u m p i n g 

poison sodium cations at 673 K. 

A d s o r p t i o n of H 2 0 on sodium forms of X and Y type z e o l i t e s was 

carried out at 623 and 673 K. F i g u r e 4 p r e s e n t s the IR r e s u l t s . A f t e r 

a d s o r p t i o n of H 2 0 on NaY z e o l i t e at 623 K no a c i d i c hydroxyl g r o u p s 

were o b s e r v e d . The same was true after h e a t i n g at 673 K (Figure 4 A , 

spectra b and c ) . A d s o r p t i o n of H 2 0 on NaX z e o l i t e under the same con-

d i t i o n s resulted in f o r m a t i o n of OH g r o u p s , since a very w e a k band at 

3650 c m
- 1
 a p p e a r e d (Figure 4 B , spectra b and c ) . H o w e y e r , this OH band 

did not d i s a p p e a r after a d s o r p t i o n of p y r i d i n e at 623 K . S i m u l t a n e o u s -

ly, no bands due to p y r i d i n i u m ions a p p e a r e d . This w o u l d mean that 

even if ( a c i d i c ) OH groups form from the r e a c t i o n p r o d u c t H 2 0 u n d e r 

reaction c o n d i t i o n s , they are r e l a t i v e l y w e a k , since they c a n n o t be 

poisoned by p y r i d i n e at 623 K. 

The results obtained after a d s o r p t i o n of p y r i d i n e on N a Z S M - 5 and 
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HZSM-5 z e o l i t e s at 623 and 673 K 

are shown in Figure 5. 

A f t e r a c t i v a t i o n at 673 K , two 

bands at 3610 and 3725 c m " 1 were 

p r e s e n t in the infrared spectra of 

both z e o l i t e s (Figure 5 , spectra a ) . 

Jacobs and Balmoos [8] a t t r i b u t e d 

these bands at 3610 and 3725 c m " 1 to 

OH groups of zeolitic Br0nsted acid 

sites and of e x t r a z e o l i t i c m a t e r i a l , 

r e s p e c t i v e l y . Spectra b were ob-

tained after a d s o r p t i o n of p y r i d i n e 

at 623 K on NaZSM-5 and H Z S M - 5 . The 

i n t e n s i t i e s of the 3610 c m " 1 bands 

were s i g n i f i c a n t l y d e c r e a s e d , but 

the i n t e n s i t i e s of the OH band at 

3725 c m " 1 were only very little af-

f e c t e d . S i m u l t a n e o u s l y , in the 

1 4 0 0 - 1 8 0 0 c m " 1 region the bands of 

adsorbed p y r i d i n e a p p e a r e d . Both 

the bands typical of Br0nsted acid 

(around 1540 c m " 1 ) and Lewis acid 

sites (around 1452 c m " 1 ) were ob-

served in spectra b. W h e n , s u b s e q u e n t to p y r i d i n e a d s o r p t i o n on H Z S M - 5 

at 623 K , the sample was heated to 673 K and e v a c u a t e d , the band of 

pyridine c o o r d i n a t i v e l y bonded to true Lewis sites (1460 c m "
1
) did not 

change its i n t e n s i t y , but the intensity of the band due to p y r i d i n i u m 

ions (1545 c m " 1 ) d e c r e a s e d (spectra c ) . T h e s e IR f i n d i n g s let us con-

clude that (i) after a c t i v a t i o n at 673 K both Lewis and Br0nsted acid 

sites exist on the surface of NaZSM-5 and H Z S M - 5 , (ii) pyridine poi-

sons Lewis acid c e n t e r s e q u a l l y strongly at 623 and 673 K , but acidic 

Br0nsted sites are poisoned by pyridine to a lesser e x t e n t at 673 K 

than at 623 K . 

DISCUSSION 

In the p r e v i o u s paper [1], it has been reported that the m e t h o x y -

lation of the z e o l i t e surface is the first step in the reaction between 

H 2 S and C H 3 0 H on hydrogen forms of Y - t y p e z e o l i t e . It was stated that 

the Br0nsted acid sites of HNaY are the active c e n t e r s . 

After a c t i v a t i o n at 673 K , sodium forms of X and Y type z e o l i t e s 

do not have any acidic h y d r o x y ! groups (see Figure 4 ) . N e v e r t h e l e s s , 

WAVENUMBER [ CM"1 ] 

Fig. 5. A d s o r p t i o n of p y r i d i n e 

on NaZSM-5 (A) and HZSM-5 (B). 

(a) b a s e l i n e , after a c t i v a t i o n 

at 673 K; (b) after p y r i d i n e ad-

sorption and s u b s e q u e n t desorp-

t i o n , at 623 K; (c) after sub-

sequent d e s o r p t i o n at 673 K 



these catalysts, in particular N a X , show high activity for the reaction 

between H 2 S and CHgOH. Poisoning of the samples with pyridine caused 

a decrease of the yield of CH^SH and ( C H 3 ) 2 S . Infrared m e a s u r e m e n t s in-

dicated that pyridine adsorbs on sodium cations of NaX and NaY which 

act as Lewis acid centers (Figure 2). These observations allow us to 

conclude that sodium cations play an important role in the reaction of 

H^S with CH3OH when carried out on sodium forms of faujasite-type zeo-

lites. Two possibilities should be considered: Sodium cations might be 

necessary for chemisorption of H 2 S or for chemisorption of m e t h a n o l . 

As Karge and Rasko [9] found, the dissociation of H 2 S to H + and SH~ 

does not occur on sodium faujasite-type zeolites with Si/Al > 2 . 2 1 . 

Thus, dissociative adsorption of H 2 S on NaY can be e x c l u d e d . T h e r e f o r e , 

we assume that sodium cations are involved in the chemisorption of 

m e t h a n o l , even though Salvador and Kladnig [10] claimed to have ruled 

out this possibility. However, these authors conducted their experi-

ments at temperatures below 623 K. On the other hand, Unland [11] did 

find methanol chemisorption on sodium cations of NaX zeolite at 673 K. 

On the basis of the present knowledge it seems difficult to propose a 

mechanism for the reaction between H 2 S and CH^OH which makes allow-

ance for the role of sodium cations. This problem will be the subject 

o f a s u b s e q u e n t i n v e s t i g a t i o n . 

In the case of NaX zeolite we have also to take into c o n s i d e r a t i o n 

the dissociative adsorption of H 2 S , which occurs on this catalyst [9]. 

Such a chemisorption of H 2 S leads to the formation of acidic hydroxyl 

groups, which are active sites in the reaction of H 2 S with CH^OH [1]. 

Formation of acidic OH groups during chemisorption of H 2 S may lead to 

an improved catalytic performance. Indeed, generation of such active 

centers (acidic OH groups) on the surface of NaX during the reaction 

appears to be even more favourable than employing hydrogen forms of 

faujasite-type zeolites. In the case of H N a Y , where (strong) acidic 

hydroxyl groups already exist on the catalyst prior to r e a c t i o n , metha-

nol is very easily decomposed to hydrocarbons, and the selectivity of 

the reaction towards organic sulfur compounds is lower than it is on 

NaX zeolite. This conclusion is supported by the earlier investigations 

[1], which have shown that HNaY with a lower degree of exchange of N a + 

for H , is more active than a catalyst with high degree of ion exchange 

Only the increase of the fraction of H 2 S in the feed does result in an 

increase of the selectivity towards C H 3 S H and ( C H 3 ) 2 S over HNaY 

(Table 1). 

Another possibility of generating OH groups is the chemisorption 



of w a t e r , which is a p r o d u c t of the reaction between H 2 S and C H g O H . 

The IR e x p e r i m e n t s provided e v i d e n c e that only in the case of NaX dis-

sociative c h e m i s o r p t i o n of water m i g h t occur (see Figure 4 ) . H o w e v e r , 

after a d s o r p t i o n of H ? 0 at 623 K on NaX only a very small band at 3650 

cm a p p e a r e d . F u r t h e r m o r e , OH groups indicated by that band did not 

react with pyridine at 623 K. They o b v i o u s l y are very weak s i t e s . 

Since p y r i d i n e adsorbed on NaX at 623 K did indeed reduce the a c t i v i t y 

of the c a t a l y s t (vide supra), it can be excluded that those OH g r o u p s , 

generated via c h e m i s o r p t i o n of H 2 0 , are a c t i v e centers for the reac-

tion under study.In the case of N a Y , where no acidic OH groups can be 

formed during the r e a c t i o n , sodium cations are most probably the only 

active sites (vide supra). 

The infrared spectra o b t a i n e d after a d s o r p t i o n of p y r i d i n e on 

NaZSM-5 and HZSM-5 c a t a l y s t s (Figure 5 ) , in c o r r e l a t i o n with their ca-

talytic a c t i v i t y in the reaction of H 2 S with CH^OH before and after 

poisoning with pyridine (Table 2 ) , suggest that BreSnsted acid sites 

are the active c e n t e r s . 

The a n a l y s i s of the results in Table 2 revealed that the selecti-

vity towards CHgSH increases with the increase of the reaction tem-

p e r a t u r e . This fact can be e x p l a i n e d in terms of results which were 

obtained by Ono and Mori [ 1 2 ] , who studied the c h e m i s o r p t i o n of metha-

nol on Z S M - 5 . These authors found that the c h e m i s o r p t i o n of methanol 

takes place on the acidic hydroxyl groups under formation of methoxyl 

g r o u p s . Methoxyl groups on the z e o l i t e surface may be r e p r e s e n t e d by 

two r e s o n a n c e s t r u c t u r e s : 

C H , CH + 

I
 3 3 

0 0 0 

A1 Si ^ A1 Si (1) 

/ \ / \ 
0 0 0 0 

(A) (B) 

The C H 3 c a r b e n i u m ion of s t r u c t u r e B m i g h t react with H 2 S to form 

C H ^ S H a c c o r d i n g to e q u . (2) 

CH3 + H 2 S - C H 3 S H 2 - C H 3 S H + H + . (2) 

Ono and Mori [12] showed t h a t , after c h e m i s o r p t i o n of m e t h a n o l , the 

c o n t r i b u t i o n of s t r u c t u r e (B) increases with increasing t e m p e r a t u r e . 
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Similarly, the increase of the yield of CHgSH at higher t e m p e r a t u r e s , 

as observed in the current experiments, may be due to a preference of 

structure B. 

CONCLUSIONS 

In the case of HNaY and HZSM-5 type z e o l i t e s , the Brtfnsted acid 

sites play the role of active centers in the reaction between methanol 

and hydrogen sulfide. On the sodium forms of faujasite-type zeolites 

sodium cations are involved. Competitive with the reaction of H 2 S and 

CH^OH is the decomposition of methanol. This process predominates on 

HNaY when H 2 S : C H 3 0 H = 1 : 1 and was observed on ZSM-5 for an excess of me-

thanol in the feed. The excess of H 2 S leads to an enhancement of the 

catalytic activity of the zeolite and to an increase of the selecti-

vity towards CHgSH. A fraction of CH^SH can form via the reaction 

between the reaction product (CHg) 2S and H 2 S . 
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A STUDY OF THE INTERACTION OF SOME KETONES WITH HZSM-5 ZEOLITE 

3. NOVÁKOVÁ, L. Kubelková, P. Oírü, S. Beran, K. Nedomová 
The 3. Heyrovsky Institute of Physical Chemistry and Electrochemis-
try, Czechoslovak Academy of Sciences, Máchova 7, 121 38 Prague 2, 
Czechoslovakia 

ABSTRACT 
Interaction of several ketones with HZSM-5, NaZSM-5 and HY ze-

olites was studied. Acetone and methylethylketone on HZSM-5 were in-
vestigated in greater detail. IR study of surface complexes remain-
ing in zeolites after treatment at various temperatures in vacuo was 
used, as well as the temperature-programmed desorption of very small 
amounts of preadsorbed ketones which was linked directly to the mass 
spectrometer. It was concluded that acetone transformation proceeds 
via the decomposition of surface intermediates formed by acid-cataly-
zed intermolecular acetone condensation. With methylethylketone (and 
higher ketones) intermolecular dehydration prevails and is enhanced 
but not conditioned by the presence of zeolitic acid centers. 

INTRODUCTION 
HZSM-5 zeolite catalyzes the transformation of oxygenated or-

ganic compounds such as alcohols, ethers, aldehydes, acids and esters 
into aliphatic and aromatic hydrocarbons (1). Particular attention 
has been paid to the conversion of alcohols, especially methanol and 
numerous theories have been advanced for the reaction mechanism (2). 
Of the ketones, only acetone has been studied and the reactions on 
ZSM-5 and faujasites were compared (3). Condensation of acetone to 
oxygenated products at low temperatures (in some cases up to mesity-
Lene) was assumed to be the first reaction step, followed by cracking 
uo isobutene or -ane and acetic acid. While C^g.^o hydrocarbons were 
ictually observed on ZSM-5 and rare-earth Y, acetic acid appeared on-
ly on the latter zeolite. At higher temperatures, aromatics dominated 
in the products, with a composition dependent on the zeolite type ac-
cording to its shape selectivity (1,3)¿ 

In order to obtain a deeper insight into the processes occurring 
during the transformation of carbonyl-group-containing compounds over 
zeolites, we have focused our study on the comparison of the reaction 
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of several ketones, mainly acetone and methylethylkerone, on HZSM-5. 
Two experimental methods were used: i) Infrared spectroscopy (IR) of 
surface compounds which were formed during the adsorption of ketones 
at room temperature and after their desorption at elevated temperatu-
res. The gaseous products were collected and analyzed mass spectrome-
trically. ii) Mass spectrometric detection of the products of very 
small amounts of ketones preadsorbed at room temperature and release* 
during temperature programmed desorption (TPD). In some cases, the 
catalytic reaction at low-pressure flow conditions was also investi-
gated and the activity of HZSM-5 was compared with that of NaZSM-5 
and HNaY. 

EXPERIMENTAL 
ZSM-5 zeolite with an Si/Al ratio equal to 19 was synthesized 

in the usual way (4); organic cations were decomposed in an oxygen 
stream at 870 K. NaZSM-5 was converted to the NH^ form by ion exchang 
The sorption capacity measured with Ar was 5.4 mmol g"1 (related to 
the dry sample). The Si/Al ratio of ( N H

4 ) 7 0
N a 3 Q Y w a s anci t he sorp 

tion capacity equalled 10.6 mmol g - 1. Before the measurements, all 
the samples were dehydrated and deammoniated in vacuo at 670 K for 
18 hrs. Ketones (p.a. purity, Lachema) were predistilled in vacuo 
and degassed by repeated freezing and thawing. Acetone-d^ (enrich-
ment 99.5 Institute of Nuclear Research, Poland) was pretreated 
in the same way. 

The infrared spectra ofselfsupporting pellets of zeolites were 
measured at ambient temperature using a Nicolet MX-lE Fourier trans-
form infrared spectrometer. The spectra presented here correspond to 

_2 
a sample thickness of 7 mg cm . Ketones were adsorbed in succesive 
doses up to 5 mmol g at room temperature. The zeolite was then heat 
ed (rate, 6 K min-1) and the evolved vapours were collected in the 
temperature ranges 430 - 530, 530 - 630,and 630 - 730 K by freezing-
-out into separate bulbs. Up to 430 K, the desorbed gases were 
pumped off. The collected desorbate was analyzed by a mass spectro-
meter (MI 1302, USSR). The IR spectra of the zeolites were recorded 
both during the adsorption and after reaching the temperatures 430, 
530, 630 and 730 K, when the samples were rapidly cooled to the am-
bient temperature. 

The TPD was measured on the same mass spectrometer using 0.1 g - 2 - 1 

of the zeolite. After 30 min. adsorption of 5x10 mmol g at room 
temperature, the zeolite was heated (6 K min-1) with direct pumping 
of the gaseous products through the spectrometer. A by-pass evacua-



tion was used to ensure that the maximum pressure of the evolved va-
pours did not exceed lxlO-3 Pa. when measuring the catalytic reac-
tion, the zeolite (0.05 g) was placed in a reactor in front of the 
ionization chamber of the spectrometer and allowed to react with the 

-2 -4 ketone at inlet and outlet pressures of 10 and 4x10 Pa, respec-
-4 -1 

tively. The flow under these conditions was about 3x10 1 h 

RESULTS 
Acetone. Fig. la shows the TPD of acetone from HZSM-5: a small 

amount of acetone is released above 370 K, followed by desorption of 
butene which exhibits two maxima, at about 570 and 670 K. Between 
these two maxima, C^ 7 dienes or most probably cyclohexenes are 
evolved. Above 570 K aromatics appear with the maximum of toluene. 
The last observed product above 620 K has the composition £3^4' 
corresponding to allene or methylacetylene. The catalytic reaction 
under low-pressure flow conditions yields products of very similar 
composition at the relevant temperatures, as can be seen in Fig. lb. 
The TPD of fully deuterated acetone demonstrates that hydrogen from 
the zeolitic OH groups is incorporated into the products from the 
very beginning of the reaction. With increasing temperature, the iso-
topic exchange increases. 

In contrast to HZSM-5 almost no conversion of acetone is ob-
served over NaZSM-5; the desorption of physisorbed acetone starts 
above 520 K and reaches its highest value at about 600 K. 

The IR spectra depicted in Fig. 2 show deep changes in the 
composition of the surface complexes during the desurption of aceto-
ne from HZSM-5 between 295 - 530 K. At room temperature, acetone is 
preferentially adsorbed on the framework OH groups, forming H-bond-
ed complexes with them. This is reflected in the disappearance of -1 the OH band at 3610 cm (a, curve 1,2), the appearance of broad -1 
OH bands below 3000 cm and shifts of the position of bands of ad-
sorbed acetone (b, curve 2) related to the vibrations of molecules 
in the gas phase. The most pronounced change is that in the C=0 - 1 - 1 

vibration adsorbing at 1740 cm (gaseous acetone) and at 1670 cm 
(H-bonded acetone) which indicates a partial loss of double bond 
character. Acetone molecules of further doses are considerably less 
perturbated as follows from the position of the C=0band at 
1720 cm" . This band is dominant in the spectrum at high pore filling 
(not shown in Fig. 2). The removal of the adsorbed acetone between 
295 - 430 K is accompanied by the formation of new surface species 
characterized by the bands at 1618 cm-1 which can be attributed to 



a b 

Fig. i. Acetone (C-jHgO) reaction with HZSM-5, a) TPD of gas 
products, b) low-pressure flow conversion at 370, 450, 710 and 
790 K, A,B,C,D, respectively 
1-C., aromatics, 2-benzene, 3-CQ n aromatics, 4-C..H. ' o—y o 4 

the C=0 and C=C vibrations, respectively, in the products of acetone 
condensation (b, curve 3). The spectrum of the OH groups (a, curve 3) 
shows that these products also interact with the framework hydroxyls. 
Further heating to 530 K leads to a new rearrangement of surface spe-
cies with simultaneous removal of adsorbed acetone molecules (b, cur-
ve 4) and the appearance of isobutene in the gas phase. As this new 
compound exhibits high thermal stability and the zeolitic OH groups 
can be restored in the original amount only after complete decomposi-
tion during 2 h evacuation at 770 K, it can be assumed that it is 
bonded directly to the lattice. This together with the prominent 
bands at 1644, 1543 and 1511 cm assigned to the C=0 and C=C vibra-
tions support the idea of lattice oxygen bonding with the ketene, 
e.g. : 



a b 

_ ̂  wavenumbers (cm ) 

Fig. 2. IR spectra of acetone on HZSM-5, a) OH groups, b) sur-
face complexes 
1-original zeolite, 2-after adsorption of 1.1 mmol g of aceto-
ne, 3-6 after addition of excess acetone and desorption up to 
430, 530, 630 and 730 K, respectively 

-fil 0 3 zeol. 
The formation of a cyclic ketene also cannot be fully excluded. Some 
of the surface species are removed together with the remaining adsorb-
ed acetone at 530 - 730 K. The collected gas always contains acetone, 
butene and aromatics. With increasing desorption temperature the aro-
matics to butene ratio increases. 

In agreement with the TPD results, NaZSM-5 strongly differs 
from HZSM-5. According to the IR spectra shown in Fig. 3a, NaZSM-5 
has no acidic OH groups on its lattice and, therefore, no H-bonded 
acetone complexes appear (Fig. 3b). The C=0 bands at 1712 and 1678 

—l + cm belong to acetone adsorbed most probably on Na and Al electron-
-accepting sites; the latter are always present on ZSM-5 zeolites. 
Both these surface species are observed during the adsorption at am-
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_ -1 
w a v e n u m b e r s (cm ) 

Fig. 3. IR spectra of acetone on NaZSM-5, a) OH groups, b) sur-
face complexes 
1-originai zeolite, 2-after adsorption of excess acetone and 
desorption up to 530 l< 

bient temperature as well as during thermal desorption without any 
catalytically conditioned changes. 

Methylethylketone. The TPD of this ketone is depicted in Fig. 
4a,b for HZSM-5 and NaZSM-5, respectively. The conversion is substan-
tially higher with the acid form, where only a very small amount of 
unreacted ketone appears, preceeded by the evolution of propene and 
C 4 7 olefins and cycloalkenes. The amount of these substances is rela> 
tively low and is followed above 570 K by a much greater release of 
propene, Cj-Hg (probably cyclopentadienes) and especially butadiene 
(dimethylacetylene) and C, 7 aromatics. The small maximum of products b, / 
below 500 K is missing with NaZSM-5 while a large amount of unreacted 
ketone starts to desorb. This is followed by the release of C^-Hq 
(less unsaturated product than with the acid zeolite form), propene 
and butadiene in almost the same amounts as with HZSM-5. The release 
of Cc „ aromatics is much lower with NaZSM-5 than with HZSM-5. b —o 

The IR spectra of adsorbed species on HZSM-5 (Fig. 5b, curve 
2) together with spectral changes in the region of OH vibrations 
(Fig. 5a, curves 1,2) show that, at room temperature, H-bonded com-
plexes of methylethylketone are preferentially formed with framework — 1 hydroxyIs. The C=0 vibration band at 1650 cm again indicates an 
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I Fig. 4. TPD of methyethylketone, a) from HZSM-5, b) from 
NaZSM-5 
l-C.Hc, 2-benzene, 3-C_, 0 aromatics 4 6 7,8 

appreciable weaking of the double bond in comparison with the gas 
molecule 1740 cm ). Thermal desorption leads to the progres-
sive removal of surface species without such pronounced transforma-
tions as those observed for the acetone. Only several new weak bands 
are found in the region 1510 - 1580 cm ; however, their intensity is 
changed without any special interrelations. The evolved gas always 
contains unreacted ketone. Similarly as in TPD, the products of cata-
lytic reaction appear in considerable amounts above 570 K with pre-
dominant aromatics. These data support the assumption that the weak 
band at 1510 - 1570 cm-1 which remains in the spectrum of the surface 
at the relevant temperatures (Fig. 5b, curves 4,5) most probably cor-
responds to adsorbed aromatics. 



_ -I 
w a v e n u m b e r s (cm ) 

Fig. 5. IR spectra of methylethylketone on HZSM-5. a) OH groups 
b) surface complexes 
1-original zeolite, 2-after adsorption of 0.4 mmol g ketone, 
3-5- after addition of excess ketone and thermal desorption up 
to 430, 530 and 630 K, respectively 

DISCUSSION 
Before discussing the results, it should be mentioned that the 

interaction of small amounts of reactants with zeolites exhibits spe-
cial features. This results from the fact that, under these condi-
tions, molecules are preferentially influenced by the most active si-
tes on the surface and mutual interactions among the reactant, inter-
mediates and products are appreciably reduced. The product composi-
tion is thus more intimately connected with ttie first reaction steps 
and with the 'presence of various types of surface complexes than for 
reactions proceeding at higher pressure. Increasing pressure (amount 
of adsorbed species) naturally changes the product distribution; how-
ever,the most characteristic compounds almost always appear (5). 

Acetone and methylethylketone are the two simplest compounds 
in the broad family of ketones. Nevertheless, they can serve as an 
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example of the substantially changed reaction path in catalytic^/ trans-
formation on the same zeolites. The condensation of ketones in acid 
media, leading to a series of dehydrated products is well known from 
organic chemistry. This type of reaction apparently occurs with ace-
tone on HZSM-5 which contains framework hydroxyls of high acid 
strength, while NaZSM-5 with only Na ions and electron-accepting si-
tes is inactive. The formation of H-bonded complexes, demonstrated 
by the IR spectra, is probably responsible for the enhanced reacti-
vity of adsorbed acetone because of facilitated splitting off of hy-
drogens from the methyl groups. The mobility of H+ between acetone 
and zeolite follows also from the easy isotopic exchange of deute-
rated acetone with the hydroxyl hydrogens. 

In contrast to (3), oxygen-containing products of acetone con-
densation were not observed in the gaseous phase, but they were found 
in the zeolites even below 430 K. As the temperature increased up to 
530 K, these condensates were transformed to isobutene, which was re-
leased into the gas phase, and to a new carbonyl compound firmly, 
bound to the zeolite lattice. The framework hydroxyls could aid in 
the cracking of the acetone condensate, e.g. as follows: 

9 H3 9 8 (CH3)2C=CH-C=CHCCH3 + H O
z e o i • (CH3)2C=CH2+ CH39=CHCCH3 (I) 

°zeol 
The new surface species (I) is thermally stable but it can take part 
in a further reaction when interacting with a compound able to dona-
te a proton for the re-formation of the framework hydroxyls. This 
most probably occurs at higher temperatures along with cyclization 
to aromatics which are the prevailing gaseous products. The thermal 
decomposition of surface ketene (I) might be responsible for the re-
lease of C-.H . observed in TPD as the last product; however, this com-

3 4 
pound can also be formed via an intramolecular dehydration. 

The interaction of methyethylketone with zeolites is clearly 
of different character than that of acetone: i) both the- acid and 
the Na form of ZSM-5 catalyzed the transformation, ii) C 4H & was 
formed in an appreciable amount over both zeolites and iii) no 
firmly bound surface ketene similar to (I) was observed. It can thus 
be assumed that a simple intramolecular dehydration of methyethylke-
tone to C^Hg plays an important role here. This reaction is not 
apparently conditioned by the formation of H-bonded complexes, as 
the influence of Al electron accepting sites, Na ions and electro-
static field of zeolites sufficiently activates the ketone molecules. 



Butadiene most probably takes part in the formation of aromatics, as 
follows from their release from NaZSM-5. However, HZSM-5 exhibits 
much higher activity, reflected in the total conversion and the pro-
duct composition. This is apparently caused by the participation of 
the OH groups influencing the transformation and by the contribution 
of some condensation reactions of ketone, though not as pronounced 
as with acetone. 

Some higher ketones (diethylketone, eyelopentanone and cyclo-
hexanone) were also studied. They released products of_intramolecular 
dehydration which preceeded the evolution of aromatics. 2,4-penta-
dione behaved in a very similar way to acetone, supporting the con-
clusion on the dominant role of acetone condensates in its transfor-
mation. * 

The TPD of all these ketones was also investigated with the HY 
zeolite. The comparison of products released from HZSM-5 and HY re-
flected the higher acid strength and shape-selective properties of 
HZSM-5 (6). 
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DEHYDRATION OF DIOLS ON ZEOLITES OP TYPES X AND Y 

A. MOLNAR, I. Bucsi, M. Bartok 
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Hungary 

ABSTRACT 
The transformations of 1,2- 1,3- 1,4- and 1,5-diols on NaX, 

EaHX, NaY and NaHY zeolites were studied in a continuous flow reac-
tor, at atmospheric pressure, at 503-623 K. The acidities of the 
zeolites were examined by the pyridine adsorption-IR technique, the 
MegZn-GC method, and titration with n-butylamine. The two main trans-
formations taking place are dehydration and fragmentation. The ratio 
of the two processes is determined by the structures of the diols, 
the type of the zeolite aiid the temperature. The 1,2-diols transform 
via the pinacol rearrangement; the 1,3-diols give unsaturated com-
pounds via 1,2-elimination while the 1,4- and 1,5-diols undergo ster-
eoselective ring-closure leading to the formation of cyclic ethers. 

The activities of the zeolites in the ti'ansformations of diols 
proved similar to their activities in the transformations of alco-
hols : NaX < laY <NaHX < NaliY. 

INTRODUCTION 
Wide-ranging studies have been reported on the catalytic trans-

formations of alcohols on zeolites [1-3]. The acid centres of zeo-
lites are known to catalyse the elimination of water from alcohols. 
The elimination can lead to the formation of both alkenes and ethers, 
via intra- or intermolecular dehydration, respectively [4]. Intra-
molecular dehydration on zeolites involves anti elimination, leading 
to the formation of alkene mixture with a cis/trans ratio higher than 
at equilibrium. These observations have been supported by theoreti-
cal calculations [5]. The activity of a zeolite in the dehydration 
process is proportional to the number of its Bronsted acid centres. 

On the other hand, only a few data are available on the trans-
formations of dihydroxy compounds (diols) on zeolites. Studies with 
2-methyl-2,3-butanediol [6], 1,3-butanediol [7] and 1,4-butanediol [8] 
have revealed that the characteristic transformation of diols is 
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intramolecular dehydration, with the formation of carbonyl compounds, 
dienes and cyclic ethers. Products formed by fragmentation are also 
detected. 

The aim of our investigations was to establish a correlation 
between the characteristic transformation directions, the structures 
of the diols (the orders of the carbon atoms bearing the hydroxy 
groups, and the relative positions of the hydroxy groups) and the 
aciditiea of the zeolites. 

EXPERIMENTAL 
Materials. The following diols (Fluka products) were used, af-

ter distillation (GC purity: 100%): 1,2-propanediol (I), 2,3-butane-
diol (II) (1:1 isomeric mixture), 2,3-dimethyl-2,3-butanediol (III), 
2,4-pentanediol (IV) (1:1 isomeric mixture), 2,5-hexanediol (V) (1:1 
isomeric mixture), 1 -, 5-pentanediol (VII). (¿)««2^-Hexanediol (VI) (iso-
mer purity: 98/b) was prepared from V via distillation of the iso-
meric oxepanes [9]. 

Catalysts. The NaX and NaY zeolites were commercial products 
(Strem Chemicals, 011873-G and 042578-G, respectively). The NaHX and 
NaHY zeolites were prepared by Na+-1JH^+ ion-exchange, followed by de-
composition of the ammonium form at 673 K for 5h [10]. 

The acidities of the zeolites were determined by three methods. 
Method A. The IR absorption bands at 1550 cm-'1' and 1445 cm-"1' of pyri-
dine adsorbed on zeolites at 473 K are characteristic of the Bronsted 
and Lewis acid centres, respectively D-lJ• The values in Table 1 are 
the ratios peak height/sample quantity, which are proportional to 
the number of acid centres. Method B. The number of surface protons 
was determined with the N^Zn-tetrahydrofuran reagent via GC deter-
mination of methane formed at 363 K [12] . Method C. After heat 
treatment at 673 K powdered zeolites were titrated with n-butyl-
amine in benzene, as in [13]. 

Table 1 
Acidities of zeolites used 

adsorption of pyridine Me?Zn n-BuNHP 

Bronsted Lewis Ï0 2 0 ç"1 ' 
NaX 1.5 1.5 2.60 1.35 
KaHX 6.4 3.0 7.00 2.31 
NaY 2.3 1.3 4.55 1.23 
liaHY 14.7 4.3 7.86 3.92 

Ç9? 



Apparatus. The experiments were carried out in a glass flow 
reactor (lenght: 160 mm, inner diameter: 20 mm) (Figure 1). The dead 
space of the reactor tube was filled with glass beads 3 mm in diame-
ter. The liquid products were collected in a condenser (5), while 
the quantity of gaseous products was measured with a gas burette (9). 

1 

1 Feeding motor 
2 Syringe 
3 Reactor tube 
4 Heating jacket 
5 Condenser 
6 Temperature controller 
7 Temperature meter 
8 Catalyst sample 
9 Gas burette 

Fig. 1. Apparatus 

Measurements. The catalyst samples of 2 ml were kept at 673 K 
for 1 h before use, then cooled to the temperature of the experiment. 
The diols were fed into the reactor at a feeding rate of 0.6 ml/ml h. 
After the first 2 ml of diol, a constant catalyst activity was 
reached, and all the measurements were carried out in this range. 

Analysis. The composition of the reaction products was deter-
mined by GC. Before analysis, the heterogeneous products (aqueous and 
organic layers) were homogenized by adding an appropriate amount of 
diglyme to the mixture. The columns were as follows (length: 1.8 m, 
solid support: Merck Kieselguhr with a grain size of 0.2-0.3 mm): 
10% PEG 20M (for determination of the conversions), 15% Reoplex 400 
(for determination of the composition of the liquid products), and 
10% squalane (for determination of the composition of the gaseous 
products). Authentic compounds and calibration curves were used for 
the identification of products and the calculations, respectively. 



RESULTS 
Tables 2-5 present data on the transformations of the diols 

examined. 
Table 2 

Product compositions (mol %) of 1,2-diols on HaHY zeolite 
(623 K, 100% conversion) 

I II III 

Acetalàehyde 4 1,3-Butadiene 28 2,3-Dimethyl-
Propionaldehyde 67 Acetaldehyde 6 -1,3-butadiene 20 
Acetone 13 Acetone 4 3,3-Dimethyl-
2-Propanol 5 2-Butanone 62 -2-butanone 71 
2-Propen-l-ol 5 Unidentified 9 
Unidentified. 6 

Table 3 
Conversions {%) of 2 ,3-butanediol at 503 K 

lîaX NaHX NaY . liaHY 

33 89 36 94 

Table 4 
Product compositions (mol %), conversions and transformation 

directions pf 2,4-pentanediol (IV). (X=KaX, HX=NaHX, Y=NaY, HY=ïïaHY) 

523 K 548 K 573 i K 

X HX Y HY X HX Y HY X HX y HY 

Dienes 79 70 37 34 90 53 36 25 95 39 36 11 
Propene 4 7 8 - 2 6 12 6 8 18 
Acetaldehyde 4 8 7 2 7 15 7 10 23 
Acetone 6 10 8 2 7 11 13 2 14 12 11 
Ethanol 3 11 8 4 8 12 12 8 15 
2-Pentanone 1 3 4 4 2 1 4 6 2 1 3 6 
4-Penten-2-ol20 3 23 22 6 29 28 10 1 14 20 7 
3-Pent en-2-one 7 9 2 7 7 3 9 
Conversion 53 90 77 95 90 93 93 95 97 98 98 100 
Dehydration 100 89 77 81 98 90 80 66 98 75 74 53 
Fragmentation 0 11 21 19 2 10 20 34 2 25 26 47 



Tab le 5 

Product compositions (mol%)of 2,5-hexanediols (V, VI) and 1,5-
-pentanediol (VII) (NaHY, 573 K, 100% conversion) 

V VI VII 

2,5-DimethyIt et ra-
hydrofurans 
Unidentified 

cis 45" 96 Tetrahydropyran 
trans 49 4 Unidentified 

6 

95 
5 

DISCUSSION 
The main reaction directions in the transformations of 1,2-

-diols on zeolites are the two different forms of dehydration 
(Table 2). The pinacol rearrangement leads to the formation of car-
bony 1 compounds, and 1,2-elimination to an unsaturated alcohol or 
dienes (Scheme 1). 

The carbenium ion formed in the first step may be stabilized 
in two ways: after 1,2-anionotropic migration of an ot-substituent 
(in the examined 1,2-diols H or Me), carbonyl compounds are formed 
as a result of proton elimination (pinacol rearrangement); alterna-
tively, unsaturated alcohols may be formed through elimination of 
an oC-proton, and these give the diene end-product through the 

I I 
OH OH 

- H 2 0 

R , — C C—R, 
• I + 

OH 

I 
, — C C—R-

II I 
0 

DIENES 

Scheme 1 



elimination of a further molecule of water via a similar mechanism. 
About 70% of the carbenium ions are stabilized through the pijv 

acol rearrangement, which is in good agreement with the results 
found on other acid-type catalysts, e.g. lTa?HP0* [14] and 

In the case of 1,2-propanediol (I), the results of the pinacol 
rearrangement can be acetone or propionaldehyde, depending on 
whether the primary or secondary OH group is eliminated in the first 
step. Their ratio (acetone:propionaldehyde = 1:5) corresponds to the 
difference between the rates of decomposition of hydroxonium ions 
bound to the primary and secondary carbon atoms [16]. Diene forma-
tion is not observed in the case of I, for the cumulated diene ob-
tained from it (1,2-propadiene) is theimodynamically unstable under 
such conditions. 

The data in Table 4 show that the main reaction direction for 
2,4-propanediol (a typical 1,3-diol) is dehydration through 1,2-
elimination, which is accompanied by fragmentation too, depending on 
the temperature and the zeolite type. The observed transformations 
are depicted in Scheme 2. 

Ca3(P04)3 [15] 4'3 
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FRAGMENTATION 
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II 

c - c = c — c — c 
II 
0 

PRODUCTS OF 

FRAGMENTATION 

DIENES 

Scheme 2 



The secondary carbenium ion formed by elimination of one of the 
OH groups can react further in four ways: 
a) Elimination of an °c_proton, with the formation of unsaturated al-

cohols, which can be further dehydrated to dienes (1,2-eliminatioq); 
b) formation of 2-pentanone during hydride ion migration processes; 
c) formation of 3-penten-2-one by an unknown route; 
d) fragmentation ( (b -cleavage). 

Of these four processes, 1,2-elimination predominates. It may 
be mentioned that on KaX zeolite, at a conversion of lOO'/o, penta-
dienes are formed with a yield of 95/o. Of the two possible penta-
diene isomers, the thermodynamically more stable conjugated 1,3-
-pentadiene is formed to an extent of nearly 90%. 

The large number of fragmentation products to be found, in the 
catalyst demonstrate that, besides the /4-cleavage occurring in the 
carbenium ion, fragmentation also takes place in the diol molecule 
itself. The latter process was also observed by Mazet et al.[17] dur-
ing the acid catalysis of 2,2-disubstituted-l,3-p^opaned.iols under 
homogeneous conditions. 

It is worth stressing that the 1,2-d.iols, in contrast with the 
1,3-diols, barely undergo fragmentation. The explanation of this may 
be that the -OH-containing carbenium ion formed, in the first step 
(Scheme 1) participates much more quickly in 1,2-anionoid migration 
than in /3-cleavage of a C-C bond. 

Areshidze et al. [8] found that 1,4-butanediol is converted, to 
tetrahydrofuran on zeolites, i.e. intramolecular ether formation occ-
urs, Our results show that the main reaction for 1,4- and. 1,5-d.iola 
is cyclodehydration (Table 5)» It follows from the tabulated data 
that, similarly to the cyclodehydration taking place on other hete-
rogeneous catalysts and under homogeneous conditions [9] , the ring 
closure is stereospecific and is accompanied by inversion. The ster-
eospecific nature of the process permits the conclusion that the 
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cation formed in the first step, which may be either a carbenium ion 
or an oxonium ion, is bound to the surface of the zeolite following 
intramolecular attack by the OH group (Scheme 3), as assumed by 
other authors for zeolites [18]. This process ensures the occurrence 
of inversion on one of the asymmetry centres. 

The results of measurements of the zeolite acidities (Table 1) 
and comparisons of the conversions of the diols (Tables 3 and 4) re-
veal that (as in zeolite-catalysed processes in general) a higher 
acidity results in a higher activity. Both the activities and the 
acidities of the zeolites vary in the sequence: 

EaX < HaY < KaHX < HaHY 
Apart from this sequence, no more exact correlation can be found be-
tween the acidity and the activity, which demonstrates that the act-
ivity of a zeolite in the dehydration processes is influenced not 
only by the acidity, but by other effects too. It can also be seen, 
however, that the increase of the acidity within the pairs UaX-ltfaHX 
and NaY-HaHY results in a higher extent of fragmentation of 2,4-pen-
tanediol (Table 4). It can also be stated that the Y-type zeolites 
cause more fragmentation than do those of X type. Since stronger el-
ectrostatic fields develop in the Y-type zeolites than in those of X 
type [19], this indicates that the electrostatic fields play some di-
rect role in the occurrence of fragmentation. 
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ABSTRACT 

It is shown that the shape-selective hydrodeoxygenation of furan proceeds on 

the catalysts H-ZSM-5 and Pt-ZSM-5. The differences in the product spectra obtained 

on the two zeolite materials and the different coking rates are interpreted with the 

different hydrogenation capabilities of the two catalysts. The low H/C ratio of furan 

can be increased to the higher values of the products by activation of added molecu-

lar hydrogen or, in the case of Pt-ZSM-5, by hydrogen transfer from added molecules 

with high H/C ratios. Reaction mechanisms for the furan conversion are discussed, 

which comprise the observed oxygen eliminations by decarbonylation and dehydration 

as well as the 2,3-benzofuran formation. 

INTRODUCTION 

The elimination of the hetero atom from oxygen containing compounds on zeolite 

catalysts has been studied for a broad class of reactions [1], leading to the dis-

covery of the methanol to gasoline process [2]. Moreover, shape-selective zeolite 

catalysts have been shown to convert a variety of oxygen containing biomass derived 

compounds to high-grade fuel [3]. Shape-selective catalysts exhibit the unique pro-

perty to reconstruct large molecules of quite different type into very similar mo-

lecular weight-limited product mixtures. This capability of the pentasil type zeo-

lites can be used to convert the pyrolysis products of the biomass containing muni-

cipal wastes and sewage sludges into gasoline. The main classes of organic compounds 

formed in the decomposition of cellulose, the main constituent of the biomass, i.e. 

methanol, acetic acid, phenols and furfurals, should undergo shape-selective conver-

sions. For an exemplary clarification of this point, the deoxygenation of the furan, 

which is readily formed by the decarbonylation of the representative pyrolysis pro-

duct furfural, is studied on the zeolites H-ZSM-5 and Pt-ZSM-5. 
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EXPERIMENTAL 

Preparation of Catalysts. The sodium form of the ZSM-5 was synthesized accor-

ding to the recipe example 24 of the patent of Argau er and Landolt [4]. The main 

variation concerns the manner to achieve the pH value of 11, which we did not adjust 

by addition of ^ S O ^ but by using colloidal solutions of silica gel (Kieselsol, 

Bayer, Leverkusen) instead of water glass, leading to lower NaOH portions in the re-

action mixture. A teflon vessel equipped autoclave (Berghof, Tubingen) was used. 

The complete removal of the organic material from the template ion by the calcina-

tion procedure was controlled by infrared spectroscopy. No effect of stirring on the 

crystal 1inity of the products was observed. 

The hydrogen form of the catalyst was obtained by repeated ion exchange in 

a 5% aqueous NH^Cl solution (15 ml per g zeolite) at 353 K, subsequent washing, 

drying at 373 K and calcination at 623 K for 4 hours. 

The platinum loaded catalyst was prepared by ion exchange in an aqueous so-

lution of 0.5 % platinum tetrammine chloride at 353 K for 4 hours, using 7 ml solu-

tion per 1 g zeolite. After washing and drying the platinum complex was decomposed 

by temperature programmed heating (5 K min"'1) up to 673 K under argon (5 1 h 

and subsequent reduction in hydrogen (1 bar, 5 1 h *) at 673 K. The platinum con-

tent of the catalyst was 2.2 wt%. 

Characterization. The prepared ZSM-5 exhibited a silicon to aluminum atomic 

ratio of about 40. The infrared spectra and the X-ray diffraction patterns, typical 

for the ZSM-5 type zeolite were obtained. A small fraction of amorphous material 

of about 5% could be detected by X-ray diagrams. The nitrogen physisorption capa-

cities at 77 K and P/P Q = 0.1 were determined by a dynamic method [5] and gave 21 

molecules per unit cell, confirming the good crystal 1inity of the zeolite [6]. From 

the scanning electron micrographs mean zeolite particle sizes around 1 pm were de-

termined. No platinum lines were found in the X-ray diagram pointing to platinum 

particles located within the zeolite matrix. Since the amount of platinum corres-

ponds to the aluminium content, a nearly complete ion exchange can be assumed. 

Apparatus. The furan conversion was studied in a continuous flow stainless 

steel microreactor (6 mm inner diameter) with a fixed bed (0.2 g) of the undiluted, 

pressed (14 MPa) and pelletized (0.35 - 0.5 mm diameter) zeoli.te catalyst. The re-

action was studied at 673 K and at WHSV = 0.5 h Argon and hydrogen were used as 

carrier gases and were flowing through the catalyst bed until constant reaction 

temperatures were reached. They were then loaded with furan by streaming through a 

thermostated saturator. The reaction products were analyzed by gas chromatography 

(F 22, Perkin Elmer) using a thin film quartz capillary (25 m, 0V 101, Perkin El-

mer) and temperature programs. Product identifications were made using internal 

standards. 
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RESULTS 

H-ZSM-5. The catalyst exhibited strong fluctuations in the product distribu-

tion during the first minutes, which dissappeared after 10 minutes. The distribution 

of the hydrocarbon mixture, i.e. without water and carbon monoxide, in dependence 

on the time on stream of the educt furan is shown in Figure 1. The high fraction 

of BTX (benzene, toluene and xylenes) aromatics formed in the very beginning de-

creases rapidly in favour of Cg + aromatics, e.g. methyl ethyl benzenes, mesitylenes, 

durenes and naphthalenes and especially high fractions of the compound 2,3-benzofu-

ran. The catalyst is deactivated to more than 90% after 1 hour. Its nitrogen physi-

sorption capacity decreases sharply,i.e. by 25%, within the first 10 minutes and 

then more slightly but continuously. 

time on stream (min) 

Fig. 1. Product composition (without water and CO) of furan conversion on 

H-ZSM-5 in hydrogen (673 K, WHSV = 0 . 5 h " 1 , 11 kPa furan) 

Pt-ZSM-5. Furan was converted to C^ - C^ paraffins and BTX aromatics, mainly, 

without any fluctuations of the product concentrations during the first minutes 

(Fig. 2). The BTX fraction decreases more slightly as compared to the H-ZSM-5. The 

fractions of 2,3-benzofuran, the educt furan and the higher aromatics rise slowly 
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time on stream (mini 

Fig. 2. Product composition (without water) of furan conversion on Pt-ZSM-5 

in hydrogen (673 K, WHSV = 0.5 h" 1, 11 kPa furan) 

in correspondence to the decrease of the nitrogen physisorption capacity (Fig. 3). 

No decarbonylation is observed, i.e. no CO is found among the gaseous products. 

DISCUSSION 

Rates of Deactivation. The nitrogen physisorption capacity of the H-ZSM-5 

catalyst is decreased by 25% in a time where the catalyst is fed by a number of fu-

ran molecules, which is of the order of magnitude of the number of active centers 

calculated from the aluminum content. This indicates that the conversion proceeds 

in a relatively thin external shell of the zeolite crystals, leading to a sealing 

of a fraction of the channels by coke deposition and resulting in the observed stronc 

decrease of the nitrogen physisorption capacity. Pore plugging by coke deposition, 

which is a general phenomenon in zeolite chemistry and which is found to proceed at 

reduced rates on the pentasils, is obviously enhanced in the conversion of molecules 

like furan, which have low hydrogen to carbon ratios. 

The relatively low coking rate on the Pt-ZSM-5 catalyst can be referred to 

the hydrogen activation ability of the platinum metal resulting in an increased 

hydrogenation rate of potential coke precursors [7]. 
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Hydrodeoxygenation of furan. The hydrodeoxygenating conversion of furan in a-

cidic media can follow different routes depending on the hydrogénation activity and 

the strength of the Bronsted acidity. At high hydrogénation rates, which might be 

realized on the Pt-ZSM-5, the hydrogénation will precede the protonation of the mole-

cule. In this case the reaction routes depicted in the following scheme should be 

favoured for the formation of primary compounds [8], which can undergo oxygen 

Ç ^ Ç ^ - ^ V C H 3 - C H 2 C H 2 C''H ̂  CHfCH2-CH2-CH2-0H 

H® 

CH=CH-CH-C° 

-H 90 

H® 2 2 

C H - C H = C H < ° j H 

elimination as well as shape-selective cyclization and aromatization reactions via 

carbenium and carbonium ion intermediates. The high fractions of paraffins and BTX 

aromatics found on Pt-ZSM-5 support such assumption. 
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On H-ZSM-5, however, a protonation of the furan followed by ring opening might 

be an initial step as depicted in the following scheme. 

JO 
C H = C H = C H - C 

2 XH 

O 
If 

CH = CH-CH-C=0 
2 2 

-CO CH = CH=CH 
0 0 2 

If 
© 

CH-CH = CH-C50 

This assumption may find support by the fact that the acylium ion, or crotonylium 

ion respectively, is stable in super acid media [9]. A subsequent decarbonylation 

leads to the stable allyl cation, which can be suspected to be a coke precursor due 

to its low hydrogen to carbon ratio. 

With increasing deactivation by coke deposition large fractions of Cg + aroma-

tics and of 2,3-benzofuran are found. Since these molecules cannot be formed in the 

pores of the pentasil zeolites they might originate from alkylation and oligomeri-

zation reactions on the external surface of the zeolite crystals. The formation of 

highly alkylated aromatics might be favoured by an enhanced intermolecular alkyl 

shift from coke precursors to xylenes. 

The 2,3-benzofuran might be formed by a Diels-Alder reaction between two furan 

^molecules, where one furan molecule is activated by the acidic catalyst becoming 

a dienophil. The bridge oxygen of the dimer ((II)) will be readily eliminated in 

an acidic medium [10] as is shown in the following scheme. 

Using argon as a carrier gas resulted in an increased rate of deactivation of 

the conversion of furan on H-ZSM-5 and Pt-ZSM-5. The prolonged stability in hydrogen 

indicates that H-ZSM-5 has considerable hydrogénation activity. The hydrogen mole-

cules are presumably activated via hydronium ions [11]. Addition of propane gave 

2 O 
0 

( I ) (II) 



rapid deactivation for the reaction on H-ZSM-5, but resulted in a prolonged shape-

selective conversion of furan on Pt-ZSM-5. 

CONCLUSION 

Biomass compounds with low H/C ratios, like furan, can undergo shape-selective 

conversions on pentasil type zeolites better if a hydrogen source is provided to the 

reaction mixture. The H-ZSM-5 has only a limited hydrogen activation ability, whereas 

Pt-ZSM-5 can readily transfer hydrogen, even from paraffins, to educts and interme-

diates, which are deficient in hydrogen. 
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CATALYTIC ACTIVITY OF COBALT AND MOLYBDENUM-CONTAINING Y-TYPE 
ZEOLITES IN THIOPHENE CONVERSION 
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Institute of Kinetic and Catalysis of the Bulgarian Academy of 
Sciences, Sofia 1040, Bulgaria 

ABSTRACT 
The hydrodesu1phurization (HDS) of thiophene on NaY and CaHY 

zeolites containing 0.7 and 2 wt % cobalt and 7 wt % molybdenum has 
been studied at atmospheric pressure. 

The surface of the samples has been characterized by chemical 
analysis, I.R. and diffuse reflectance spectra. 

It is shown that the conditions of preparation determine the ove-
rall activity and selectivity in HDS of thiophene on zeolites. 

The silicium and cobaltsi1icium heteropoly molybdates (Si HPM 
and CoSi HPM) along with molybdenum oxide that are formed in the zeoli-
tes could be the precursors of the active sites for the HDS reaction. 

INTRODUCTION 
The catalytic activity of zeolites containing transition metal 

ions in the reaction of HDS has been studied in a number of papers 
|1-3|. Although the activity of such zeolites is not very high, the 
investigation of the CoMo-containing zeolites is interesting because 
it allows to reveal some aspects of the complex interaction between 
the catalyst components and its effect on the catalytic actiyity. 

In a previous paper |4| we have shown the existence of a strong 
interaction between all components in a cobalt and/or molybdenum con-
taining Y-type zeolites and as a result Si HPM and CoSi HPM are formed. 

In the present paper we investigate the effect of their prepara-
tion conditions on the catalytic properties in the thiophene conver-
sion. 

EXPERIMENTAL 
Synthetic NaY zeolite (Groz N11,USSR) with Si0 2/Al 20 3 ratio of 

4.2 has been used.Also, a CaHY zeolite (degree of exchange 48 % for 
each of Ca and NH*), obtained from the initial NaY zeolite by con-
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ventional ion exchange with calcium nitrate and ammonium chloride. The 
two initial zeolite samples differ in their acidity as determined by 
butylamine titration: Z H =1.4 and 0.35 mmol/g for CaHY and NaY, res-
pectively ¡5| . Cobalt has been introduced in these two samples by ion 
exchange or by impregnation with cobalt nitrate (CoN) . Molybdenum has 
been introduced in the initial samples by impregnation with ammonium 
heptamolybdate (AHM). After the introduction of both components the 
samples are dried at 120°C for 4 hrs and then calcined at 500°C for 
2 hrs. This thermal treatment was used after introduction of each com-
ponent for sample № 8. The preparation conditions are given in Table 1. 

Table 1 
Conditions of preparation of molybdenum and cobalt-molybdenum con-

taining zeolites 

№ Zeolites Co/Mo Co content 
(mg/g) Conditions of preparation 

1 NaY - - AHM* 
2 NaY 0. . 1 6 6.9 1 .CoN exchange.2.AHM 
3 NaY 0. , 16 6.9 1.AHM. .2.CoN impregnation 
4 NaY 0. ,48 20. 7 1 .CoN exchange.2.AHM 
5 CaHY - AHM 
6 CaHY 0. 16 6.9 1 . CoN exchange.2.AHM 
7 CaHY 0. 16 6.9 1.AHM. ,2.CoN impregnation 
8 CaHY 0. . 16 6.9 1 AHM. . 120°C-4h,500°C-2h 

CoN imp regna t ion 

Impregnation by ammonium heptamolybdate (AHM). 

The state of the surface of the samples has beem investigated 
by IR and diffuse reflectance spectroscopy. The spectra were recorded 
on an IR - 75 spectrometer (400-2200 cm using pellets in KBr and 
on a Beekman UV 5270 (280-800 nm) with the initial zeolite as a refe-
rence .. 

The hydrodesulphurization of thiophene has been studied in a 
flow microreactor (atmospheric pressure, temperature of 400°C, WHSV 
of 0,6 h loaded with 0,2g catalyst. The temperature is raised upto 
the reaction temperature within 1,5 hours in hydrogen at flow rate of 
40 ml/min. The activity has been expressed in molecular percent of 
converted into hydrocarbons thiophene or by the amount of released 
H 2S . 
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M o l y b d e n u m was e x t r a c t e d by t r e a t i n g 0 , 4 g o f s a m p l e w i t h 50 ml 

w a t e r f o r 24 h r s . A f t e r t h e e x t r a c t i o n t h e s a m p l e s we re d r i e d and c a l -

c i n e d i n c o n d i t i o n s a n a l o g o u s to t h o s e o f t h e s a m p l e s y n t h e s i s . The 

c o n t e n t o f t he a c t i v e c o m p o n e n t s d e t e r m i n e d by a t o m i c a d s o r p t i o n s p e c -

t rome t r y . 

R E S U L T S 

The s a m p l e s o b t a i n e d by u s i n g NaY z e o l i t e show s t a b l e c a t a l y t i c 

a c t i v i t y i n t h e HDS o f t h i o p h e n e ( F i g . 1 a ) . The c o n d i t i o n s o f p r e p a r a -

t i o n e f f e c t t h e i n i t i a l a c t i v i t y o f t h e s a m p l e s . S i m i l a r l y t o t h e c o n -

F i g . 1. T h i o p h e n e c o n v e r s i o n i n C ^ - p r o d u c t s v s t i m e f o r s a m p l e s 

( s e e t a b l e 1) on a ) NaY : 1-№ 2 ; 2-ff 3 ; 3-№ 1 ; 4- I f 5 , 6 -№2 ,№ 4 

a f t e r a q u o u s e x t r a c t i o n ; b ) CaHY: 1-№ 8 ; 2-№ 7 ; 3-№ 6 ; 4-№ 5 ; 

5-№ 6 a f t e r a q u o u s e x t r a c t i o n . 

v e n t i o n a l C o M o / A ^ O ^ c a t a l y s t s , c o b a l t a l s o s h o w s a s y n e r g e t i c s e f f e c t 

i n t h e c a s e o f t h e z e o l i t e c a t a l y s t s . The s t e a d y s t a t e c o n v e r s i o n a t a 

h i g h e r c o b a l t c o n t e n t ( F i g . 1 a - 4 ) i s c o n s i d e r a b l y l o w e r . F o r s a m p l e №4 

the a c t i v i t y i s e v e n l o w e r i n c o m p a r i s o n to t h e a c t i v i t y o f s a m p l e (f1, 

w h i c h d o e s n o t c o n t a i n c o b a l t ( F i g . 1 a - 3 ) . The a q u o u s e x t r a c t i o n o f t h e 

s a m p l e s c o n s i d e r a b l y d e c r e a s e s t h e i r c a t a l y t i c a c t i v i t y ( F i g . 1 a - 5 , 6 ) . 

F i g 1b s h o w s c h a n g e s o f t h e c a t a l y t i c a c t i v i t y d u r i n g t h e rurv 

t ime f o r t h e s a m p l e s p r e p a r e d by u s i n g CaHY z e o l i t e . D e c r e a s i n g c a t a -

l y t i c a c t i v i t y i s c h a r a c t e r i s t i c f o r t h e s e s a m p l e s . H e r e t o o , t h e c o n -

d i t i o n s o f p r e p a r a t i o n inf luence, t h e a c t i v i t y . The s a m p l e s , o b t a i n e d by 

c o b a l t i m p r e g n a t i o n m a n i f e c t h i g h e r and more s t a b l e a c t i v i t y • ( F i g . 1 b— 1 , 2 i 
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F o r the s a m p l e s of t h i s s e r i e s , C ^ - C ^ h y d r o c a r b o n s a r e r e v e a l e d 

among p r o d u c t s o f t he r e a c t i o n . E ven more , f o r s a m p l e s № 5 and № 6 

( T a b l e 1) t he c o n v e r s i o n o f t h i o p h e n e p r o c e e d s p r a c t i c a l l y a s t h e p r o -

c e s s o f h y d r o c r a c k i n g , b e c a u s e the c h a r a c t e r i s t i c p r o d u c t s o f t he reac -

t i o n o f HDS ( b u t e n e i s o m e r s ) a r e n o t o b s e r v e d o r t h e i r q u a n t i t y i s 

v e r y s m a l l ( s a m p l e If 6 ) . 

The d i f f e r e n c e i n the p r o p e r t i e s o f t he two t y p e s of s a m p l e s i n 

t he c o n v e r s i o n o f t h i o p h e n e i s p a r t i c u l a r l y n o t i c e a b l e i f t h e i r a c t i -

v i t y i s compared by the amount o f r e l e a s e d l ^ S ( F i g . 2 ) . The amount o f 

H„S r e l e a s e d on NaY s a m p l e s i s much l e s s and i t i s e n t i r e l y a b s o r b e d 

Time(h) 

F i g 2 . T h i o p h e n e c o n v e r s i o n i n I ^ S v s t i m e f o r s a m p l e s ( s e e t a b -

l e 1 ) : 1 - » 8 ; 2-№ 7 ; 3 - » 5 ; 4-№ 2 ; 5-ff 3 ; 6-№ 1, 7-№ 6 , 8-№ 4 . 

by t he c a t a l y s t d u r i n g the f i r s t h o u r o f r u n , t h e n i t s amount g r a d u a -

l l y i n c r e a s e s ( F i g . 2 - 4 , 5 , 6 , 8 ) . 

I n c o n t r a s t , t he c h a n g e i n the amount o f l ^ S r e l e a s e d w i t h t i m e 

on the CaHY s a m p l e s ( F i g . 2 - 1 , 2 , 3 , 7 ) i s c l o s e to t h a t o b s e r v e d on c r a -

c k i n g c a t a l y s t s |6|. A r a p i d i n c r e a s e i n t he amount o f t he r e l e a s e d 

H^S i s o b s e r v e d f o r t h e s e s a m p l e s and i t s h i g h e s t v a l u e c o n s i d e r a b l y 

e x c e e d s the c o n v e r s i o n o f t h i o p h e n e i n t o C ^ - p r o d u c t s . H o w e v e r , i t s 

amount d e c r e a s e s w i t h t ime s i m i l a r to t h a t on c r a c k i n g c a t a l y s t s . 

The d i f f u s e r e f l e c t a n c e s p e c t r a o f t h e c o b a l t c o n t a i n g s a m p l e s 

show the p r e s e n c e o f a c o b a l t t r i p l e t w i t h i n t he 5 0 0 - 6 3 0 nm c h a r a c t e -
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r i c to t e t r a h e d r a l c o b a l t |7| . The i n t e n s i t y o f t h i s t r i p l e t i s h i g h e r 

i n t h e NaY s a m p l e s . The i n t e n s i t y i n c r e a s e s w i t h t h e i n c r e a s e o f t h e 

c o b a l t c o n t e n t ( F i g . 3 - 1 , 3 ) . H o w e v e r , t h e m i d d l e peak i n t h e o b s e r v e d 

t r i p l e t i s s h i f t e d f r o m 570 nm to 585 nm. I n o u r p r e v i o u s wo r k |4| we 

r e l a t e d t h i s s h i f t t o t h e f o r m a t i o n o f a C o S i h e t e r o p o l y m o l y b d a t e , 

whe re c o b a l t i s i n an o c t a h e d r a l s u r r o u n d i n g . _ 

F i g . 3 . D i f f u s e r e f l e c t a n c e s p e c t r a o f s a m p l e s ( s e e t a b l e 1 ) : 

1-№ 4 ; 2-№ 6 ; 3-ff 2 ; 4 - № 2 a f t e r a q u o u s e x t r a c t i o n . 

I R - s p e c t r a o f t h e s a m p l e s w i t h d i f f e r e n t c o b a l t c o n t e n t a r e 

shown i n F i g . 4 . B o t h o f h i g h and l ow c o b a l t c o n t e n t s S i HPM i s f o r m e d 

( F i g . 4 - 1 , 3 ) . 

I n the s p e c t r a a r e r e v e a l e d b a n d s a t 7 8 0 , 9 0 0 , 960 cm 1 a l t h o u g h 

t h e l a s t b a n d i s o v e r l a p p e d by i n t e n s i v e a b s o r p t i o n o f t h e z e o l i t e 

i t s e l f i n t h e same r a n g e . 

B u t i n c o n t r a s t to o t h e r s a m p l e s o b t a i n e d u s i n g NaY z e o l i t e s , 

a f t e r c a l c i n i n g o f s a m p l e (P 4 a t 5 0 0 o C s a c h a r a c t e r i s t i c b a n d o f MoO. 

- 1 3 

( a t 8 6 0 cm ) a p p e a r s , a l o n g w i t h b a n d s o f t h e HPM. The s e c o n d c h a r a -

c t e r i s t i c b a n d o f MoO^ a t 9 90 cm ^ i s n o t o b s e r v e d due t o i n t e n s i v e 

a b s o r p t i o n by t h e z e o l i t e . I t was s hown |4|, t h a t M o O j , a l o n g w i t h HPM 

i s p r e s e n t i n t h e s a m p l e s o b t a i n e d by u s i n g CaHY . 
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400 500 600 700 800 900 1000 v . « « 1 

Fig.4. IR- spectra of samples (see table 1): 1 2; 3- IP 4;2, 
4-IP 2, № 4 after aquous extraction. 

/ 
DISCUSSION 

It is khown that molybdenum increases the acidity and changes 
the type of acid sites on the surface |8|. The heteropolycompounds 
formed in the zeolite also manifest acid properties 19| . 

Most probaly the overall activity and selectivity depend on the 
molybdenum content and the acidity of the support. 

The CaHY zeolite itself shows very low activity which decreases 
quckly with time. 

The specific interaction between the zeolites and the components 
is connected with their different acidity and causes the difference in 
the properties of the two series of samples. Probably the higher aci-

. dity of CaHY makes the formation of MoO^ easier in samples using this 
carrier. Molybdenum oxide is also found in sample № 4 (on NaY) , the 
acidity of which is probably increased due to the higher cobalt content. 

The formation of large amounts of butane on some of the CaHY 
samples indicates that a hydrocracking processesXor possibly cracking 
processes without the participation of hydrogen), accompanied by poly-
merization of some unsaturated products. The decrease of conversion of 
thiophene into C^-products and the increase in the amount of H2S sup-
port this conclusion. The amount of H2S released after two hours of 
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work for sample № 6 is three times larger than the amount of obtained 
C^-products (Fig.1b-3 and Fig.3-7). The formation of coke on the samp-
les after work is confirmed by the presence in the IR-spectra of a band 
at 1595 cm ^ |10|. The last is less strongly expressed for the samples 
obtained from NaY. 

The results show that the activity of the samples in thiophene 
coversion can be regulated by the order of introducing of the metal 
components. The activity of the samples obtained using CaHY is increa-
sed and stabilized (no matter what the intermediate thermal treatment 
is) if cobalt is introduced after molybdenum. It is possible that in 
this case cobalt influences the acid sites. The effect of the support 
on the activity is not s'o significant when cobalt is introduced by im-
pregnation (the activity of sample IF 8 is close to that of sample № 3) 
(Fig.1a and Fig.1b). 

It should be noted that when cobalt is introduced by ion exchan-
ge the activity of the samples in the HDS reaction is higher. This is 
not so obvious for the samples obtained from CaHY (for example,sample 
IF 6) due to the properties of zeolite itself. 

The decrease in thiophene conversion after aquous treatment 
(Fig.1a-5,6 and Fig.1b-5) correlates with the disapperance in the IR-
spectra of the bands characteristic of Si HPM (Fig.4-2,4) and the pre-^-
servation of bands due to MoO^ . The shift of the band at 585 nm (it 
was related |4| to the presence of CoSi H?M in CoMo-containing zeoli-
tes) to 570 nm in the diffuse reflectance spectra is a result of the 
aquois treatment. The shift is accompanied by a decrease in the inten-
sity of the absorbtion band at 300 nm which is due to the presence of 
Mo^+(0h) (Fig.3). It should be aslo noted that the aquous extracts of 
samples If 2 and IF 6 (with ion exchanged cobalt) do not contain cobalt, 
while about 40% of molybdenum was extracted. The results obtained allow 
to suggest that the soluble in water Si HPM and CoSi HPM are the pre-
cursors of the catalytically active sites in the thiophene hydrodesul-
phur iz.at ion. 

The preservation of some activity by the samples after aquous 
treatment shows that MoO^ as well as some other unidentified molybdenum 
compounds could be also precursors of the active sites in thiophene 
conversion. 

The observed correlation between the presence of Si HPM in the 
zeolites and the catalytic activity is similar to that when Si02 is 
used as a support instead of Y type zeolites |ll|. Most probably the 
precursors of the catalytically active sites are the same on both ty-
pes of support. The activity of the samples using Si02 as a support is 



higher that of the samples supported on Y type zeolites. For example 
the conversion of thiophene on our sample (P 2 is 17% while it is 25% 
on the sample having the same cobalt and molybdenum content but using 
Si02 as a support. This could be explained by the higher concentration 
of heteropoly compounds in the latter, since 80% of the total amo-
unt of molybdenum on Si02 is in the form of HPM |11|. This quantity is 
only 30% for the zeolite sample. 

CONCLUSIONS 
The observed catalytic conversion of thiophene on the two series 

of samples shows the strongly expressed bifunctional character of the 
catalysts, when CaHY is used as a support. The catalytic activity is 
more steady for»samples obtained from NaY zeolites. 

The catalytic activity of the zeolite catalysts can be regulated 
by the order of introducing of the metal components. Cobalt, introdu-
ced by ionexchange, leads to an increase in the hydrodesulphyrisation 
act ivity. 

Si HPM and CoSi HPM, along with MoO^ could be precursors of ca-
talytically active sites in thiophene conversion on Mo and CoMo-conta-
ining z.eolite catalysts. 
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POLYMERIZATION OF BENZYL ALCOHOL IN GASEOUS PHASE ON A Y ZEOLITE 
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Department of Technical Chemistry, Universidad del Pais Vasco, 
Apdo. 644, 48080 Bilbao, Spain 

ABSTRACT 
Polybenzyl polymers obtaining from benzyl alcohol has been studied 

in a gas phase reaction at atmospheric pressure, using a Y zeolite, in 
a fluidized bed reactor. Operating conditions to obtain a good fluidiza 
tion and an isothermal bed have been determined. 

It has been proved that the polymerization occurs on the catalyst 
active sites via Langmuir-Hinshelwood type mechanism, obtaining the 

o following kinetic equation in the 250-310 C range: 

„ K3ik'+k')P. + 
r p2 M d m A M d ^polymer g^ 
rpo = A 3 g cat.min 

M A 

INTRODUCTION 
Nowadays there is an increasing interest in obtaining polybenzyl 

polymers. This interest is due to their high stability at high tempera 
ture and to their good electrical properties recently found. 

As long ago as 1955, Hass et al [l] determined the tendency of 
benzyl chloride to polymerize with Friedel-Crafts catalysts. Later 
[2-6], polymerization studies with different benzyl chloride type mono 
mers have been described, in order to obtain linear structures with 
high molecular weights. 

In spite of a great number of works have been made, the informa 
tion about the structure, characteristics, properties and aplications 
of these polymers is very short. To determine the structure, mainly 
the infrarred spectra [6] and in some cases ultraviolet or NMR have 
been used. By TGA and DTA it was found that the polymer is thermally 



stable up to 300-450°C and that the glass transition region is between 
o 

55 and 80 C. The average molecular weights, determined by vapor-press 
ure osmometry [7], are in the 1000-2500 range. 

Polybenzyl polymers were synthesized by means of gas phase reac 
tion on solid catalysts by Jodra et al [8-10] in the dehydrogenation 
of benzyl alcohol to benzaldehvde on Cu/asbestos catalysts in a fixed o 
bed reactor in the 250-300 C temperature range . Since then, these 
polymers were synthesized trying other catalysts for the same reaction 
such as Cu-C^O^/asbestos [ll,12] and Cu/Si02[l3]. 

The polymerization in the latest mentioned works is a secondary 
process by dehydration reaction which takes place in parallel with the 
main reaction of dehydrogenation and in which the polymer (coproduct) 
is the main precursor of the coke that deactivates the catalyst. 

In this work a study of polybenzyls direct obtaining by benzyl 
alcohol polymerization has been carried out in gas phase on acidic 
catalyst, a Y zeolite, for the first time in bibliography. The use of 
acidic catalysts such as silica-alumina or zeolites in dehydrations is 
widely admitted [14,15] . 

Apart from setting up the reaction system and determining the 
more suitable experimental conditions for the polymerization kinetic 
study, in this work it has been tried to make up for the absence of 
methodology for the kinetic study in gas phase on solid catalysts. Thai 
was carried out basing on the methodology already developed for contacl 
catalysis. 
EXPERIMENTAL 
Catalyst 

The selection of the MZ-7P catalyst for this reaction has been 
based on its good behavior (as commercial cracking catalyst) in fluid 
ized systems. This operation regime was determined to be necessary in 
previous experiments. 

The MZ-7P catalyst was supplied by Akzo-Chemie and it has the 
following characteristics: zeolite containing 10%; zeolite:Y type 
rare-earth exchanged; chemical composition Al 0 :33, Na 0:0.2, Fe:0, 

c. O c. 2— 3 2 SO :0.3; pore volume:0.28 cm /g; surface area: 140 m /g. 



Equipment and operating conditions 
The reaction equipment is basically the same utilised in previous 

works [10-13] for dehydrogenation of benzyl alcohol. It consists of feed 
ing and measuring system of alcohol and N 2 (as inert), preheater-vapo-
rizer of alcohol, reactor of Pyrex glass of 17 mm inside diameter that 
is provided with a distributor plate of porous glass and condensers to 
collect the products. 

When trying the fixed bed regime for the catalyst, it was found 
that the fast deposition of polymer among particles and the exothermi-
city of the reaction make impossible the isothermicity of the catalytic 
bed. Due to that, serious problems are originated in the flow which 
cause the formation of preferential ways to let the reactants go through 
and the plugging of the reactor. 

Working in fluidized bed regime, it has been determined that for 
particles to be well mixed the following reaction conditions have to 
be mantained: 

o 
Temperature: between 250 and 310 C. The lower limit is fixed to 

avoid the condensation of alcohol in some point of the reaction system 
(Tb=210°C). In the other limit, over 330°C the benzyl alcohol cracking 
is already significative. 

Catalyst particle size: +0.15 -0.20 mm 
Gas linear velocity: 40 cm/s. Although the minimum fluidizing vel 

ocity is 20 cm/s the fact that the catalyst particles size is getting 
increased outwardly of settled polymer forces to work with higher veloc 
ity to keep the fluidization. 

Partial pressure of fed alcohol: 0.06-1 atm. At higher pressures 
the reactor is plugged in very short time making impossible the fluid_i 
zation. 

Catalyst dilution: 10$ In silica gel. This way bed isothermicity 
is favoured and fluidization is maintained longer, in spite of catalyst 
particles size gets increased progressively. 

Space time: 0.4 g cat/h mol. 
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Experimental results 
In order to calculate the length of time of the initiation step 

and the rate that corresponds to the end of this period, kinetic experi^ 
ments of different length of time have been made under the conditions 
above especified. As temperature values they have been chosen: 250, 270 
290 and 310°C and for each temperature the following values of partial 
pressure of alcohol: 0.06, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.8 and 1.0 ati 

As the number of experiments was great the weight of polymer on 
catalyst was measured by combustion of the catalyst mass increased of 
polymer. It was not made by mechanical removal because it is too labori^ 
ous for a so great number of samples. » 

As sin example of the obtained experimental results, Figure 1 showi 
weight of polymer vs. length of time of experiment, for one of the 

o 
studied temperatures, 250 C. Each curve corresponds to one partial presj 
ure of benzyl alcohol at inlet. 

Fig. 1. Weight of deposited polymer vs. time for different partial press 
ure of benzyl alcohol at reactor inlet. Temperature 250°C. 
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mechanism and kinetics of the polymerization 

A Langmuir-Hinshelwood type mechanism has been proposed which is 
based on Clark and Bailey's theory t16] and enlarged after by Maiti [17]. 
1. Adsorption and activation step (Initiation) 

K 
M + L m„ M„ m: l "i 

Reaction step (Propagation) 
k 

K, 
[Mj 

m [m][l] ( 1 ) 

M„ + Mf-1 1 m" 

k 
# p M„ + »r„ 1 2 

m, + M* „ i-i 1 n—1 M 

(n-l)M„ + M*-1 1 M n 

Desorption step (Termination) 
3.1.Espontaneous desorption 

k , 
3.2.Desorption by monomer 

m P + L n M* + M_ m P + L +M n 1 
Defining the rate of polymerization as total number of monomer units in 
the polymer that is desorbed from unit catalyst mass per second, it will 
be calculated as the sum of both termination steps: 

R=A( £ n[P ])/At = k Z n[M*]+ k S„n[M*][M, ] n=2 n d n=2 n m n=2 n 1 
Evaluating the summations of eqn(2) it is obtained: 

R = [M]2 (2k. k k K 2 j l ] 2 + 2k k k, K 3Jm][l] 3) d p l M m p l M 
The total concentration of active sites,[n], is: 

(2) 

(3) 

(4) [n] = z [m*] + [m, Ml] = k [m] [l] + [l] 

n=2 n 1 m 

If the expression for [l], concentration of free active sites, 
from eqn(4) is substituted in eqn(3) the following expression is obtain 
ed: 

r = [m ] 
^ (k' K3 + k' K3)[M] + k' K2 
2 d M m M d M 

(1 + y M ] ) ' 

where k' = 2kJ k k„[n]' d d p i and k' = 2k k k [n]' m m p 1 

(5) 

(6) 
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Eqn(5) can be expressed in a way to permit a more direct evalu-
ation from the experimental data of deposition. Expressing the concen-
tration of monomer as partial pressure of benzyl alcohol in the gas 
flow: 

+ k ' ) p . + 
2 M d m A M d ,g polymer . r = PA ( 5 * J — ) (7) po A ( 1 + g cat. m m 

In order to verify the validity of eqn(7) for the studied reactioi 
system and so the proposed mechanism, values of r have been calculatei 

o ^^ from experimental data in Figure 1 for 250 C and from the corresponding 
o 

values at the othe^r temperatures, 270, 290 and 310 C. The computation 
of rpQ» maximum rate of polymerization that corresponds to the end of 
the initiation period, needs the accurate evaluation of the length of 
this period, t^. 

The experimental data P vs. t have been fitted the following em-
pirical equation: 

. 2 2 2 2 t +t. t +t 
P = aln( r1) = . t ln( (8) 

t: t=t. t: i i i 
where (dP/dth ^ = r W (9) t=t. po i 

The fitting has been carried out by non linear regression based 
on the Marquardt method [18]. The results of this fitting are shown in 
Table 1, where values of initiation time, t^, and their corresponding 
polymer deposition rates, r , are related. The square regression 

2 coefficient (r ) is 0.96 in the worst of the cases. 
The r data related in Table 1 and their corresponding values of po 

average partial pressure between the inlet and the outlet of the reactoi 
have been fitted the eqn(7). The values of the kinetic constants, k1, ^ m 
k^ and K^ evaluated in this way at the different temperatures of reac-
tion have been related in Table 2. The square regression coefficient is 
0.97 in the worst of the fittings. 

Figure 2 shows the temperature dependency of the kinetic constants 
in Table 2 by the Arrhenius plot. The following relationships are ob-
tained from fitting these kinetic constants: 
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6 ,-1100011000, , , „ „„ ,-1200011000 , k' = 4.06 10 exp( r ); k' = 1.08 10 exp( ) m l a I 
, ™ „-9 ,11900+900, K M = 1.39 10 exp( ) 

( 1 0 ) 

Table 1 
Calculated values of t ^ m i n ) and their corresponding polymer deposition 
rates, r (g polymer/g cat. min).PA (atm): At reactor inlet. 

T / A c 0.06 0.10 0. 20 0.30 0.40 0.50 0.60 0.80 1.00 

2 50°C t. l 23.4 16.2 9.5 7.0 5.6 4.7 4.0 3.3 2.6 
r po 0.16 0.28 0.49 0.63 0.71 0.77 0.82 0.89 0.94 
t. 29.8 18.2 9.2 6.4 4.9 3.9 3.2 2.6 2.1 

270 r po 0.11 0. 23 0.54 0.78 0.98 1.13 1 .28 1.48 1.61 
t. 40.4 22.7 10.4 6.7 4.9 3.9 3.1 . 2.4 1.8 

290 r po 0.06 0.15 0.44 0.74 0.99 1.21 1 .42 ' . 1.79 2.09 
t. 61 .7 30.0 12.4 7.9 5.6 4.2 3.4 2.5 1.8 

310 r po 0.03 0.09 0.32 0.55 0.80 1.04 1 . 28 1.73 2.13 

Table 2 
Computed values of the kinetic constants 

250 °C 270 290 310 
k' m 2.91 i o " 3 6.33 i o " 3 1.30 > IO ' 2 ' 2. 54 10" 2 

kd 1.16 2. 70 5. 93 12.3 

kM 9 .79 4. 25 1. 95 0.949 

Substituting these values in eqn(7) the kinetic equation for the 
temperature range between 250 and 310 C is now: 

2 [1.39 1 0 - 9 e x P ( ^ ) ] 3 U . 0 6 1 0 6 e x p ( ^ g ^ ) + 1 . 0 8 i 0 8 , x p ( ^ 2 2 ) ] 

r p 0 = Î > A { [ 1+1.39 1 0 - 9 e x p ( ^ ) P A ] 3 ' 

,8 ,-12000, [1.39 10- 9exp(^f^)ftl.08 1 0 ° e x p ( ^ r ^ ) ] 
r ^9 ,11900, 75" [1+1.39 10 exp( T )PA) 

( 1 1 ) 
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1 / T (IOT3K-1) 

Fig. 2. Temperature dependency of the kinetic constants in eqn(7). 

PA(atm) 
Fig. 3. Kinetic equation checking. Solid lines:computed by eqn(ll). 
Points: experimental. 
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In Figure 3 is plotted vs. P^. In this Figure curves corre-
spond to the values computed with eqn(ll) and points are the experimen-
tal data related in Table 1. It can be noticed the fitting goodness 
in all the studied conditions. 

It is remarkable the complexity of the r v s . P, curves shape in • - po A 
Figure 3, where curves corresponding to different temperatures cross 
each other so that the higher reaction rate correspond to a higher tem-
perature as the partial pressure of benzyl alcohol fed to reactor is 
increased. On the other hand, reaction rate is sensitive to temperature 
specially at high temperatures. 

CONCLUSIONS 
It has been determined that this zeolite has a high activity to 

obtain polybenzyls from benzyl alcohol polymerization in gas phase. 
Polymer production turned out to be so high by this way that it does not 
admit comparison with any other obtaining process described up to now 
in bibliography. 

The suitable operating conditions for a MZ-7P zeolite catalyst 
have been determined in a fluidized bed reactor in order to get an 
isothermal bed and a good fluidization. In this conditions the poly-
merization kinetics at zero time follows the eqn(ll) for the temperature 

o 
range 250-310 C and partial pressure of benzyl alcohol at inlet reactor 
lower than 1 atm. This shows that the polymerization in gas phase on 
the acidic sites of this zeolite occurs via Langmuir-Hinshelwood type 
mechanism. 

After the initiation period, the curves polymer vs. time in Fig-
ure 1 and the homonyms at the other temperatures show a fall in their 
slopes (rate of polymerization), which can be attributed to the cata-
lyst deactivation. This deactivation can be due to the degradation of 
polymers in the porous structure towards irreversibly adsorbed spe-
cies on the acidic sites of the MZ-7P catalyst. It has been proved that 
the deactivated zeolite can be regenerated by combustion of the carbon-
aceous material with air, recovering its initial activity and also its 
physical properties and surface acidity. 
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SELECTIVITY IN THE CONVERSION OF ACETIC ACID OVER MFI-TYPE ZEOLITES 

Y. Servotte, J. JACOBS, P.A. Jacobs 
Laboratorium voor Oppervlaktechemie, Katholieke Universiteit Leuven 
Leuven, Belgium. 

ABSTRACT 
The product selectivity in the conversion of acetic acid over H-ZSM-5 

zeolites with different Si/Al ratios was followed at atmospheric pressure in a 
continuous flow tubular reactor over a wide temperature range. 

The primary carbon containing products in this conversion in every case were 
carbon dioxide and acetone formed via an acid-catalyzed aldolization and a 
decarboxylation. 

The nature of the secondary products was determined mainly by the Si/Al 
content of the ZSM-5 zeolite, and for a given ratio by the reaction temperature. 
Isophorone seems to be a key intermediate, which is either cracked to 
1,2,4-trimethylbenzene in the very acidic zeolites or transformed into 
dimethylphenols via a dehydrodemethylation reaction on zeolites with intermediate 
acidity and Si/Al ratios. 

INTRODUCTION 
MFI zeolites seem to be able to convert acetic acid into a mixture of 

hydrocarbons [Y]. The distribution of the products of this reaction can be 
rationalized in terms of a sequence of condensation, decarboxylation and 
dehydration reactions £2,3]. The primary products of this reaction are acetone and 
carbon dioxide, formed by a nucleophilic attack of an acyliumion (I) by an acetate 
anion (II) [4,5j : 

2 (1) 

I II 

Species I may be directly formed by the very acidic ZSM-5 zeolites [3] : 
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CH3OOOH + HO-zeolite -»• CH3CO+ "0-zeolite + H20 (2) 

while acetate is formed upon zeolite dehydroxylation [6] : 

CH3COOH + HO-zeolite + CH3C00~ +zeolite + H20 • (3) 

Chang et al. [3] associate catalyst deactivation in the acetic acid conversion with 
the dehydroxylation of the zeolite which is evident from equation (3). This 
statement tacitly assumes that such a system should not be regenerable in the usual 
way. It should also be noted that a combination of equations (1) to (3) eventually 
explains the formation of acetone but doesnot take into account the regeneration of 
the catalyst Brjinsted acidity. 

In acid conditions, acetone may undergo further aldolization and subsequent 
dehydration under formation of diacetone alcohol (III), mesityl oxide (IV) and 
phorone (V) [7-9] : 

0 OH -H„0 0 II I 2 || 

2(ch3)2co •»• ch3 c ch2 c (ch3)2 + ch3 c ch = c (ch 3) 2 (4) 

iii iv 

-h 2o IV + (CH3)2C0 - [(CH3)2 C = CH ] 2 CO (5) 

V 

On H-ZSM-5 zeolites, the main products of the acetone condensation were 
reported to be isobutene and aromatics [l-3]. Isobutene can be formed by 
acid-catalyzed cracking of diacetone alcohol [2], 

I 
* A + C Hi C 0 0 H <6) 

> s q A ^ 3 

and acetic acid reenters the cycle. Mesitylene (1,3,5-trimethylbenzene) is known 
to be an acid-catalyzed condensation product of acetone [9] : 

-H20 CH3 0 
IV + (CH3)2CO + (CH3)2 C = CH C = CH C CH3 H (7) 

VI VII 
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in vhich the cyclization of the dienone (VI) to an isophorone (VII) is the key 
step, which at the present time is incompletely understood [2]. Also phorone (V) 
can be cyclized in acid conditions to an isophorone Q.o] : 

(8) 

VIII 

and gives via classical carbenium- ion rearrangements and dehydration 
1,2,4-trimethylbenzene : 

VIII -»• +H20 (9) 

Since the distribution of aromatics from acetic acid, acetone or methanol over 
H-ZSM-5 is very similar [l], these aromatics in case of acetic acid or acetone may 
stem from isobutene condensation-dehydrocyclization reactions rather than from 
equations (7) or (9). 

In the decomposition products of acetic acid small quantities of oxygenated 
products are observed, not exceeding 4 % by weight [3] and consisting of mainly 
dimethylphenols. Their formation is explained via the following mechanism [3] : 

3(CH3)2CO 
-H„ 

-CH„ 
(10) 

Fuzzeld by this complex chemistry, we decided to investigate over a wide 
range of reaction temperatures, the influence of the number of acid sites in 
H-ZSM-5 upon the product distribution from acetic acid by changing the Si/Al ratio 
of the zeolite. 
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EXPERIMENTAL 
H-ZSM-5 zeolites with different Si/Al ratio were synthesized in the presence 

of TPA-OH and glycerol and using aerosil as silica source, according to the method 
published by Von Ballmoos Ql]. The Al/Si + A1 percentage in the sample is given 
in brackets after the sample notation. After careful calcination, subsequent 
ammonium exchange and further deammoniation, as described earlier in detail []l2] , 
H-ZSM-5 samples were obtained characterized by a single surface hydroxyl group 
around 3600 cm X-ray diffraction showed that these samples were highly 
crystalline and phase pure. Scanning electron microscopy showed that they were 
devoid of any amorphous material and consisted of large isolated crystals (15 x 
20 pm) with an hexagonal shape. Such samples are expected to have an Al-rich rim 
and silicon-rich core [l3,14j. 

A powder sample <ff each material was compressed without any binder, crushed 
and sieved. The 0.25-0.5 mm fraction was used in the continuous flow tubular 
reactor. 

Acetic acid from UCB (99.5 % purity) was vaporized and diluted with helium 
using a thermostatted saturator and a W/Fo of 2016 kg.s.mol W being the amount 
of catalyst and Fo the acetic acid flow rate at the reactor inlet. 

Product analysis was done on-line with a i m packed column of Chromosorb 102 
(from Johns-Manville) for the separation of CO, CO^ and C^ - C^ hydrocarbons, and 
with a 50 m fused silica column (CP Sil 5, chemically bound, from Chrompack) with 
0.3 mm internal diameter for the heavier products. The latter column was 
temperature programmed between 338 and 973 K at a rate of 2 K per minute. 

RESULTS AND DISCUSSION 
Overall reaction rate. For the contact time used, acetic acid could be 

converted completely in the temperature range from 520 to 700 K. The variation of 
the initial rate for acetic acid decomposition with the A1 content of the ZSM-5 
zeolite is shown in Fig. 1. 
Surprisingly, and in contrast to what is observed in several other cases p.5-17] , 
this particular reaction rate is in no way proportional to the amount of lattice 
aluminum. This behaviour can only be explained when for the reaction either a 
particular site strength or site density is needed. 

Selectivity for acetone. The selectivity for the supposed primary products 
from acetic acid, acetone and carbon dioxide, is shown in Fig. 2. 

From this figure, two general observations elude : 
(i) The initial selectivities for CO^ are constant, irrespective of the aluminum 
content of the sample and amount to approximately 45 wt %. 
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0 1 2 3 4 

Al/Si +AI (x102) 

Fig. 1. Initial rate of Cl^COOH decomposition at 550 K for H-ZSM-5 zeolites 
with different A1 content. 

Conversion (%) 

Fig. 2. Reaction selectivity for acetone (a), C02 (b) and secondary 
products (c) from acetic acid, over H-ZSM-5 with different Al/Al + Si 
fractions = (A) 0.1, (B) 1, (C) 1.6 and (D) 3.2 %. 
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The theoretical CO^ selectivity of the bimolecular reaction : 

2 CH3 COOH - (CH3)2 CO + C02 + H20 (11) 

is equal to 43 wt % when water is not considered as reaction product, 
(ii) The rate at which secondary products are formed is dependent on the A1 content 
of the sample : at intermediate values for the A1 content (approximately 1 A1 per 
unit cell), the rate of formation of the secondary products as well as the overall 
rate of acetic acid decomposition are fastest. 
The sequence of events can be kinetically represented as follows : 

2 acetic acids *• acetone •+• secondary products 
In other words, the decomposition of acetone is slower than its formation. 

As is evident from the introduction, the presence of catalyst deactivation 
and the ability to regenerate the system will allow to decide whether the acetone 
formation can be rationalized by equations (1) to (3). In Fig. 3 time on stream 
data are plotted using a fresh catalyst. 

kg feed /kg catalyst 

Fig. 3. Catalytic stability of H-ZSM-5 (1) at 633 K. 

This catalyst H-ZSM-5 (1), after regeneration (oxygen treatment at reaction 
temperature), comes back to its original activity. 

In agreement with the literature data [3] , it is confirmed that all H-ZSM-5 
zeolites coke up in a relatively short period, but are easily regenerable. If the 
mechanism occurs according to equations (1) to (3), the Br^nsted acidity of the 
dehydroxylated zeolite should be restored by H„0/C0„ mixtures. Since there is no 
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direct proof in literature that this is possible for hydrogen zeolites, a 
alternative explanation for acetic acid activation is advanced using the following 
transition state : CH, 0 

C = C CH^— C J -
I 

Si Al Si 
/ \ / \ / \ 

The acylion is formed in the usual way (equation (2)), while the acetic acid is 
polarized by the diffuse negative charge. In such a way acetate and acyl are 
formed close to each other (possibly in a channel intersection) and may react upon 
complete reconstitution of the catalyst in its original state. Such a mechanism 
doesnot suffer from the drawbacks mentioned for equations (1) to (3). 

Distribution of secondary products. The main secondary products formed from 
acetone are in the order of importance : alkylphenols, isobutene, aromatics and 
other hydrocarbons. The distribution of these products on the series of ZSM-5 
samples is shown in Fig. 4. 

This figure indicates that isobutene as well as the alkylphenols are primary 
products from acetone, while aromatics are only of a secondary origin. Selectivity 
for the oxygenated products is maximum for the ZSM-5 (1) sample, with intermediate 
aluminum content. 

The formation of isobutene is easily accounted for by cracking of diacetone 
alcohol (equation (6)). The precursor of alkylphenols can be isophorone (VIII) 
(equations (8) and (10)). This molecule can be formed from acetone through an acid 
aldolization followed by dehydration (equations (4),(5),(8)). However, its 
conversion to dialkylphenols is difficult to explain using Br(Snsted 
catalyzed-reactions, since the overall conversion equation represents a 
dehydrodemethylation reaction. A competitive and Br«Snsted acid-catalyzed 
degradation of isophorone (VIII) gives mainly 1,2,4-trimethylbenzene (equation 
(9)). From the data of Fig. 2 it follows that if too few acid sites are present, 
the reaction stops when acetone is formed. When too many Br^nsted sites are 
present (i.e. for high Al/Si + Al ratios), it follows from Fig. 4 that more 
aromatics and much less alkylphenols are formed. This may reflect that reaction 
(9) becomes fast on such catalysts. This is confirmed when the distribution of the 
aromatics is considered. The selectivity for 1,2,4-trimethylbenzene decreases with 
decreasing Al content of the ZSM-5 zeolites and is in any case over 50 wt %. In a 
given zeolite it increases with the reaction temperature. It can be concluded that 
reaction (9) is important compared to the formation of aromatics from isobutene and 
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Fig. A. Distribution of the secondary products from acetic acid : (a) 
alkylphenols, (b) isobutene and (c) aromatics. The H-ZSM-5 zeolites used 
contained (A) 0.1, (B) 1, (C) 1.6 and (D) 3.2 % of Al/Al + Si. 

competes with the dehydrodemethylation reaction. This would explain the maximum in 
the yield of alkylphenols (Fig. A). In the series of ZSM-5 zeolites with different 
A1 content, the right degree of dilution of the Br^nsted sites is needed to realize 
a maximum selectivity to alkylphenols. Whether at this particular dilution a 
maximum number of Br^nsted sites of a given strength is present, is unknown at this 
time. Neither is known on what kind of site the dehydrodemethylation occurs. A 
potential active site could be occluded impurity iron. 
Although this matter requires further research, at this stage it is believed that 
rather than by equation (10) the dehydrodemethylation reaction can be best 
rationalized when it is catalyzed by occluded iron-oxide in the following way : 
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VIII 

OH OH 

(12) 

&+' ' 6 — Fe — 0 

Distribution of the alkylphenols. The maximum selectivity obtained for 
alkylphenols when untransformed acetone and CO^ are not taken into account as 
products is approximately 80 wt % on H-ZSM-5 (1). The dominating product in this 
fraction is 2,4-dimethylphenol, with a maximum selectivity of 77 wt %. In analogy 
to the trimethylbenzenes [3], 2,4-xylenol is expected to be the smallest of the 
dimethylphenol-isomers. Its formation is therefore governed by product diffusion 
shape selectivity. At high reaction temperatures, cresol as well as 
trimethylphenols appear in minor amounts. This represents evidence for a 
dismutation reaction. 

CONCLUSION 
Acetic acid is shown to be converted on H-ZSM-5 zeolites into acetone, carbon 

dioxide and water as primary products. The stoichiometrically expected C02 is 
recovered on all H-ZSM-5 zeolites, irrespective of their A1 content. The data can 
be rationalized in terms of the interaction between a Br^nsted acid generated 
acylium and an acetate ion. In contrast to previously proposed mechanism, no 
zeolite dehydroxylation has to be invoked. 

Acetone is then either converted via a series of Br^nsted acid-catalyzed 
aldolization and dehydration reactions into isophorone or via dimerization and 
cracking into isobutene. The selectivity for the first reaction is high for 
H-ZSM-5 samples rich in aluminum. For the high-silica samples, acetone is only 
cracked at very high reaction temperatures. The key step in the reaction network 
seems to be the decomposition pathway of isophorone. If this occurs via classical 
carbenium ion chemistry, 1,2,4-trimethylbenzene is the main product. On H-ZSM-5 
zeolites with intermediate A1 content (1 %) and at relatively low reaction 
temperatures, isophorone is via a dehydrodemethylation reaction converted into 
mainly dimethylphenols, in which fraction 2,4-xylenol as a result of product 
diffusion shape selectivity is abundantly present. 
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HYDROCONVERSION OF CARBON MONOXIDE IN ZEOLITIC MEDIA - A GENUINE FISCHER-TROPSCH 
REACTION ? 

Y. BEN TAARIT 
Institut de Recherches sur la Catalyse, C.N.R.S., 2 Avenue Albert Einstein 
69626-Villeurbanne-CSdex. 

ABSTRACT 
The hydroconversion of Carbon monoxide over multicomponent zeolitic catalysts 

was reviewed. The Fischer-Tropsch (F.-T.) synthesis, as generally accepted was 
considered with reference to its obvious limitations : low overall conversion rate, 
broad product spectrum, and comparatively high methane yields. The design of active 
catalysts that circumvent the Schulz-Flory (S.-F.) distribution was the aim of most 
of the litterature disclosed initially. Later composite catalysts were designed to 
achieve depressed methane yields and narrower distributions : the quest for such 
catalysts was schematically analyzed : the first association of zeolites to metals 
known to be active in F.-T. synthesis was aimed at imposing cage and/or size effects 
so as to by-pass the S.-F. distribution. This idea slowly shifted to the use of 
intrinsically more selective catalysts for hydroconversion of CO stabilized in the 
zeolite cavities. These improved the selectivity but did not achieve the long sought 
higher rates. Composite catalysts including either an F.-T. conventional catalyst or 
a methanol synthesis catalyst and a shape selective zeolite were the most recent 
approaches directed at increasing yields and improving selectivites. However 
questions as to the operating pathways and the unexpected selectivity changes are 
still pending. 

INTRODUCTION 

The last decade has witnessed feverish efforts in the search of energy sources 
alternative to periodically dried up and yet ever lasting oil. Among the possible 
candidates renewable energy sources enjoyed an immense but fugacious popularity as 
cheap oil prices reassured the consumer for a new "period". By contrast coal still 
retains the attention of the professionals. The secret of this new infatuation for 
coal, in spite of all the heavy toll which traced the coal mining history up to very 
recently, may lie in the existing coal and coal-derived syn gas conversion 



technology. Also the availability of coal in various parts of the world ensured an 
attractive reliable suplly. 

Syn gas conversion is a well known process to methanol and glycol, while 
Fischer-Tropsch synthesis to produce fuels, though not so popular as it used to be 
before the oil era regained some luster in recent years. Yet the F.-T. plants 
remained shut down. Only, in South Africa, probably on political grouns Sasol 
plants are operating. In order to gain Industrial significance, this process must 
meet the following conditions : the conversion rate, presently the lowest of all syn 
gas conversion processes, must be significantly enhanced ; the prevailing broad 
product distribution must be circumvented and the methane yield must be drastically 
cut down. Table 1 compares the production rates for methanol synthesis from various 
technologies and that of the Sasol plants as extract parts of the world ensured an 
attractive reliable, suplly. 

Syn gas conversion is a well known process to methanol and glycol, while 
Fischer-Tropsch synthesis to produce fuels, though not so popular as it used to be 
before the oil era regained some luster in recent years. Yet the F.-T. plants 
remained shut down. Only, in South Africa, probably on political grouns Sasol 
plants are operating. In order to gain Industrial significance, this process must 
meet the following conditions : the conversion rate, presently the lowest of all syn 
gas conversion processes, must be significantly enhanced ¡the prevailing broad 
product distribution must be circumvented and the methane yield must be drastically 
cut down. Table 1 compares the production rates for methanol synthesis from various 
technologies and that of the Sasol plants as extracted from Dry data. 

Table 1 

Comparative rates for Methanol and F.-T. synthetisis 

Catalyst temperature pressure space velocity yield source [̂ 1,2̂  
centigrades atmos. h"1 Kg/Kg/h 

CuO 
64 

: ZnO : 
: 32 : 

A1203 

4 250 50 10 000 0. ,3 academic 
CuO 
64 

It 300 50 10 000 0. ,9 it 

CuO 
11 

: ZnO : 
: 70 : 

Cr203 

19 270 145 10 000 1. .95 
Power gas 
corporation 

31 : 38 : 5 230 50 10 000 o . .755 BAST 
33 : 31 : 36 250 150 10 000 1. , 1 academic 

300 150 10 000 2. .2 M 

Fe 2 000-3 000 0 . .01 Sasol 
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THE FISHCHER TROPSCH SYNTHESIS PRINCIPLES AND LIMITATIONS 
The syn-gas conversion occurs formally according to the simplified independent 

or sequential reactions : 
2n + H_ + nCO > C H. + nH„0 to provide olefins 2 n zn L 
(2n + 1 )H„ + nCO > C H _ + nH„0 to yield alkanes 2 n 2n+Z I 

The thermodynamic data £3,4] point to the following predictions : 
- the equilibrium conversion will increase with increasing pressure and decrease 
temperature 
- paraffins will be selectively produced in the operating temperature range 
(150-450°C) 
- methane will be the dominant product which is a serious drawback. 

But the most obvious limitation of the Fischer-Tropsch synthesis is its 
product distribution entirely dependent on its reaction mechanism : 
Indeed there is a general agreement to ascribe the formation of hydrocarbons in 
syn-gas conversion to a polymerisation process involving a simple monomeric species. 
This monomeric species containing one carbon atom adds to the growing chain on the 
catalyst following the well established polymerisation kinetics with initiation, 
propagation and termination steps. Such a kinetic has been formulated mathematically 
£5] as follows 

r, - n _ 1 /1 i2 W = n a (1 - a) n 
W^ indicates the product weight fraction of carbon number n 
a indicates the chain groth probability and is constant 
a could be determined experimentally from the plot of log W^/n against n. 

Thus the distribution of the Fischer-Tropsch products appears to be 
predetermined by the chain growth mechanism. This type of product distribution is 
known as the "Schulz-Flory" distribution. Of course a varies with the nature of the 
catalyst and other experimental parameters. Nonetheless except where a = 0 that is 
the methanation case, a whole product spectrum must be obtained with the relative 
concentrations strictly obeying the mathematical equation derived for polymerization 
schemes. 

This is indeed a serious limitation which hinders the use of F.-T. synthesis 
to the production of a narrow range of chemicals. Though, possibly, parallel and 
sequential reactions may alter significantly this imposed distribution. 

The second limitation is the very low activity of the Fischer-Tropsch ' 
catalysts comparaed to methanation and methanol synthesis catalysts (see table 1). 

As to the major limitation i.e. broad spectrum of products, the litterature 
data show that : 
a) Higher overal1 selectivites to lighter hydrocarbons may be reached by increasing 

either the H^/CO ratio or the reaction temperature or by decreasing the residence 
time. 
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b) As apparently olefins and/or alcohols are the priniary products, these are 
favoured by low convers ions~~acfhieved by high space velocities and/or low H^/CO 
ratios. The selectivity towards these products will obviously depend on the 
hydrogénation ability of the catalyst. It would seem reasonable that alcohols 
should be favoured by high total pressures. 

c) Higher temperatures would favour olefins with respect to overall hydrocarbon 
production as increasing temperatures shift the hydrogénation dehydrogenation 
equilibrium towards olefins. 

VIOLATION OF THE S.-F. DISTRIBUTION 
Even though modest inflexions of the product selectivLties may be achieved as 

mentioned above or by resorting to the variation in the reactor engineering, these 
selectivity changes are still achieved within the Shulz-Flory Distribution. 

Ways to circumvent the CO hydrogénation were therefore sought in the catalyst 
design. 

As zeolites always appeared as wonder catalysts, it was thought that these 
solids should be up to the expectation of the many scientists who engaged in the 
search for means to violate the S.-F. Distribution in order to render to the F.-T. 
synthesis some of its luster [6-9^. Indeed many reports on the violation of the 
S.-F. Distribution were issued following the use of zeolite catalysts. 

While this should appear as reasonable goal, a number of reports should be 
considered with caution. 

In effect the following artifacts may well acount four apparently interesting 
non S.-F. Distributions : 

In some cases, for obvious experimental constraints, usually fully mentioned 
by the authors, only a narrow fraction of products could be analyzed or collected, 
thus missing a representative picture of the actual distribution. 
Analysis of the whole product spectrum may be hindered by a number of reasons from 
which we single out the following : 

fractionation problems and incorrect sampling 
condensation of long chain products on the catalyst surface or inside the 
pores. 
preferential adsorption of some products. 
Most of these problems may be overcome by running the F.-T. experiment over a 

long enough period, thus achieving high yields which minimizes the inherent errors 
to sampling, fractionation and product retention on/in the catalyst. 
Alternatively a carefull and accurate material balance would save erroneous and 
misleading conclusions. 



Irrespective of the conclusions following a carefull scrutiny of the available data 
reporting non Schulz-Flory distributions, several means were employed to circumvent 
the production of the entire spectrum of hydrocarbons. 

The ideas behind the means were inspired by the belief that 
\ V . 

(i) \metal support interaction may drastically influence both the activity and the 
selectivity of the supported metal. In particular the acid-base properties of 
the support were thought to be the most influencial parameters that determine 
the modifications of the catalytic properties of the metal 

(ii) the metal particle size is likely to influence the. hydrogenation and 
hydrogenolysis activity of the metal and possibly have sensitive effects 
on catalytic steps, such as carbene insertion into M-C bonds etc..., which 
govern the F.-T. synthesis mechanism. 

(iii) the chain growth mechanism may be strongly restricted by steric hindrance 
which may yield a stereoselective distribution appearing as a sharp cut off 
at a definite carbon number ^12]. This latter way of thinking inevitably 
brought zeolites into play. The disclosure by Mobil of methanol conversion to 
hydrocarbons over various shape selective zeolites' increased the attractive 
character of these solids as selective supports or''components in F.-T. and 
F.-T. related synthesis. 

(iv) zeolites were well established as acid catalysts which perform cracking and 
isomerization of hydrocarbons. Therefore hopes were running high to modify the 
S.-F. distribution in a subsequent conversion step of the hydrocarbons 
produced on the F.-T. component. 
In order to examine the accomplishments achieved by Zeolite "F.-T." synthesis 

as to the activity and the product distribution we shall consider separatly the 
following topics which originate from the ideas outlined above as practiced by 
various groups. 

Schematically these ideas inspired the emergence of : 
1) bifunctional catalysts associating a metal, known to be F.-T. active, with 

zeolites 
2) bifunctional catalysts associating an active component in hydroconversion of CO 

(usually a carbonyl complex) with various cage-type zeolites. 
3) composite catalysts associating an active F.-T. catalyst with zeolites, which is 

the procedure used to up-grade F.-T. products. 
i) composite catalysts associating an active CO hydrogenating catalyst (usually a 

methanol synthesis catalyst) with shape selective zeolites. 
R.oughly three approaches, which sometimes merge, dominated the disclosed data. 
Ki) upgrading F.-T. products by addition of an acidic component possibly with 
I shape selective properties. 
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(ii) diverting the CO hydrogénation from the F.-T. mechanism to produce oxygenated 
species, subsequently converted to hydrocarbons on acid catalys exhibiting(or 
not) shape selective properties. 

While the first approach does not aim in principle at increasing the rate of 
reaction, the latter is also directed towards improving the yield as well as 
escaping the Schulz-Flory distribution. 
However one more limitation which cannot be lifted upon chosing the first approach 
consists in unacceptably high methane yields. This feature, combined with low 
hydrocarbon production rates, and a broad product spectrum, contributed strongly to 
weight down the F.-T. process. 
Therefore it would seem useful to examine the parameters which influence methane 
formation in order to depress methanation rates whenever possible. 

METHANATION 
Part of the dilemma in attemps to increase F.-T. synthesis rates is that it 

is necessary to increase the hydrogénation abilities of the catalyst which almost 
inevitably results in increased methanation rates as hydrogenolysis activity is also 
simultaneously increased. Thus both CO hydrogénation intermediates and hydrocarbon 
products all tend to be ultimatly converted to methane the stable end product. 

A well documented investigation by Lunsford and coworkers has elegantly 
delineated the parameters which play a prominent role in methanation. Recent studies 
disclosed at this very meeting appear to be in agreement with Lunsford et al. and 
extend the investigation to the H^ + CO^ mixture . 

Rabo and coworkers ^15] have shown that supported metallic palladium produced 
essentially methanol from syn gas under specified pressure and temperature 
conditions. This result was ascribed to the unique property of palladium to adsorb 
CO associatively so as preventing methane formation, as this proceeds via 
dissociation of CO and subsequent hydrogénation of the resulting carbon. Lunsford 
and Coll. extended this pioneer work to palladium supproted on a number of carriers 
including zeolites [̂ 13]. 

Large size palladium particles supported on HY and NaY zeolites were compared 
to similar size particles deposited on neutral silica and acidic silica. 

Pd/HY appeared to be the most active methanation catalyst irrespective of t J 
particle size, while only silica-supported palladium exhibited a significant 
activity in methanol production. Under the same temperature and pressure condition 
Moreover methane production was shown to proceed by an independent route wi. 
respect to methanol formation and could not be due to sequential hydrogénation c: 
methanol. Yet methane did not appear to be formed via CO dissociation. The weakly 
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adsorbed CO would appear to be the precursor to methanol, while strongly adsorbed CO 
would favour methanation. Changes in the CO adsorption strength were noticed upon 
varying the Palladium particle size. Larger particles favoured methanol formation. 

The acidity effect seems, on the contrary, to enhance methanation rates (table 
2). This was ascribed to an additional and simultaneous interaction of the 
Oxygen-End of the CO molecule with Bronsted acids, thus considerably affecting the 
CO bond strength enabling the C-0 cleavage in subsequent steps to methanation. In a 
way, acid sites would provide "oxophile" for CO activation. 

Table 2 
rates of CH^ and MeOH production on Pd supported over various acidic and neutral 
carriers in mmole per metal site per second T = 553 K + 5 H2/C0 = 2.8 - 2.4 
P = 1,51 MPa SV = 1200 ± 200 h"1 

Catalyst support properties rate CH, 4 rate CH30H 

PdNaY medium acidity 12 + 4 -

PdHY strong acidity 40 + 3 1 
PdSi02 (01) acid 2 + 1 
PdSi02 (57) neutral 0.65 18 , 
PdCab-O-Sil fairly acid 1.2 4 + 1 ., 

A recent report on methanation supported Lunsford et al. conclusions 
on the absence of any significant charge transfer between the support and the metal. 
It was suggested in addition that polarization of the chemisorbed CO followed by 
hydride transfer may enhance the rate of methanation as observed on acid supprots. 
While it is clearly conceivable that hydride transfer, may be favoured in this way, 
there is no obvious reason that this should be at the exclusive benefit of 
methanation. As no influence of the acidity was observed on methanol production rate 
this hypothesis could not be reconciled with experimental data. One would rather 
favour the acid-assisted CO dissociation mechanism in order to account for 
methanation rate enhancement. 

Qualitative acidity effects were also investigated. It was reproted that the 
effect varies in the following order HY > HZSM-5 > NaZSM-5 » NaY > Si02 [16]. 
however too many influencial parameters may have varied simultaneously to infer 
reliable conclusions. It is almost certain that the palladium particle size, the 
°location of palladium particles and the vicinity of the metallic sites with the acid 
•I 
site may vary substantially from sample to sample. 

c However there should be no doubt that Bronsted acidity plays a major role in 
enchancing the methanation rate. Therefore acidic supports for Fischer-Tropsch 
catalysts should be prohibited on these grounds. 
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BIFUNCTIONAL F.-T. CATALYSTS 
F.-T. Active metals supported on Zeolites. Such catalysts associating mainly 

ruthenium and iron with cage type zeolites were dealt with in many early 
investigations £6, 11, 17-193-

Jacobs and coworkers Ql 1, 173 reported that a sharp cut off in chain growth 
occured around C^-C^ when ruthenium particles were supported on zeolites. Similarly 
Ballivet et al. Q 1 s h o w e d that iron-Y zeolites and Fe^(CO)^^-ierived Iron Y 
zeolites produced C^-C^ hydrocarbons for the latter and hydrocarbons for the 
former. In both cases the probability in chain growth appeared not to be constant 
over the entire C ^ - C ^ ^ n ? 6 , A sharp decrease was observed past the Cg, 
hydrocarbons. This sharp decrease was attributed to a cage effect, as the 
Fe^CCO)^2~d e rived iron particles were thought to be located in the Y zeolite 
supercages. 

However as the zeolite cages may have as a primary effect to stabilize metal 
particles that fit in these cages, it may well be that the interpretation must be 
considered in terms of particle size effects, regardless of the reason and the means 
used to develop such particles. Jacobs £63 reported such a drastic effect of the 
particle size over the hydrocarbon distribution obtained in the case of ruthenium 
supported on Y zeolites. For example particles sizes of 1.5, 2.5 and 4.0 nm limited 
the chain length of F.-Ti products at 10, 5 and 1 carbon numbers respectively. Thus 
it would appear sensible to ascribe the observed distribution to particle size 
effects since the carrier did not change. Additionaly, similar size ruthenium 
particles deposited on silica also produced similar effects which confirms that the 
F.-T. distribution is sensitive to the structure of the active component on which 
the actual chain growth does take place rather thag to the porous structure of the 
matrix, except through secondary effects on the metal particle. 

A curious distribution was recently reported where C^-C^ hydrocarbons were 
almost entirely absent from the products using a rod shaped ruthenium oxide 
supported on Y zeolites and subsequently reduced. However the actual operating 
catalyst has not been examined |^2o3. If confirmed this would be the most interesting 
structrure sensitive example in F.-T. synthesis. This structure sensitivity would 
imply that only ensembles with as an optimum number of individual metal sites are 
able to initiate and/or effect the chain growth. It is again interesting to point 
out that larger particles produced essentially methane while smaller particles 
produced longer chains. This was further illustrated by investigating the activity 
and the product distribution exhibited by bimetallic catalyst. For example ruthenium 
associated with the F.-T. inactive copper in Y zeolite showed an overall decreased 
activity and additionally a comparitively lower methane yield £63. 
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A variant of the zeolite effect in F.-T. synthesis was examplified by the 
addition (mechanical mixing) of HY zeolite to iron and/or ruthenium zeolite Ql 8̂ ] . 
Under such circumstances a narrower range of product distribution was obtained, 
which was interpreted as the result of cracking of the longer chains. Also 
iso-products were produced in high yield probably via cracking and isomerization. 

Active CO hydroconver s ion complexes entrapped in zeolites. It appeared that 
the methane rate depression obtained upon designing small metal particles or 
alloying F.-T. active elements by an inactive element was unfortunatly accompanied 
by a depressed overall rate. Therefore another method was sought. Transition metal 
polynuclear carbonyls either adsorbed into- or synthesized within the zeolite were 
used. This was inspired by the fact that smaller ensembles may presumably totally 
inhibit methane formation, while preserving selective CO hydrogenation to higher 
hydrocarbons via non dissociated CO. 

In fact, peculiar distributions were observed by combination of various 
size-cage zeolites and metals known to form stable polynuclear carbonyls. For 
example Gates and Coworkers ^21] obtained a very narrow distribution in CO 
hydroconversion over Coll A zeolite subsequently reduced by metallic Cadmium. The 
narrow (almost C^ hydrocarbons exclusively) distribution was ascribed to the 
formation of tiny-metal particles in A zeolites as a first step followed by a slow 
conversion to Cobalt Carbonyl(s), as evident from the significant induction period 
preceding evolution of products. These results prompted further sutdies [22, 23^. An 
intersting feature in ^22] is the high selectivity to olefins exhibited by 
Silicalite and concomitant methane rate depression. Silicalite has little (ifany) 
acid sites which is not only in line with methane suppression (see methanation 
section), but also with the stability of zerovalent carbonyls, as these are readily 
oxidized by protons). 

These features observed in ^21, 22^ result from : 
a low dissociation capacity of CO thus depressing methane yields, 
a low CH^ or CO inserting activity into M-C bonds, which accounts for limited 
chain growth. 
a low hydrogenation activity as emphasized by the high olefin-to-paraffin 
ratio. 

Diluted metal particles (alloys), as well as small metal particles are well 
known to possess poor CO dissociation as well as poor hydrogenation activity. 
Similar properties are also exhibited by metal carbonyl clusters. Such clusters are 
known to activate molecular hydrogen to form hydrides. Although CO or CH^ insertion 
into M-H bond, which constitute the propagation steps in F.-T. synthesis ^24^ has 
not been reported for soluble polynuclear carbonyl clusters under normal temperature 
and pressure conditions, it is not excluded that this might occur under more severe 
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conditions. Metal formyls have been reported in solution, some of which result from 
the migratory incertion of CO into a Metal-hydride bond [25-28] in hydrido carbonyl 
complexes including Ta, Th and more interestingly Rhodium as the central atom. Such 
a rearrangement would be the initial step to subsequent hydrogenation of 
undissociated CO to form formaldehyde (either as such or dissociatively coordinated) 
and ultimately to yield methanol. Alternatively hydrocarbonylation of formaldehyde 
might lead to higher alcohols and olefins. 

Drastic product distribution differences appeared upon reacting syn gas 
mixture over 20 A zeolite entrapped rhodium particles and over well characterized 
Rhg(C0)^g synthesized within Y zeolite cavities. The former catalyst produced 
essentially methane whereas the latter produced about 60 % 
methanol + ethanol + ^ " C ^ olefins and paraffins and only 40 methane.The overall 
conversion rate was by two orders of magnitude lower than the rate observed for the 
20 A metal particles. 

By contrast, 10 A zeolite-entrapped Rhodium particles exhibited an 
intermediate behaviour : the initial predominant methane production declined with 
time on stream, while methanol, and C^-C^ hydrocarbon yield increased [29]. 

Inspection of the catalyst as it reached a steady state activity and 
selectivity, comparable to those recorderded for Rh (C0),,-Y catalyst, revealed o 16 
that the metal particles were indeed converted to the hexarhodium-hexadecacarbony 1 
cluster [29, 30]. 

The depressed methane yield as metal particles were progressively converted 
into Rhg(C0)jg, together with the overall CO conversion decline, are indicative of a 
poor CO dissociation and CO hydrogenation activity of the polynuclear carbonyl. We 
even feel that methane produced in this case probably originates from a side 
reaction derived from methanol conversion 

(2CH.0H) or CH,0CH, CH. + CH„0 + (Ho0) 3 3 3 4 2 2 
known to proceed over acid zeolites [31-32] 

CH30H + CO > CH^ + co2 

which may proceed over the rhodium carbonyl [34]. 
Recent results by Kubelkova and coworkers showed that methanol decomposed at 

low partial pressure on various zeolites to CH^ and CH^O, although it was not 
suggested that these two compounds were produced via the same pathway [3l] . However 
earlier studies in our laboratory showed a clear correlation between methane and 
formaldehyde yields when methanol was reacted with a variety of cation exchanged Y 
zeolites [32]. Recently Chang proposed a concerted mechanism for CH^ and [CH^O] 
formation upon reaction of methanol over adsorbed methoxide species [33]. 
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Decomposition of Methanol to produce CO^ and Methane was shown to occur on 
Methanol Carbonylation Catalyst via the following mechanism derived by Forster . 
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This approach of occluding well defined carbonyls within zeolites either by 
Jirect synthesis or via reduction of the active component using a procedure that 
prevents formation of protons and subsequent conversion to carbonyls by the t^/co 
nixture proved to be efficient in decreasing the methane yield and increasing the 
slefins and also to circumvent the S.-F. Distribution since the actual reaction 
pathway deviates substantially from the F.-T. mechanism . Unfortunatly as to the 
:rucial activity problem the answer is not satisfactory as conversion of syn gas 
>ver such catalysts is even slower than that observed for conventional F.-T. 
:atalysts already estimated to be rather poor contact masses. 

COMPOSITE CATALYSTS 
Composites associating a conventional F.-T. catalyst with a zeolitic component 
In order to improve the selectivity of conventional F.-T. catalyst whatever 

its poor activity this approach favoured the adjunction of a zeolitic component 
leant both to upgrade the F.-T. products and hopefully to prolong the catalyst life 
lime. This idea was first put into practice by Ceaser et al. and by Chang et 
il. £36^. The results were beyond the initial hope as can be seen from table (3) 
rhich shows that a significant improvement is obtained not only considering the 
iroduct distribution but also in view of the methane yield regression and the 
¡nhancement of the conversion rate which practically doubled while little activity 
.mprovement was expected. 



Table 3 

Comparison of the activity and Product distribution of plain F.-T. catalyst and 
composites F.-T. component + Zeolite component. 

Catalyst T K P MPa G HSV Conversion Cj % Oxygenates C* Ar/c* 

h - 1 H 2 + C O % 

24.0 53.1 

84.8 99.8 

This improvement obtained upon mechanically mixing an F.-T. active component 
with a pentasil type zeolite should be connected to a rapid migration of mobile 
intermediates from the F.-T. component to be converted on the zeolite surface. 

It is obvious, should this be the case, that profound alterations of the 
product distribution are to be expected following this diversion ofthe reaction 
intermediate from an F.-T. pathway to an acid type zeolite catalyzed process. The 
extent of such alterations is perfectly illustrated in table 3 and by results 
reported by Ceasar et al. [35], concerning the liquid fraction using a fused 
Iron-Zeolite composite. An increased stability against waxing was also observed due 
to cracking of long chain hydrocarbons. It was also shown that an optimum 
composition, far in favour of the zeolite, was necessary in order to avoid clogging. 

The diversion from simple F.-T. mechanism, which is though to be at the origin 
of increased life time, was related to the fate of terminal olefins. In a plain 
F.-T. process these were likely to reenter the propagation cycle and lead to long 
chains. If mobile enough, in a composite catalyst, they should be isomerized tc 
internal olefins which cannot participate in the propagation step any more. Indeed ; 
much higher proportion of internal olefins was achieved in composite catalysts witl 
reference to the simple F.-T. component. 

These findings would suggest that higher benefits would be expected if the 
intimacy of the two components were improved, so as to enhance the migration of 
F.-T. intermediates to the zeolite surface, thus achieving simultaneously higher 
rates and narrower distributions. 

Also, it was apparent that the best synergetic effect should be achieved when 
the "F.-T." intermediate is most likely to be rapidly converted by the zeolitic 
component. As it is well known that zeolites, particularly those of the pentasil 
family, are tremendously active is methanol conversion, it was only logical that the 
next move was to associate a methanol component with a zeolite component. 

Zr02 700 9.13 720 7.5 24.8 34.5 
Zr02 

+ 700 9.13 720 13.8 1.6 0 
ZSM-5 
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Composite associating a methanol synthesis catalyst with a zeolitic component 
Such catalysts are expected to benefit from the excellent activity of the 

methanol synthesis component since methanol conversion would not be the limiting 
step. However no matter how flexible a dual component catalyst might be, its 
limitations are inherent to its very nature of compromise type catalyst. 

Nevertheless the expected benefits from such an association are the 

following : 
(i) as already mentioned a higher overall conversion rate, which would 

significantly improve the usual F.-T. rates to a level that would compare 
more favourabley with rates encountered in methanol synthesis. 

(ii) a significant decrease in the total pressure. Indeed the usual pressures, 
employed in methanol synthesis in order to achieve acceptable rates at the 
most favourable thermodynamic conditions for methanol formation, may be cut 
down : conversion of the generated methanol would likely result in a 
significant equilibrium displacement making it possible to achieve reasonable 
conversion rates at significantly lower pressures. 

(iii) narrower product distribution, which should be the end products of methanol 
conversion under the operating conditions exclusively. 

In fact, as already underlined, difficulties may be experienced in setting 
(adjusting) the optimum conditions to operate both components of the composite 
simultaneously. In particular the usual temperature range for zeolites to show 
optimum activity is significantly higher than the optimum range for methanol 
component. 

On the other hand, zeolites used to exhibit an appreciable flexibility in 
directing the reaction towards the production of olefins or aromatics upon adjusting 
the experimental conditions (temperature and space velocities) and, to a lesser 
^degree, the acidity of the alumino silicate. In the composite catalyst, however., 
both the activity and the selectivity pattern of the zeolite may be significantly 
affected by the presence of the other component and by the ambiant H 2 + CO 
atmosphere. 

Several components have been selected independently. The usual procedure was 
to achieve a fine mechanical mixing of a methanol catalyst : Pd/Si02 [37], Pd/MgO 
[38], Pd doped ZnO-C^Oj, Cu-Pd/ZnO-Cr^ [39], C u O - Z n O / A l ^ [37], CuO ZnO [40] and 
ZnO-CrJ-OJ [39] with a zeolite component usually H type zeolites namely HY ; H 
Mordenites either as prepared or modified, erionite, silicalite and HZSM-5 with 
various Si/Al ratios, with and without shape selective properties. 
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In all cases the activity of the composite catalyst was at least an order of 
magnitude higher than that of the methanol component under the same experimental 
conditions. This synergetic effect seems to depend on the nature of both components. 
Although this effect is interpreted in terms of equilibrium displacement by 
continuous consumption of the methanol produced, little is understood as to the 
origin of the variation of the extent of this synergetic effect. 

Perhaps preparation methods and conditions which would offer the best intimate 
contact between the two phases, and thus enhance the methanol conversion rate, are 
not perfectly reproducible. It is not unreasonable, on theother hand, to assume 
that an intimate enough mixture would enable mobile enough intermediate species, in 
methanol synthesis, to migrate on the acidic surface of zeolite, to be directly 
converted into final products, thus bypassing the methanol step and therefore 
escaping the thermodynamic limitations. This hypothesis seems to be in accordance 
with the observation that both Pd/siO^ and CuO-ZnO/Al^O^ associated with the same 
zeolite did not achieve the same conversion, although their independent methanol 
synthesis rates were comparable under similar experimental conditions [37]. 

Pd/siOj appeared to achieve a modest synergetic effect under identical 
conditions [37, 38]. This was ascribed to poisoning of palladium by aromatics [37]. 
In addition, although, no data is available as to the characterization of the 
catalysts, it should not- be surprising that palladium particles exceed 50 A in size 
and would, therefore, provide for a poor interface between the two components. One 
might expect that migration, over to the zeolite surface, may, permanently and 
dramatically, alter the final hydrocarbon distribution toward higher methane yields 
(see methanation section). Such ageing of palladium-zeolite composites has already 
been observed [37]. 

The likelyhood of interception of methanol synthesis intermediate(s) which 
would account for synergetic effects seems to be supported by the steady increase of 
the yield of hydrocarbons with increasing reaction temperature on the composite 
catalyst, whereas methanol synthesis rates over the individual "methanol component" 
passed through a maximum as the reaction temperature increased and then declined 
drastically. 

Also the observation that catalyst composition barely affects the conversion 
rate is yet another argument in favour of "interface sensitive" reaction than simple 
trivial multi-step reaction, one would expect that an optimum composition should 
exist whereby the rate of methanol synthesis on the methanol component should equal 
the rate of the subsequent conversion on the zeolite. In fact in academic systems 
the conversion rates achieved were slightly less than those of methanol synthesis 
though they were obtained under temperature and pressure conditions far away from 
the optimum thermodynamic conditions for methanol production. As the zeolite 
component is by far more effective than the other component one would at least 



expect that, within a certain composition range, the overall conversion tatfe1'should 
increase linearly with the "methanol component" content in the composite.' In ..fact 
this was not observed, which suggests that the intermediate migration onto the 
zeolite is likely to be realistic. 

As expected, the nature of the zeolite appeared to be of importance. 
Silica-rich zeolites exhibited the highest rates, although faujasite type zeolites 
also exhibited synergetic effects. 

By contrast product distributions were drastically dependent upon the nature 
of the zeolite. Little attention was devoted to the possible mutual influence on the 
catalyst stability. As already mentioned, the total pressure increase enhanced the 
yield while increased CO/h^ ratios slightly depressed the overall production but had 
marked effects on the composite selectivity. 

Selectivit^_^_garameters_and_trends 

Many parameters should affect the selectivity namely the total pressure, the 
temperature and the feed composition. On the other hand,the nature of the catalyst 
components and the principal characteristic of each of them : the hydrogenation 
ability of the MeOH synthesis component, its sensitivity to CO, its dispersion the 
acidity of the zeolitic component its Si/Al ratio and porous structure should 
dramatically influence the product distribution. 

Too few studies were directed to pinpoint the influence exerted by each of 
these parameters independently. Rather, studies were directed towards obtaining a 
hydrocarbon distribution range or simply a desired product. Thus these parameters 
were optimized to achieve either a narrow spectrum of aromatics [36] or C^-C^ 
paraffin [4l] or olefins [38]. However a more detailed study was disclosed by 
Tominaga and coworkers [37] which investigated the independent influence of a number 
of these .parameters. 

The prominent feature of selectivity trends is the total suppression of 
oxygenates as compared to all F.-T. and MeOH synthesis experiments. This is no 
surprise, since the zeolitic component is usually chosen on the basis of its ability 
to convert alcohols and analogues at a very high rate. 

The. other important feature is the methane yield. The composite catalyst was 
designed .to achieve a number of promises among which : increased activity with 
respect to classical F.-T. synthesis and a depressed methane yield. 

The methane production appeared to depend on two main parameters : the 
temperature, and the nature of the MeOH synthesis component and possibly a third 
parameter, under particular circumstances. 



The methane production is drastically enhanced by temperature increase this 
enhancement is well beyond the expected selectivity loss of the methanol synthesis. 
It probably stems from the subsequent conversion of hydrocarbons produced on the 
metal (oxide) component which hydrogenating abilities are increased by a temperature 
increase, as CO poisoning of those properties is partially removed. 

The-methane- production enhancement is even more pronounced when the methanol 
synthesis component is metallic (usually palladium). It is even more so if one 
assumes that a temperature increase would result (i) in possible sintering of the 
metal to produce larger particles which exhibited high hydrogenation and 
hydrogenolysis activity, (ii) in possible migration from the initial MeOH synthesis 
carrier to the zeolite carrier which is more acidic and would therefore favour 
direct conversion of syn gas to methane (see methanation section). 

An additional parameter which might influence the methane yield is the nature 
of the zeolite : while efficient methanol conversion catalyst of the pentasil 
family produce little methane, medium and large pore catalysts : faujasite, 
unmodified mordenites produced significant amounts of methane [33] following the 
reaction 

CH3OH + CO » CH 4 + c o 2 

Thus minimizing the methane yield requires low temperatures, oxide type 
methanol synthesis and pentasil type zeolites or modified mordenites. 

The second feature, with few exceptions, is the increase of the 
paraffin/olefin ratio as compared to the direct methanol conversion on zeolite 
catalysts. This phenomenon is even more pronounced when the MeOH component is 
palladium.This is not surprising as the other component of the composite system has 
enhanced hydrogenating abilities with respect to the pure zeolite component. The 
possible way to preserving the higher olefin to paraffin ratio observed with 
straight forward methanol conversion should be sought through an increase of the CO 
partial pressure to inhibit subsequent hydrogenation of olefins. This however may 
result in a lowered overall activity. 

The next possible way which has been successfully investigated is the 
composition shift to a lower proportion of the MeOH synthesis component especially 
when it is palladium. In that case, it was observed not only that C^ to C^ yield in 
paraffins decreased but also that selectivity towards aromatics increased which is 
in line with decreasing hydrogenating and hydrogenolysis activity. 

The last feature, we select, is the problem of aromatics production and 
distribution within the aromatic range. Clearly mordenites and pentasil type 
zeolites produce significantly more aromatics than any F.-T. catalyst, while 
composite catalyst including Y type faujasite produce almost exclusively aliphatics. 
This last observation is in line with previous reports concerning the simple 



methanol conversion. This itself is a serious proof that the actual mechanism 
proceeds via methanol or a particular intermediate to methanol then subsequent 
conversion of the latter or of both. 

Aromatic yield would depend on the possibility for olefins to oligomerize, 
which implies that the "methanol component" must not have a high hydrogenation 
activity or that the chances for olefins, when formed, to adsorb on the metallic or 
oxide component should be lowered. The yield in aromatics would become even lower 
when metallic components are present instead of oxide components. 

The aromatic distribution however has been the subject of more concern and it 
even seemed to shed some doubt on whether syn gas conversion proceeded actually 
according the two step mechanism 

Me OH zeolite 
CO + H 2 • MeOH > hydrocarbons 

catalyst 

The prominent feature of this distribution is a higher methylation of the 
aromatic ring, an important shift of aromatic hydrocarbons from the usual C^, Cg, C^ 
with a peak for xylenes to maximum CJQ-C^ production among aromatics on pentasil 
type composite catalysts and a maximum for aroamtic distribution at C ^ - C ^ 
expanding up to C ^ on mordenite composite catalysts. 

Little has been proposed to account for this commonly recognized effect. Yet 
it has been observed that increasing CO partial pressure resulted in higher 
proportion of C_-CQ aromatics in the case of the palladium component. This suggests o y 

that the palladium component may well be active in the alkylation process (it may 
also disproportionate substituted aromatics, formed on/in the zeolite, the 
dealkylated molecules may be subsequently realkylated (by the zeolite) thus 
progressively shifting the aromatic distribution towards higher carbon numbers. 

The alternative is that due to the fact the "methanol component" may only be 
vicinal to zeolite cristallites the methanol produced in a too low concentration 
(compared to a methanol feed) could well be converted significantly preferentially 
at the external surface thus undermining the shape selective property of the 
zeolite. 

PROSPECTS 

Too few investigations appeared to be directed at assessing the effect of the 
preparation method of the composite catalyst. One should think, however, that 
achieving a more intimate vicinity between centers effecting methanol synthesis or 
generating intermediate species to methanol and the zeolitic acid sites, would 
permit a better equilibrium displacement and/or more efficient intermediate 
interception, to form hydrocarbons, thus greatly improving the overall syn gas 
conversion rate. 
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However, in the case of methanol metallic component i.e. Pd the obvious 
pitfall yould be the migration of the metallic component from its appropiate support 
to the acid zeolite support, which would switch the selectivity towards methane. • 

As to the selectivity of this process it would be desirable to depress tetra 
and penta methyl benzene yield. This could, for instance, be achieved by 
neutralization of the zeolitic external surface or by minimizing this surface using 
larger zeolite crystals. 

In all, this procedure of circumventing the S.-F. Distribution would appear as 
the most promizing especially that an important flexibility in the choice of the 
composite components is left at the will of the experimentalist. 

As to the overall activity, this procedure also seems to yield the highest 
rates, as these approach the lower methanol production rates with the advantage over 
F.-T.-derived procedures of providing directly usable fuels. 
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STUDIES ON COKE FORMATION ON DEALUMINATED MORDENITES BY >IN-SITU IR AND 

EPR MEASUREMENTS 

H.G. KARGE, E.P. B O L D I N G H , J . - P . LANGE, A . GUTSZE* 
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ABSTRACT 

Coke formation during dealkylation of ethylbenzene and reaction of 

ethylene over dealuminated mordenites was followed by simultaneous 

in-situ IR spectroscopic and conversion measurements as well as by 

in-situ EPR s p e c t r o s c o p y . 

A close correlation emerged between the Si/Al r a t i o , the number of 

Brtfnsted acid sites and the coking tendency of the mordenite c a t a l y s t s . 

The rate of deactivation was similar for two catalysts with different 

Si/Al r a t i o s , in agreement with TPD results according to which these 

catalysts had sites of similar s t r e n g t h . EPR results suggest that at 

low reaction temperatures ( T < 373 K ) , oligomeric radicals had f o r m e d , 

indicated by a signal at g=2.0028 with hyper-fine s t r u c t u r e , whereas at 

higher temperatures a single coke signal a p p e a r e d . It cannot be ex-

cluded that the oligomeric radicals were precursors of the coke; how-

e v e r , no simple relationship between both species was e s t a b l i s h e d . Coke 

formation seemed to proceed via a carbenium ion rather than a radical 

mechani s m . 

INTRODUCTION 

With most hydrocarbon reactions catalysed by z e o l i t e s , deacti-

vation of the catalyst due to coke deposition is a serious p r o b l e m . 

More r e c e n t l y , reinforced efforts were made to elucidate the nature of 

coke as well as the parameters which influence coke formation (1 - 5 ) . 

A particularly interesting question is that of the mechanism of coke 

f o r m a t i o n . IR studies on coke formation are particularly u s e f u l , since 

they simultaneously may provide information about changes in the pro-

perties of the catalyst (e.g. concentration and involvement of surface 

OH g r o u p s ) , constituents of the deposited coke (e.g. saturated or 

aromatic hydrocarbons) and the amount of the carbonaceous deposits 

present on the surface (measured, e . g . , through the intensity of the 

so-called coke band around 1585 cm~^ (3,6)). H o w e v e r , there have been 

not too many of such i n v e s t i g a t i o n s , and they generally were designed 
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for static c o n d i t i o n s . Only a very few in-situ experiments have been 

r e p o r t e d , where the zeolite catalyst was studied under o n - s t r e a m con-

ditions (4,7 - 9). S i m i l a r l y , all the EPR experiments which were con-

cerned with deactivation of zeolites via coke deposition seem to be 

conducted under static c o n d i t i o n s . T h u s , Kucherov and Slinkin (10-11) 

recently reported interesting results of olefin adsorption and static 

interaction with m o r d e n i t e . Typical EPR signals with remarkable h y p e r -

-fine structure (hfs) were observed and their changes with t e m p e r a t u r e 

were f o l l o w e d . As is well-known from the literature ( 1 2 - 1 3 ) , at h i g h e r 

temperatures coking of organic material usually results in the appear-

ance of a typical single EPR line with a g-value close to that of free 

electrons (2.0023). It seemed worthwhile to investigate both the radi-

cals with h f s , which may or may not be precursors of the c o k e , and the 

coke itself in dynamic e x p e r i m e n t s , i.e. on catalysts under s t r e a m . The 

aim of the current study was to test the in-situ technique and to 

correlate dynamic IR and EPR r e s u l t s . This paper presents first results 

of that a p p r o a c h . 

EXPERIMENTAL 

Materi a l s . Commercial hydrogen m o r d e n i t e , HM (No.l, Si/Al = 6 . 8 ) , 

was purchased from Norton C o m p . , M a s s . Dealuminated hydrogen m o r d e n i t e 

was prepared in the laboratory of Professor F e t t i n g , TH D a r m s t a d t , via 

treatment of sodium mordenite with hydrochloric acid; the sodium mor-

denite had been supplied by Norton C o m p . 

Two differently dealuminated HM samples were used ( N o . 2 , Si/Al = 

12 and No.3, Si/Al = 3 9 ) . Ethylene (99.95 vol.*) was purchased from 

M e s s e r - G r i e s h e i m , Düsseldorf; ethylbenzene was obtained from M e r c k , 

D a r m s t a d t , and carefully purified using a distilling c o l u m n . 

Apparatus and p r o c e d u r e . The IR flow reactor c e l l , which was 

integrated into a set-up for catalytic e x p e r i m e n t s , has been d e s c r i b e d 

in detail elsewhere (8). Operation of the cell...and e x p e r i m e n t a l pro-

cedure w e r e , h o w e v e r , somewhat m o d i f i e d . After activation of the ca-

talyst wafer in high vacuum at 673 K and subsequent cooling to 350 K , a 

stream of ethylbenzene (0.8 kPa) in He, containing 2 vol-% C H ^ as an 

internal s t a n d a r d , was passed under normal pressure through the w a f e r . 

At such a low t e m p e r a t u r e , practically no reaction o c c u r r e d , in par-

ticular no c o k i n g . When a steady state was reached as shown by the gas 

Chromatograph (constant CH^ reference peak) the temperature was raised 

to 550 K within three m i n u t e s . Immediately, dealkylation of e t h y l b e n -

zene started a n d , as a result of subsequent reaction of e t h y l e n e , 

£/, A 



leactivation due to coke formation set i n . This was followed by GC 

letermination of the conversion of ethylbenzene (and the yield of 

lenzene and d i e t h y l b e n z e n e s ) . The deactivation was also traced via the 

R s p e c t r a , which were simultaneously scanned in short time intervals 

iy a computerized Perkin-Elmer Model 580B s p e c t r o m e t e r . 

Figure 1. 

Flow reactor for EPR in-situ m e a s u r e m e n t s . 

(1) reactor t u b e ; (2) Dewar; (3) cap with 

rubber sealing; (4) t h e r m o c o u p l e ; (5) heating 

w i r e ; 0.05 mm d i a m . Pt; (6) catalyst s a m p l e ; 

(7) high vacuum (8) inlet; (9) o u t l e t . 

EPR measurements were carried out at X - b a n d 

frequency with a Varian Model V-4502-15 spec-

t r o m e t e r , equipped with a Digital MF-211 

c o m p u t e r . A double cavity T E ^ was e m p l o y e d . 

T h u s , two modulation frequencies (100 kHz and 

400 Hz) could be u s e d , which allowed inde-

pendent measurements of the signal of the 

sample (e.g. c o k e , at 100 kHz) and the signal 

of the reference (e.g. D P P H , at 400 H z ) . This 

arrangement greatly enhanced the accuracy of 

the measurements of intensities and g - v a l u e s . 

In-situ EPR measurements have been rendered possible by a par-

icularly designed r e a c t o r , which could be placed into the resonance 

avity of the s p e c t r o m e t e r . A schematic drawing of the reactor is 

resented in Figure 1. 

The reactor permitted reactions to be carried out within a tem-

erature range from 300 to 800 K . The zeolite catalyst was activated 

nside the reactor in a flow of N 2 . The sample (0.01 g) was heated at a 

ate of 200 K/hour to 673 K and kept at this temperature for two h o u r s , 

u b s e q u e n t l y , the reactor was cooled to the reaction temperature and a 

ixture of 8 voli ethylene in nitrogen was passed under normal pressure 

hrough the catalyst b e d . EPR spectra were taken at certain time inter-

a l s , in order to follow the progress of the r e a c t i o n . 



RESULTS AND DISCUSSION 

IR in-situ e x p e r i m e n t s . Figure 2 demonstrates the time o n - s t r e a 

behaviour of two hydrogen mordenite catalysts with s i g n i f i c a n t l y dif 

ferent Si/Al r a t i o s , as measured at 550 K in the IR flow reactor c e l l . 

is -
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Figure 2 A . Figure 2 B . 

Time-on-stream behaviour of two hydrogen mordenite catalysts (HM N o . 

and No.3) upon dealkylation of ethylbenzene at 550 K . 

In the case of the higher Si/Al ratio (39, HM No.3) the c o n v e r 

sion-versus-time curve dwells at a substantially lower conversion leve 

than with Si/Al = 12 (HM N o . 2 ) . The drop of the c o n v e r s i o n , x , w i t 

time on s t r e a m , h o w e v e r , proceeds with roughly the same r a t e , as i 

both cases plots of In x v s . time on stream provide straight lines w i t 

slope k = 0.5 i 0.2 h"^ (see Figure 2A and 2 8 ) . These results sugges 

that (i) the conversion of ethylbenzene over acidic m o r d e n i t e s i 

proportional to the number of active s i t e s , N ( t ) , in a g r e e m e n t w i t 

earlier observations (14) and (ii) the deactivation reaction is firs 

order w . r . t . N(t) according to 

N(t) = N(t=o) • e " k , t (1) 

Since the rate constant k is almost equal for both c a t a l y s t s , one ha 

to conclude that the rate of deactivation is not affected by the Si/A 

r a t i o . The difference in time-on-stream behaviour is merely due to th 

fact that the initial numbers of active sites of both catalysts d i f f e r 

they do not d i f f e r , h o w e v e r , in s t r e n g t h . 
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This conclusion is confirmed not only on the simultaneous in-situ 

R measurements (see Figure 3 ) , but also by the IR determination of the 

lumber of sites and by the TPD experiments evaluating the strength of 

;he Brtfnsted c e n t e r s . To start with the latter, TPD of ammonia from 

ioth mordenite samples (HM No.2 and N o . 3 ) , activated at 673 K, produced 

;he TPD peaks due to N H 3 desorption from Brtfnsted sites (15) at the 

;ame desorption t e m p e r a t u r e , v i z . 680±5 K. This indicated similar 

¡trength of the sites of both c a t a l y s t s . Static IR e x p e r i m e n t s , which 

lere carried out as described elsewhere (16-17), showed that hydrogen 

lordenite No.2 exhibited a markedly higher number of Brtfnsted sites 

;han sample No. 3 , as could be expected as a consequence of the lower 

• i/A1 ratio of HM N o . 2 . The maximum absorbances of the OH bands at 3610 

:m~1 (acidic OH groups (16)), were A m (OH) = 0.40 and A m a (OH) = 0.25 
ilia X m a X 

'or sample No.2 and N o . 3 , respectively. C o r r e s p o n d i n g l y , the absorb-

inces of the pyridinium ion band at 1542 c m " ^ , being indicative of 

icidic Brtfnsted sites (16) were A m a v ( H P y t ) = 0.20 and A m a v ( H P y t ) = 0.10 III a X ill a X j 

Figure 3 shows the absorbance of the coke b a n d , A(1585 cm" ), as a 

unction of time on s t r e a m . Figure 4 relates the conversion to the 

imount of deposited c o k e . These plots again demonstrate that on the 

:atalyst with the higher number of sites(HM N o . 2 , Si/Al = 12) the 

mount of coke deposited during dealkylation of ethylbenzene is signi-

icantly higher than with the much shorter-1ived catalyst HM N o . 3 . This 

•esult is supported by the observation t h a t , after almost complete 

lehydroxylation at 973 K in high v a c u u m , i . e . after removal of acidic 

¡rtfnsted s i t e s , hydrogen mordenite exhibited only a very low activity 

owards coke f o r m a t i o n . 

Figure 3 . 

Coke deposition as measured by the in-

tegrated absorbance of the coke band at 

1585 c m - 1 , as a function of time on 

s t r e a m . 

o 
o 

TIME ON STREAM [h] 

2 6 8 

It is interesting to note from 

Figure 4 that over a wide range of coke 

d e p o s i t i o n , the decrease in conversion is 

directly proportional to the amount of 

deposited c o k e . This holds for both 

catalysts irrespective of the Si/Al 

ratio. H o w e v e r , a significant and repro-
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25 ducible difference in the slopes ol 

the straight lines was o b s e r v e d 

i.e. the activity is much mori 

affected in the case of the catalysi 

with higher Si/Al r a t i o . 

Figure 4 . 

o 

Conversion of e t h y l b e n z e n e relatei 

to coke d e p o s i t i o n , as m e a s u r e d b; 

the integrated absorbance of thi 

band at 1585 c m " 1 ; d i f f e r e n t experi' 

ments are represented by d i f f e r e d 

o 6 8 10 s y m b o l s . 

INTEGRATED ABSORBANCE OF THE COKE BAND 

In-situ EPR e x p e r i m e n t s . EPR spectroscopy provided three contri 

butions to the current investigations into the coke p r o b l e m , v i z . thi 

study of (i) formation of oligomeric radicals upon ethylene interactioi 

with the catalyst at low temperatures (373-423 K ) , (ii) formation o 

coke radicals at higher temperatures (T > 423 K ) , and (iii) annihila 

tion and generation of radicals during oxidative regeneration of cokei 

c a t a l y s t s . 

01jgpme_ric „ r a d i c a l s . When a flow of nitrogen and e t h y l e n e wa 

passed through the catalyst sample at room t e m p e r a t u r e , no EPR signa 

was o b s e r v e d . At 373 K , h o w e v e r , a weak signal with h y p e r - f i n e struc 

ture (hfs) a p p e a r e d . When the reaction temperature was raised to 423 K 

the signal intensified and exhibited a w e l l - r e s o l v e d hfs with seve 

lines, the parameters of the spectrum being g = 2.0028 and a = 1 . 4 - 1 . 

mT (hyper-fine splitting c o n s t a n t ) . This spectrum differs s i g n i f i c a n t l 

from the spectrum obtained by Kucherov and Slinkin (10-11) in that th 

hyper-fine splitting constant is about twice as large as the constan 

reported by these a u t h o r s . 

Since the spectrum comprises more than five l i n e s , it c a n n o t b 

due to an ethylene r a d i c a l . However, e t h y l e n e polymerizes on aci 

m o r d e n i t e s , even at room temperature (2). At h i g h e r t e m p e r a t u r e s 

subsequent cracking may o c c u r . T h u s , the signal is probably indicativ 

of an oligomeric radical generated via polymerization and subsequen 

homolytic s p l i t t i n g . 



In view of the value of the hfs c o n s t a n t , the signal could be 

ascribed to alkenic or allylic radicals; alkyl radicals appear to be 

much less likely. A detailed study upon formation of oligomeric radi-

cals due to olefin reaction on zeolites will be published elsewhere 

(18). 

£oke_ radj c a j s . When the temperature was Increased to 453 K, the 

hfs started to v a n i s h , and in a slow process a symmetrical single line 

at g = 2.0024 e m e r g e d , which is generally ascribed to species generated 

upon coking of organic material (12-13). T h u s , the appearance of this 

line indicated the onset of coke f o r m a t i o n . With increasing tempera-

t u r e , the intensity of the coke signal was markedly e n h a n c e d . At 473 K , 

the hfs had completely d i s a p p e a r e d , the Intensity of the single line 

corresponded to c a . 1 0 1 ^ spins«(g c a t a l y s t ) " ^ , the line width was A H = 

1.0-1.5 m T , and the g-factor still equalled 2 . 0 0 2 4 . This coke signal 

with g = 2.0024 immediately d e v e l o p e d , I . e . without a preceding oligo-

meric signal when freshly activated hydrogen mordenite was contacted 

with ethylene at 473 K . H e n c e , it seems to be rather unlikely that 

those oligomers are inevitable precursors of the c o k e . 

The intensity of the coke signal steadily i n c r e a s e d , but finally 
1 9 

(after 15 hours on stream) approached a constant v a l u e , v i z . 1.2x10 

s p i n s « g " ^ . The line width was nearly c o n s t a n t , and the g-value remained 

The initial rate of coking strongly depended on the reaction 

t e m p e r a t u r e . This is demonstrated by Figure 5 , where the intensities of 

the coke signal were plotted versus time on stream for three different 

reaction t e m p e r a t u r e s . It is evident from this figure that the initial 

increase of the intensity of the coke signal is steeper the higher the 

reaction t e m p e r a t u r e . 

2 . 0 0 2 4 . 

x10" 

1.5 Figure 5 . 
# 573 K 

The intensity of the EPR coke signal 

at three different, reaction tempera-

tures as a function of time on 

stream (solid lines are calculated 

curves, eq.3) , 

20 W 60 80 100 120 

TIME ON STREAM [ h 1 



After some t i m e , the intensities seem to approach a final l e v e l , 

and the data of Figure 5 may be represented by a first order relation-

ship 

n(t) = n(t=eo) (1 - e " K , t ) (3) 

For the experiments at higher temperatures ( T
r e a c t = 5 2 3 , 573 K) the 

final levels coincide (see Table 1) 

Table 1 Final intensities of the coke signal at various 
reaction temperatures (eq.3) 

T n (t = oo ) K 

(K) ( s p i n s . g " 1 ) ( h _ 1 ) 

473 0 . 2 0 x 1 0 " 1 9 0.005 

523 1 . 18x 10" 1 9 0.11 

573 1 . 2 0 x 1 0 " 1 9 0.50 

The results in Figures 3 and 5 indicated that after d e p o s i t i o n of 

a certain amount of c o k e , which depended on the t e m p e r a t u r e , all the 

active sites (acidic Brtfnsted centers) were poisoned or b l o c k e d , and 

coke formation s t o p p e d . Indeed, the IR experiments confirmed t h a t the 

OH bands at 3610 c m - 1 had not completely disappeared when the conver-

sion (dealkylation of e t h y l b e n z e n e ) dropped to zero and the coke band 

at 1585 cm" 1 had virtually ceased to g r o w . T h e r e f o r e , deactivation is 

not solely caused by poisoning or consumption of acidic OH g r o u p s , but 

also to some extent by pore b l o c k i n g . N e v e r t h e l e s s , from the IR and EPR 

results it had become evident that a higher number of acidic OH groups 

corresponded to a greater amount of coke deposit (vide s u p r a ) . Hence 

one would conclude that coke formation requires Brtfnsted acid sites and 

proceeds via a carbenium ion m e c h a n i s m . Coke formation through a radi-

cal m e c h a n i s m , involving the radicals indicated by g = 2 . 0 0 2 4 , is less 

likely for the following r e a s o n . 

A high number of radicals due to coke were present on the c a t a l y s t 

at 573 K (see Figure 5) and a fraction of them must have formed on the 

external surface of the zeolite c r y s t a l s , where coke species block the 

openings of the p o r e s . H o w e v e r , in spite of presence and a c c e s s i b i l i t y 

of these r a d i c a l s , coke formation levelled o f f , which was also indi-

cated by the IR and conversion measurements in the IR flow r e a c t o r 

eel 1. 
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Çoke_oxi_d a tjon_and_catal y.s t_régénérâtion_. When a stream of oxygen 

was passed through the c a t a l y s t , which had been coked upon ethylene 

reaction at 573 K, oxidation of the coke at 673 K seemed to occur very 

r a p i d l y . After about one h o u r , 90% of the initial intensity of the coke 

signal was g o n e . S i m u l t a n e o u s l y , the g-value shifted from 2.0024 to 

2.0035 and the line width decreased from 0.8 to 0.6 m T . After 40 hours 

of oxidation a very small signal (about 2 x 1 0 ^ 7 s p i n s . g " 1 ) was left. 

The g-value of 2.0035 is similar to that of semiquinones of polyaro-

matics (19-20). T h u s , it may indicate that oxidation of coke results in 

formation not only of COg but also of oxygen containing molecules with 

high délocalisation of e l e c t r o n s . H o w e v e r , the present results do not 

permit an unambiguous identification of the species formed upon coke 

o x i d a t i o n . 

CONCLUSIONS 

(1) Coke formation upon reaction of olefins on acidic mordenites is 

strongly influenced by the number of Brtfnsted sites in that a higher 

density of sites corresponds to a higher yield of c o k e . 

(2) Over a wide range of coke d e p o s i t i o n , the decrease in conversion of 

ethylbenzene on acidic mordenites is directly proportional to the 

amount of deposited c o k e . 

(3) Coke formation proceeds through a carbenium ion mechanism rather 

than via r a d i c a l s . 

(4) It is unlikely that oligomeric radicals are necessary precursors of 

c o k e . No simple relationship exists between the concentration of such 

radicals formed at low temperatures and the concentration of coke 

radicals generated by heating oligomeric radicals at higher tempera-

t u r e s . 

(5) As in-situ IR measurements s h o w , deactivation of hydrogen mordenite 

catalysts due to coke formation upon olefin reaction proceeds not 

solely through poisoning or consumption of acidic OH g r o u p s , but also 

to a marked extent by pore b l o c k i n g . 
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COKE FORMATION ON ZSM-5 AND MODIFIED Y ZEOLITES IN THE REACTION OF ETHYLENE 
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The J. Heyrovsky Institute of Physical Chemistry and Electrochemistry, Czechoslovak 

Academy of Sciences, Machova 7, 121 38 Prague 2, CS 

ABSTRACT 

The effect of the acidity and pore size on the coking process in the reaction 

of ethylene at 670 and 770 K was studied for A1HY, dealuminated Y, HZSM-5 and A1HZSM-5 

zeolites using several experimental techniques: gravimetry for kinetic measurements of 

the surface species formation, mass spectrometry for analysis of the gas phase, in-

frared spectroscopy for identification of zeolitic OH groups and the composition of 

coke, temperature programmed desorption of ammonia for determination of acidity. De-

activation effect of coke was tested using oligomer!zation of ethylene at 300 K. The 

relation between the nature and strength of the acid sites and conversion of ethylene 

was found to hold also for the coking rate on the Y zeolites. The ZSM-5 zeolites with 

the highest activity exhibited the lowest coking tendency, attributed to the effect of 

the shape selectivity properties. This factor appeared also to be responsible for the 

composition of the coke and the pathway of the coke formation, which is different 

in Y and ZSM-5. 

INTRODUCTION 

The formation of a carbonaceous deposit represents a serious problem in cataly-

sis on zeolites being associated with a decrease in the catalytic activity and with 

altered selectivity. The role of coke in a catalytic process consists mainly in poi-

soning of active sites on the zeolites, chocking their channels, reducing the inter-

crystalline volume and direct involvement in the transformation of the reactants. 

Numerous studies were devoted to the deactivation of zeolites (1), however, the coking 

process is still far from being fundamentally understood. Even such questions as the 

chemical nature of coke, the role of acid sites in coke formation, the poisoning ef-

fect of coke and many others still remain to be answered. 

In the present paper, we have attempted to contribute to the solution of some 

of the above problems by studying coke formation in the reaction of ethylene on Y and 

ZSM-5 zeolites differing not only in their structure and pore size but also in their 

acidity. Ethylene is a simple molecule with low basicity, whose reactivity is very 

sensitive to the nature and strength of the acid sites (2,3) and therefore permits 

study of the effect of both the shape selective factor and the presence of proton-



-donor and electron-acceptor sites. In the studied zeolites, a variation in the acid 

properties was achieved by a change in the Si/Al ratio in the lattice and by intro-

duction of cationic A1 into the cavities. 

Several experimental techniques were used in this study, i) gravimetry to mo-

nitor the kinetics of zeolite weight-gain, ii) mass spectrometry to analyse the com 

position of the gas phase, iii) infrared spectroscopy (IR) to determine the nature 

of surface species and the zeolite OH groups and iv) temperature programmed desorp-

tion (TPD) of ammonia to follow changes in acidities. In this paper the term coke 

refers to compounds which cannot be removed from the zeolites at a temperature of 

670 - 730 K. 

EXPERIMENTAL 

^ 1 2 ^ a 2 5 ^ 4 ^ 4 0 Y w a s o b t a i n e d ^ r o m u s ™ 9 cationic exchange with 

Al(N0.j)3- The sample denoted as deal Y was prepared from NaY by SiCl^ dealumination 

at 670 K followed by NHt exchange (4). ZSM-5 zeolites were synthesized in the usual 
+ 3+ 

- way (5), calcinated at 870 K and exchanged with NH^. Further exchange with A1 

yielded AlNH^ZSM-5. Good crystallinity of all the samples was evidenced with X-ray 

diffraction patterns, IR spectra and sorption capacities. The latter values are 

listed in Tab. 1 together with the Si/Al total value, concerning all respective 

atoms in the zeolites, and (Si/Al)-| in the lattice (4). Prior to measurements, the 

zeolites were dehydrated and deammoniated in vacuo at 670 K (Y) and 770 K (ZSM-5) 

for 18 hrs. 

The weight gain resulting from the adsorbed species was measured with a quartz 
+ -5 

balance within an error - 3x10 g, using a 0.1 g zeolite plate in a reaction volume 
3 

of 700 cm . 01igomerization of ethylene (5.3 kPa) inside the cavities was investi-

gated at 300 K over 30 min. In the high-temperature experiments, 5.3 kPa of ethylene 

was allowed to react with the Y and ZSM-5 zeolites at 670 and 770 K, respectively, 

the weight gain was measured at desired time intervals. Small amounts of the gas 

phase were withdrawn and analyzed using a mass spectrometer (MI 1305, USSR). In some 

experiments, the sample was filled with oligomers at 350 K prior to the reaction at 

the high temperature. The amount of coke reported in mg per g of the zeolite was de-

termined from the zeolite weight after 30 min evacuation at 670 and 730 K for Y and 

ZSM-5 zeolites, respectively. 

The IR spectra of the zeolite plates were recorded on a Fourier transform 

Nicolet MX-IE infrared spectrometer at ambient temperature. Those presented here are 

related to a sample thickness of 7 mg cm . Spectra of the surface species alone and 

the difference spectra of OH groups were obtained by subtracting the spectrum of the 

original zeolite form the spectrum after the reaction. The experiments were carried 

out in the same way and under the same conditions (except the sample weight which 

equalled 25 - 30 mg) as in the gravimetric studies. 



Table 1 

Characteristics of zeolites and amounts of coke formed during the transformation 

of ethylene 

Zeoli tes (Si/Al )1 

lattice 

Si/Al 

total 

Capacity 

(mmol Arg" 1) T(K) 

Reaction 

t(hr) coke,-, 
(mg g" ) 

A1HY 2.5 2.2 10.5 670 2 4.6 

deal Y 10.8 5.7 9.2 670 1 17.4 

670 a 1 45.7 

HZSM-5(a) 13.5 13.5 5.6 770 19 8.5 

HZSM-5(b) 19 19 5.5 670 2 < 0 . 5 

770 19 14.1 

AlHZSM-5(b) 19 17.5 5.6 770 19 7.5 

a-before the reaction at 670 K the zeolite was filled with oligomer at 350 K 

Ammonia evolved during the TPD measurements (18 jumol of NH^ preadsorbed at room 

temperature on 10 mg of the zeolite, either in fresh form or after the coke formation) 

was pumped through the mass spectrometer. The samples were preheated in vacuo at 670 K 

for 18 hrs, the heating rate was 6 K min"^. 

RESULTS 

Zeolite acidity. Various OH groups were found on the studied zeolites, never-

theless, only those located on the framework in positions accessible for the reactant 

can be considered most important for the reaction, as they possess a high acid strength 

depending on the (Si/A1)-j (6). Therefore, the ZSM-5 zeolites, with {Si/Al)-j equal to 

13.5 and 19 and with hydroxyls characterized by a band at 3610 cm \ exhibit very 

high acid strength (6), while the A1HY contains considerably less acidic framework 

hydroxyls vibrating in large cavities at 3640 cm T^(7). In the deal Y with (Si/Al )-| = 

=10.8, the hydroxyls similar both to those of A1HY and HZSM-5 appear, manifested by 

Table 2 

Reaction of C ? H . - composition of the gas phase (Vol %) 

Zeolite reaction condi tions ethylene aliphatics aromatics 

T(K) t(hr) 

A1HY 670 2 91 9 -

deal Y 670 1 91.7 8.3 -

HZSM-5(b) 670 1 73 16.8 10.2 

HZSM-5(b) 770 1 9.8 - 88 
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bands at 3630 and 3602 cm , respectively, which was recently proved by adsorption of 

pyridine (7). However, the intensity of the latter band suggests that very strongly 

acidic hydroxyls are present in a smaller amount than on the HZSM-5 zeolite. The TPD 

curves of ammonia from fresh zeolites confirm the much higher acid strength of HZSM-5 

and deal Y compared with-AlHY: the maxima appear at 570, 630 and 450 K, respectively. 

IR spectra of OH groups and TPD curves of ammonia are depicted in Figs. 2-4, where 

they represent zeolites before coking. The electron-accepting properties of deal Y, 

A1HY and A1HZSM-5 zeolites originate from extralattice A1 species formed either in 

the process of dealumination (4) or introduced into the latter two zeolites by ion 

exchange. The ratio (A1 extralattice)/(A1 lattice) amounts to 0.84, 0.12 and 0.06, 

respecti vely. 

Oligomerization of ethylene at 300 K. The kinetic curves for the weight gain 

reflecting oligomerization activity of zeolites are depicted in Fig. 1. The oligome-

rization is clearly conditioned by the acidic properties of the individual samples, 

i.e. by the nature and strenghts of acid sites. Thus, the ZSM-5 zeolites exhibit the 

highest activity caused by the dominant role of very strongly acidic hydroxyls. The 

rate of reaction then decreases in the sequence HZSM-5(a)> AlHZSM-5(b)>HZSM-5(b), 

which can be explained by the effect of the greater number of hydroxyls present on th 

HZSM-5(a) than on the HZSM-5(b) zeolite and by the participation of A1 electron-ac-

cepting sites on the AlHZSM-5(b) zeolite. In contrast to HZSM-5, the HY zeolite (not 

shown here, see ref.(3) ) is almost inactive. However, after the addition of cationic 

Al, oligomerization occurs, as demonstrated with A1HY, even though the rate is still 

low due to the relatively weak acid strength of the hydroxyls. This supports 



B A 

® u 
c a .o 
o 0> 
n a 

3 7 0 0 3 5 0 0 1600 1 5 0 0 1 4 0 0 ( C H T - 1 ) 

Fig. 2. IR spectra of the coke (A) and OH groups (B) of the HZSM-5 and A1HY 

zeolites: 1- original zeolite, 2- after coke formation caused by the reaction 

of ethylene, HZSM-5: 19 hr, 770 K, A1HY: 2 hr, 670 K. 

the suggestion (3) of direct involvement of A1 electron-accepting sites in the acti-

vation of ethylene. An appreciable increase in the oligomerization rate found for the 

deal Y zeolite can then be attributed to the presence of both very strongly acidic 

hydroxyls and A1 electron-accepting sites. 

Oligomers on Y and ZSM-5 zeolites differ in their composition consisting of 

saturated branched and straight-chain hydrocarbons, respectively (2,3). On heating 

to 670 K, oligomers on Y zeolites yield coke (see below and ref. (8) ) while on 

ZSM-5 zeolites are completely decomposed. 

Fig. 1 also demonstrates the deactivation effect of coke. It can be seen 

that the presence of coke even in amounts below 10 mg g 1 considerably decreases the 

oligomerization rate on both Y and ZSM-5 zeolites. This decrease is most pronounced 

with very small amounts of coke as is evident from the activity of deal Y. 

Reaction of ethylene at high temperatures. Coke formation. The gravimetric 

experiments indicate a continous increase in the sample weight when ethylene reacts 

over the Y zeolites at 670 K. They point to coke formation at a rate appreciably 

'higher on deal Y than on A1HY as is demonstrated in Tab. 1 with the amount of coke 

formed after 1 and 2 hrs. During this period, ethylene also yields aliphatics Cg-C^, 

which are the main gas products at the ethylene conversion level of about 10 % 

(Tab. 2). ZSM zeolites exhibit the highest activity, however, coking does not proceed 

at a measurable rate. Even at 770 K, when ethylene is rapidly converted, mainly to 



Cg-Cg aromatics (Tab. 2), coking is a very slow process: coke appears after 19 hrs 

of reaction in amounts comparable with those reported above for the Y zeolites at 

670 K after 1 and 2 hrs (Tab. 1). 

It follows from the IR spectra in Figs. 2 and 3 that the composition of coke 

on Y zeolites is different from that of HZSM-5. It is also apparent from these data 

that coke formation leeds to removal of part of the framework hydroxyls, namely those 

vibrating at 3640, 3602 and 3610 cm"1 on the A1HY, deal Y and ZSM-5 zeolites, respec-

tively. 

The coke on Y zeolites is characterized by bands in the regions 1640 - 1590 and 

1410 - 1315 cm"1 which can be assigned to C=C and CH vibrations, respectively, of the 

unsaturated compounds, while the bands near 1460 and at 3000 - 2800 cm"1 represen-

ting paraffinic CHg and CH^ groups are very weak. In addition, the typical bands of 

aromatics, which should appear near 1500 cm \ are hardly visible in our spectra. 

It thus follows that the coke consists mainly of hydrogen-deficient polyene species. 

The band of the C=C vibration is composed of several components, of which the most 

prominent ones appear at 1595 and near 1610 cm ^ A specific increase in the intensi-

ty of the latter band is observed when deal Y is filled with the oligomer at 350 K 

Fig. 3. IR spectra of coke (A) and OH groups (B) of the deal Y zeolite. 

1- original zeolite, 2,3,4- after transformation of low-temperature oligomers 

and reaction of ethylene at 670 K for 15, 30 and 60 min., respectively, 

5,6- after reaction of ethylene with fresh zeolite at 670 K for 15 and 60 min., 

respectively:. 2-6'. difference spectra of OH groups. 



prior the reaction of ethylene at 670 K. Then the coke formed at the expense of the 

oligomer substitutes the most acidic hydroxyls at 3602 cm 1 giving rise to the appear-

andce of both the 1595 and 1610 cm 1 bands. Further coking is not associated with 

changes in the composition of the OH groups, but leads to the most pronounced increase 

in the intensity of 1610 cm 1 band (Fig. 3). Thus it can be assumed that the 1595 cm 1 

band represents polyene species in an intimate contact with the lattice, while the 

band at 1610 cm - 1 corresponds to the component of the coke which might be responsible 

for the pore chocking. Fig. 3 also shows that the reaction of ethylene with the 

fresh sample at 670 K is accompanied by a simultaneous increase in intensity of both 

the bands of coke and a decrease of the 3602 cm"1 band of most acidic hydroxyls. This 

result should be interpreted as implying continuous poisoning of the acid sites and 

pore chocking from the beginning of reaction. 

In contrast to Y zeolites, the ZSM-5 zeolites contain coke consisting apparently 

cf polyene chains and bulky aromatics and exhibiting a higher H/C ratio. This is 

evidenced by bands at 1590, 1540 and 1465 - 1315 cm - 1 (Fig. 2 ) representing vibra-

tions of C=C, the aromatic ring and CH n groups, respectively. 

TPD of ammonia. The TPD curves of ammonia evolved from A1HY, deal Y and HZSM-5 

are depicted in Fig. 4. It can be seen that the presence of coke substantially 

changes the shape of the curves; the maximum effect is again reserved for the lowest 

amount of the coke. The original zeolites consume almost all the ammonia dosed at 

295 K. Coked samples do not adsorb all the ammonia from the gas phase and the peak 
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heights are lower, indicating poisoning of the acid sites. For A1HY and HZSM-5, the 

peaks are shifted to higher temperatures. As it is hardly possible that this 

could be caused by increased acid strength, hindered ammonia desorption due to pore 

blocking could explain this shift. With deal Y, the maximum is shifted to lower tem-

peratures, Reflecting the poisoning of most of the acid sites. In addition, the de-

sorption curves are also influenced by the limited diffusion caused by the coke. 

DISCUSSION: 

In.the course of a catalytic reaction, several types of compounds can be found 

in the zeolite cavities. Some of them act as reaction intermediates and some represei 

reaction products with restricted diffusibility hindering their removal from cavities 

the remaining species which are stable towards desorption at high temperatures and c« 

be removed only by burning represent the actual coke considered in this paper. 

It follows from the above results that the acidic properties of zeolites condil 

the conversion of ethylene both in the low-temperature oligomerization and in the ca-

talytic reaction at high temperatures: the higher the acid strength of the framework 

hydroxyls the higher is the reactivity of ethylene and the lower this acid strength i 

the more important the role played by A1 electron-accepting sites. Nevertheless, the 

catalytic power of the latter centres is much less than that of the strongly acidic 

hydroxyls of ZSM-5 and deal Y zeolites. The same factors were found to govern the 

coking of Y zeolites. However, ZSM-5 with the highest catalytic activity exhibited 

substantially lower coking tendency. This distinction supports the suggestion (1) 

that coking reactions are spatially demanding. 

The typical features of this process, occuring on the Y and ZSM-5 zeolites, anc 

reflecting a shape selectivity effect , can be characterized as follows: 

i) For Y zeolites at 670 K, ethylene yields C^-C,- aliphatics in the gas phase while 

predominantly polyene species with low hydrogen content appear in zeolite. These spe-

cies also can be obtained via direct transformation of low-temperature oligomer 

through heating. In addition, the coking tendency of the samples parallels their 

low-temperature oligomerization activity. Therefore, coking apparently proceeds via 

oligomerization, isomerization, hydrogen transfer and cracking steps, of which the 

first is most probably the rate determining one. ii)In contrast to Y zeolites, the 

oligomer formed from ethylene on ZSM-5 zeolites at a low temperature is decomposed 

at 670 K. Coking on ZSM-5 zeolite occurs at a measurable rate at 770 K, when ethylene 

is rapidly converted to C^-Cg monoaromatics, so that the deposit increases in an 

atmosphere of these substances. This ability to provide monoaromatics probably via 

rapid condensation of ethylene is apparently closely connected with the high coking 

tolerance of ZSM-5, as these products can diffuse out of the pores. Nevertheless, 

further reactions of aromatics can be considered to be responsible for coking. No 

special relationship was found between the amount of coke on various ZSM-5 samples 

and their low-temperature oligomerization activity. According to the IR spectra, 



the carbonaceous residue is composed of bulky aromatics together with polyene- type 

structures. 

It can thus be concluded that the shape-selectivity factor governs not only the 

coking tendency of zeolites but also the composition of carbonaceous residues as well 

as the pathway of their formation. This pathway probably proceeds through oligomer pre-

cursors on Y zeolites and through aromatics ones on ZSM-5. 

The deactivation effect of even low amount of coke (below 10 mg g" 1), tested by 

the oligomerization of ethylene at 300 K, consists of both the poisoning of acid sites 

and the blocking of pores near the surface. This is reflected in the loss of part 

of framework hydroxyls and in the increased resistance to mass transfer (IR spectra, 

TPD of* ammonia). For Y zeolites, two types of polyene coke species were found using 

IR spectroscopy. The first one, characterized by the band at 1595 c m - 1 , is supposed 

to act in the poisoning of the acid sites while the second one,.represented with the 

band at 1610 cm 1 , in the chocking of the pores. In the ethylene reaction at 670 K, 

the formation of both coke species proceeds simultaneously. 
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ABSTRACT 
Reaction parameter and pretreatment of zeolite catalysts used 

in this investigation were varied in order to obtain information about 
the possibilities to reduce deactivation by coke formation. Hydroiso-
merisation of n-hexane was used as a test reaction to study activity 
and deactivation of various synthetic and natural mordenites. Improve-
ment of conversion and time on stream could be achieved for the syn-
thetic mordenites by steaming at 450°C and by strong dealumination 
using HC1 to get Si02/Al202 ratios up to 77. These zeolites could be 
regenerated several times without losing activity. Natural mordenites 
from the Tokaj-mountains (Hungary) gave satisfying results only after 
doping with platinum. Indications were obtained that the isomerisa-
tion reaction and the coking reaction proceed independently. 

INTRODUCTION 
Today zeolite catalysts are mainly applied for acid catalytic 

cracking and isomerisation reactions because of their strong acidity 
and their shape selectivity. However, during these reactions coke is 
formed by undesired side reactions. Coke, according to Venuto and 
Habib [1], is a high polymer deposition on the catalyst surface with 
a high carbon content. The nature and the chemistry of formation of 
these deposits are hitherto largely unknown. For this reason deacti-
vation of a zeolite catalyst by coke deposition was studied using the 
hydroisomerisation of n-hexane on various modified mordenites as an 
example. 

The mordenite which is rich in silicon exhibits a comparatively 



high stability at high temperature and when treated with acid. There-
fore it can be modified by various means without losing cristallinity. 
The raordenites used in this investigation were modified by exchange 
with Pt-complex compounds, by acid treatment and following calcination 
or by ammonia exchange and following defined steaming. 

Isomerisation of n-hexane was chosen because this reaction can 
easily be handled and is almost isothermal. At the same^time this 
reaction exhibits all features necessary to study the capabilities 
of zeolite catalysts. Publications about kinetics and mechanism of this 
reaction are available [2,3,4], yet little has been published about 
deactivation by coking during this reaction. Therefore, this investi-
gation aims to prolong the time on stream by modifying natural and 
synthetic mordenites and by adjustment of the reaction parameters. At 
the same time the yield of branched hexane isomers should be as high 
as possible. Furthermore, these catalysts were tested with respect to 
their stability for regeneration by burning off the coke. 

EXPERIMENTAL 
Reactions were performed in an isothermal differential tube 

reactor. Products were analysed by gaschromatography. The regeneration 
of the coked catalysts was possible "in situ" by burning the coke in 
a stream of 5% oxygen in nitrogen at 550 °C. Amounts of CO and CC>2 
produced by this were determined by an infrared analyser. From this 
the original amount of coke could be calculated. 

3 g mordenite were used for each run; when applying the natural 
Tokaj-mordenite a larger amount was used corresponding to the impuri-
ties. The reaction conditions held constant for all runs are shown in 
table 1. 

Table 1 
Reaction conditions for all runs 

Flow of n-hexane 0.2 ml/min 
Flow of hydrogen 200 ml/min 
Total pressure 25 bar 
Temperature 280°C 
Time on stream 4 or 4.5 h 
WHSV 2.64 g/g-h 



The catalysts were activated inside the reactor by a hydrogen 
flow at 350°C for 1.5 hours. 

Synthetic mordenite "Zeolon 100 H" from Norton and natural 
mordenite from the Tokaj-mountains (Hungary) were the basic materials 
from which modifications were obtained. Part of this material was 
treated with 1 N or 6 N HC1 under reflux for various lengths of time. 
This was followed by "deep bed" calcination at 550°C for 16 hours. 
Another part of Zeolon 100 H was exchanged by ammonium nitrate and 
thereupon hydrothermally treated between 300 and 600°C whereupon the 
H-form was rebuilt. This steaming was performed in a special quartz 
tube with heaters through which air (55 1/h) loaded with water vapor 
was passed [5]. The partial pressure of the water was 306 Torr. 8 g 
of NH^-mordenite were steamed for 4 hours at a time. 

A part of the acid treated Tokaj-mordenite was afterwards doped 
with platinum in the following way: The mordenite was stirred for 24 
hours In a cold water solution of Pt(NH3)^CL2 corresponding to 0.5 w.% 
whereby the exchange resulted quantitatively. Reduction in a stream of 
hydrogen at 200 and 400°C followed. The catalyst material was pelle-
tized to pellets with a mean diameter of 2.5 mm. Table 2 summarizes 
all used catalyst modifications. 

Table 2 
Modifications of mordenites used 

H-mordenite modulus* 23.3, 34.1 , 59.2, 68 .6, 77.8 
NH4-mordenite steamed at 30 0, 400, 450, 500, 600°C 
Tokaj-H-mordenite modulus 23, 34 
0.5 w.% Pt-Tokaj- modulus 23, 34 

mordenite 

x Modulus is defined as molar ratio Si0,/Al_0 

RESULTS AND DISCUSSION 

Synthetic H-mordenites 

Typical Features of Deactivation 
A typical example of rapid deactivation is shown in fig. 1. 
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Activity of the H-mordenite with a modulus of 23.3 decreases to 50% 
after 30 minutes and to 25% after 2 hours. The exponential falling-
off of the conversion is accompanied by an increase of the formed 
amount of coke.. Strong coking at the beginning of the reaction is 
striking. So, after 10 minutes 50% of the final amount of coke is 
formed. Only little increase of the amount of coke can be observed 
after 2 hours because conversion has already reached a low level. A 
similar course of coke production was obtained by Shiring et al. [6] 
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Fig. 1. Conversion and amount of coke vs. time on stream 
It seems to be plausible that initially certain active centers 

of the catalyst are blocked. This effects cracking- and isomerisation 
processes quite differently as can be seen in fig. 2 which shows 
product yields of cracking and isomerisation. Coke deposition during 
the first hour of reaction causes a very strong decrease of cracking 
activity of the catalyst. Isomerisation conversion even shows a little 
increase during this time but it is usually only slightly influenced 
by coke formation. Yet, a strong correlation between coke formation 
and cracking activity is to be noted. It can therefore be assumed 
that by decrease of cracking activity less coke will be produced and 
at the same time the deactivation will be lowered. By this the selecti-
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vities of hexane isomers will be raised. 

Fig. 2. Yields of cracking (a) and isomerisation (b) vs. time 
on stream 

Influence of reaction parameters on deactivation 
Much suppression of the cracking reaction can be achieved by 

lowering the reaction temperature. This can be seen in fig. 3 in which 
the ratio of hexane isomers to cracking products is drawn against time 
on stream. The modulus and reaction temperature were varied. The 
effects are so drastic that a logarithmic ordinate has to be chosen. 
The ratio of hexane isomers to cracking products covers the region be-
tween 0.1 and 100 for high temperatures as well as high initial conver-
sions and for 250°C-reacrtionrtemperature as well as strong dealumina-
tion respectively. The four curves in fig. 3 nicely demonstrate the 
synergistic effect between reaction temperature and modulus. The men-
tioned ratio always decreases with increasing temperature; the decrease 
can partly be compensated by an increase of the modulus. 

663 



Fig. 3. Dependence of the ratio of n-hexane isomers/cracking 
products on modulus, reaction temperature and time on stream: a) 
modulus 77.8, 250°C, b) modulus 34.1, 250°C, c) modulus 77.8, 350°C, 
d) modulus 34.1, 350°C. 

Suppression of cracking reactions by lowering the reaction tem-
pera ture,however, causes a strong decline of conversion. Conversion 
can again be improved by an increase of total pressure and of the 
hydrogen partial pressure. Deactivation is also diminished by this. 
Optimization with respect to activity and time on stream can only be 
achieved in a limited way by variation of the reaction parameters. A 
real improvement can only be gained by modification of the zeolite 
structure. This is shown next with the example of hydrothermal treat-
ment. 

Influence of the modifications of the catalyst 
In fig. 4 is shown how conversion and yields of cracking products 

and branched hexane isomers depend on steam temperature for an ammonia 
mordenite after 2 h time on stream. A distinct: maximum can be seen at 
450°C for all curves. The decrease of conversion at low temperatures 
is assumed to be due to the fact that ammonia is not completely decom-
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posed and still blocks active centers. The decrease of conversion at 
higher steam temperatures on the other hand is caused by Allocations 
occupying active centers which are produced by the dealumination pro-
cess. It is interesting to note that all three curves are more or less 
parallel. The strong influence of the Allocations should be mentioned; 
they cause the cracking reactions to stop because they apparently pre-
ferably block those centers that produce cracking products. 
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Fig. 4. Dependence of conversion (a) and yields of cracking (b) 
and isomerisation (c) on steam temperature 

An increase of n-hexane isomer yields in connection with dimini-
shing deactivation can also be achieved by strong dealumination of the 
mordenite by HC1. This treatment causes an increase of strong Broensted 
acid sites while the total number of OH-groups decreases [7]. Fig. 5 
shows thie yields of cracking products and branched hexane isomers and 
the conversion in dependence of the modulus after 2 h time on stream. 
Conversion and yields decrease slightly with increasing degree of de-
alumination fpr lower values, of. the modulus. However, for strong dealu-
nination yields for branched hexane isomers increase, this in turn 
causes conversion to increase in spite of decreasing cracking activity. 
If the modulus is larger than 68 the catalyst exhibits a substantially 
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smaller tendency to coke and the amount of coke produced is essential-
ly less. So, the mordenite with a modulus of 68.6 still shows a con-
version of 14% even after 4 h time on stream. For the two most dealu-
minated mordenites even after 4 h the yields for n-hexane isomers are 
still between 10 and 11%. 

Fig. 5. Dependence of conversion (a) and yields of cracking (b) 
and isomerisation (c) on modulus. 

Natural Tokaj-mordenite 
While in the case of synthetic mordenites even small dealumina-

tion results in a decrease of conversion, the activity of natural Tokaj 
mordenites can be increased by raising the modulus from 23 to 34. This 
is probably due to a slight widening of the pores by acid treatment 
which is not observed with the synthetic mordenite. However, the-acti-
vity of the Tokaj-mordenite is substantially lower than the synthetic 
mordenite. It can be increased by addition of platinum to a degreee 
that is comparable with strongly dealuminated synthetic mordenites. 
This treatment almost completely suppresses the cracking activity and 
conversion is more stable. However, even with this catalyst constant 
conversion for a longer period could not be achieved. 
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Comparison of the various catalyst modifications 
For the final discussion of the catalyst modifications the selec-

titivies after 1.5 h time on stream of five selected mordenites are 
compared in fig. 6 • It can be seen, that the selectivities of hexane 
isomers can be improved by stronger dealumination as well as be steam-
ing at 450°C when compared with a catalyst of a low modulus of 23. It 
can also be noticed that of the catalysts tested the Tokaj-mordenite 
shows the lowest selectivities in spite of low conversion-rates. How-
ever, the selectivity is better than that of a steamed synthetic cata-
list when the Tokaj-mordenite is doped with platinum. The trend of 
these selectivities is also reflected by the deactivation behaviour. 
The three catalysts with the lowest cracking selectivities exhibit the 
highest stability of conversion while mordenites with high cracking 
activity distinctly deactivate faster. 

100 

Fig.6 . Selectivities of five selected mordenites after 1.5 h 
time on stream: a) H-mordenite modulus 23.3, b) H-morde-
nite modulus 68.6, c) NH^-mordenite steamed at 450°C, 
d) Tokaj-mordenite modulus 23, e) Pt-Tokaj-mordenite 
modulus 23. 

Behaviour on repeated regeneration 
Final runs were undertaken to test the activity after repeated 
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regeneration. Furthermore the influence of residual amounts of coke 
on the initial activity of the catalyst was investigated. Residual 
amounts of coke could be realized by variation of the regeneration 
temperature between 450 and 550°C. 

Fig. 7 shows the conversion after 1 h time on stream in dependen-
ce of the number of cycles and on the residual amount of coke. Further-
more the ratio methylpentanes/dimethylbutanes is shown which is rela-
ted to the pore width of the catalyst at the beginning of each reaction 
period. Initially a pore widening is observed after the first cycle 
which also causes an increase of conversion. Regeneration was performed 
at 550°C for this first cycle. The regeneration temperature was lowered 
by 25°C after each of the following cycles. A distinct decrease of con-
version - accompanied by a pore narrowing by residual coke - is only ob-
served after the fifth cycle before which regeneration took place at 
475°C. Before this cycle the initial activity was again attained. This 
proves that H-mordenite can repeatedly be regenerated without losing 
its activity. 
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Fig. 7. Dependence of conversion (a) and MP/DMB ratio (b) on 
the number of cycles and the residual amount of coke. 
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ABSTRACT 
Formation of deposit /i.r. band 1600 cm""1/ and aromatics or 

their precursors such as cyclic oligomer /1500 cm"1/ through a 
common oligomer on HNaY zeolite was studied using i.r. spectroscopy* 
Olefins, isopropanol, aromatics and unsaturated aliphatic cyclo-
compounds were used as adsorbates in the range 301-673 K. Deposit 
formation preceded aromatics, which were never observed before 
appearing of deposit. Aromatics were not formed from deposit but 
always in the presence of it and were not necessary for deposit 
formation. There are two paths of oligomer transformation: one to 
deposit and the second, after a suitable modification of HNaY 
zeolite by deposit, to aromatics* The two processes can be sepa-
rated at relatively low temperature but they occur very fast at 
673 K before the full deactivation of HNaY zeolite. 

INTRODUCTION 
Our earlier investigations of the adsorption of alcohols, 

ethers and olefins on ZSM-5 and HNaY zeolites showed that olefins 
play an important role in transformations of alcohols and ethers 
into hydrocarbons /1/. 

Olefins are transformed into desorbable species characterized 
by i#r# absorption band about 1500-1518 cm"1 and to carbonaceous 
deposit called also coke /i.r. band about 1600 cm'1/. 

Formation of oligomers and deposits from olefins and others 
nolecules on decationized zeolites was studied in many papers /2-1^ 
and different hypothesis were advanced as to the nature of the 
deposit. It was described as aliphatic /polyens/ or /and, at least 
at higher temperatures, aromatic/ hydrogen-poor condensed aromatics 
or alkylaronatics non desorbable species/, which could be removed 
from a zeolite only by burning with air or oxygen* 



We assumed earlier that the band about 1500 cm"1 is due to a 
shift of double bond in an olefin and we assigned this band to an 
electron-deficient double bond or even to stabilized carbenium 
ion /15,16/. 

An olefin adsorbed on decationized zeolite forms a carbo-cat-
ion and transforms into an oligomer /1,2/, clearly visible in the 
case of ethylene. This oligomer seems to be present in the form of 
stabilized carbo-cation /6/. The spectrum of a saturated species 
after adsorption of an olefin on decationized zeolite is then the 
spectrum of a stabilized alkyl carbo-cation without any i.r. bands 
about 1500cm""* /6/. 

The results described in /1/ made us to conclude that the 
oligomer transforms into another species, the appearance of the 
1500 cm band being not due to the shift of double band, because 
diminishing intensities of oligomer bands Indicated that some 

—1 
cyclization might take place* The region of 1430-1600 cm is 
characteristic for the group frequencies of aromatic compounds which 
show the bands of the breathing vibrations at 1430-1500 and 
1580-1600 cm"*1. Taking in to account that some authors /17,18/ 
assigned the band at 1500 cm'1 to aromatics and that the same band 
appears also at higher temperatures /without evacuation/, we assumed 
its appearance indicates the formation of aromatic species or at 
least their adsorbed precursors such as cyclic oligomers /possibly 
in form carbo-cations/, though the temperature is very low. In this 
connection we may quote /19/ the existence of an alkenyl carbo-
cation with an intense band at 1533 cm"1, the only band between 
2850 and 1450 cm"1. The 1500 cm"1 band and bands of oligomer 
disappear after evacuation and heating to about 523 K /in many cases 
oligomer is more strongly adsorbed than species with 1500 cm /, but 
up to this temperature aromatics are not appearing in the products 
/7/. It could be supposed that species characterized by the band 
about 1500 cm"1 is at least an intermediate or precursor of 
aromatics which at higher temperature desorbs in form of aromatics. 
We shall thus call it "aromatics" although its nature is not yet 
fully known. 

proportions of aromatics and deposit depend on the type of 
zeolite. In preliminary experiments on HZSM-5 zeolite only the 
formation of aromatics was observed, whereas on HNaY zeolite mainly 
the deposit and only a snail amount of "aromatics" were formed. 

The mechanism of formation of deposit and "aromatics" on HNaY 
zeolite is not yet fully understood and it seemed of interest to 



study this mechanism by monitoring the transforoations of some 
molecules on HNaY zeolite with i.r. spectroscopy. 

EXPERIMENTAL 
The decationized form of HNaY zeolite was obtained from the 

NaY parent zeolite of the composition: 0.87 Na20.Al20-j. 5.05 Si02 

x H20 by exchange of ammonium ions /degree of exchange 71 
Samples were pressed into self-supported plates and placed in the 
high temperature vacuum cell /20/, connected to conventional vacuum 
apparatus. Adsorption and desorption of adsorbates were carried out 
at temperatures from 301 - 318 to 673 l< and from several Torr to 
10"1 - 10~5 Torr. 

All the adsorbates were of pure grade: propene, but-l-ene, 
dec-l-ene, isopropanol, benzene, toluene, p-xylene, ethylbenzene, 
cumene, cyclohexene, cyclohexadienen /1,3/, methyl-l-cyclohexe-1-
ene, methyl-l-cyclohexadiene /1,3/ and cyclopentene. 

I.r. spectra were recorded on a double beam spectrophotometer 
UR-20 /Zeiss/. 

RESULTS AND DISCUSSION 
Adsorption of olefins on HNaY Zeolite 
After adsorption of propene on HNaY zeolite, beside the i.r. 

-1 1 absorption bands of the oligomer /1470 cm and 2880-3000 cm / the 
band of deposit /1600 cm / /Fig.l/ was observed already at 301 or 
318 K. On heating the i.r. bands of oligomer diminished and that of 
deposit increased* It is noteworthy that the band of the deposit 
appeared before the i.r. shoulder or band of "aromatics" /1500 cm""1/ 
were formed in the range of 343-373 K. In the range of 348-423 K 
new i.r. bands about 1350 cm"1 appeared, which could be connected 
with isomerization of oligomer yielding more branched structures, 
containing tertiary groups. At 623 K "aromatics" desorbed, but 
oligomer remained in the zeolite. I.r. bands of OH groups were 
rebuilt after heating but they did not reach their initial 
intensities. After oligomer Resorption a new band between 1350 and 
1400 cm-1 developed which was earlier tentatively assigned by us 
as symmetric vibration of carboxylate species /1/. 

On HNaY zeolite "aromatics" were never formed before appearing 
of the deposit. It may be thus concluded that deposit modifies the 
system of cages and channels of HNaY zeolite making possible the 
formation of small molecules, which can then desorb. 
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Fig. 1. Spectra of propene adsorbed on HNaY zeolite 
when small portions of propene were consecutively adsorbed on 

HNaY zeolite it was found that adsorption of about 31 molecules of 
propene per unit cell resulted in the complete disappearance of HF 
OH groups at 3650 cm**1. It may be concluded that the oligomer 
contains on 8n average 12 carbon atoms, the same as that found in 
/2/ after adsorption of butene. 

In the case of but-l-ene and dec-l-ene on HNaY zeolite, 
similarly as in case of propene the deposit appeared at 301 and 
318 K and "aronatics" at 398 and 363 K respectively. 

In the case of dec-l-ene the oligomer was formed instantaneously 
beceuse dec-l-ene could directly form stabilized carbo-cation. 

Adsorption of aroaatics and alkylarowatics on HNaY zeolite 

No i.r. band of deposit were observed in spectra after adsor-
ption of benzene and toluene on HNaY up to 673 K, what rules out the 



possibility that aromatics and alkyla roma tics form deposit in this 
temperature range. 

Spectra recorded during adsorption of p-xylene on HNaV zeolite 
showed that deposit band appeared from 533 l< as a result of p-xylene 
dealkylation and formation of reactive species as e.g. olefins. 

Adsorption of ethylbenzene was carried out in such a way that 
before every registration of spectrum with a change of temperature, 
the sample was outpumped in order to expose deposit band screened 
by the spectrum of ethylbenzene. The band of deposit /most probably 
formed from ethylene/ was observed at 533 K, its intensity 
increasing with temperature. 

The procedure by adsorption of cumene was the same as for 
ethylbenzene in order to expose the band of deposit which was * 
observed at 423 K. Some changes in the spectra after heating of 
cumene were connected with its decomposition to benzene and propene. 
A shoulder appearing at 533 К at 1500 cm - 1 could be assigned to the 
band of "aromatics" originating from propene. Ь 

It may be thus concluded that in the case of alkylaromatics 
the deposit appears first at such a temperature, whereat 
decomposition of alkylaromatics begins, resulting in the -formation 
of reactive species such as olefins. 

Adsorption of isopropanol on HNaY zeolite 

Bands of isopropanol, water and deposit were present in the 
spectrum of adsorbed isopropanol /318 К/, which after heating to 
353 К resembled the spectrum from olefins. At 373 к the intensity 
of deposit band increased, whereas that of oligomer bands diminished 
end a new band about 1350 cm"1 appeared. At 403 к a shoulder 
appeared about 1500 cm - 1, becoming more pronounced at 443 K, the 
band et 1350 en"1 also increesed in intensity and changed its 
shape« Evacuation at 318 К caused disappearance of the band of water 
and exposure of the big band of deposit. The band of "aromatics" 
was clearly visible and reappearance of OH groups began* After 
heating to 673 К following bands were only left: deposit, weakened 
OH groups and the band about 1350 cm . 

Adsorption of isopropanol on HNaY zeolite resembles thus that 
of olefins /oligomerization goes fast at 353 К/ but presence of 
water hinders the formation of "aromatics" which become visible in 
the spectrum only at 403 K. 

Adsorption of unsaturated eliphatic cyclocompounds on HNaY 

It seemed interesting to investigate adsorption of some unsatu-



rated aliphatic cyclocompounds on HNaY zeolite to explain their role 
as possible precursors of aromatics in the reaction sequence: 
cyclohexene —cyclohexadiene —benzene* 

14 673K,*J^Torr 

13.318K,1(S®Torr 

2.673K 
. 993K 

10. A73 K 
1443 K 

[gfetfTorr 
•2318K.13 Torr 

tBG 
28 30 32 36 38v.102(cin1) 

Fig. 2* Spectra of methyl-l-cyclohex-l-ene adsorbed 
on HNaY Zeolite 

The eet of i.r. ban'ds characteristic for adsorbed methyl-l-cy 
lohex-l-ene is very similar to that of an oligomer formed from an 
olefin on HNaY /Fig.2/ and behavee in a way eimilar to that of an 
oligomer* revealing that deposit and "aromatics" are formed on 
heating. It may be thus concluded that after adsorption of methyl-1 _ 
cyclohex-l-ene an appropriate type of oligomer is formed. The band ; 
at 1490 cm"1 not observed before could belong to thie type of 
oligomer, but ite intensity diminished much faster that those of 
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other bands of oligomer and disappeared below 373 к, "aronstics" 
beginning to appear above this temperature. 

Heating to 348 and 363 К caused the decrease of all oligomer 
bands /the band at 1490 cm most rapidly/ and consider oole qro'.'ith 
of deposit band. At 373 К the band of "aromatics" appeared at 
1503 cm - 1, its intensity increasing at 4C3 K. The oligomer bands 

-1 
diminished, that of deposit grew and a group of bands at 1360 cm 
increased and changed its pattern. After heating to 423 ¡'. the-band 
of "aromatics" /1510 cm" / and that at 1360 cm""1 increased, the ... 
former reaching its maximum at 443 K. The group of bands at 
1360 cm"1 was at its maximum at 473 K. After evacuation at 673 К 
only following bands remained: strong deposit, one at 1350 cm and 
weakened OH groups. 

The Sequence given above resembles that obtained after adsorp-
tion of an olefin on HNaV zeolite: deposit is formed first, 
"aromatics" later. 

Adsorption of cyclohexene on HNaV was quite similar to the 
case of methyl-l-cyclohex-l-ene. Deposit started to form at 318 and 
"aromatics" at 383 K. 

Adsorption of cyclopentene is also similar to that of methyl-
1-cyclohex-l 

—ene; deposit at 318 К and the band about 1500 cm"" at 
403 K. It is necessary to stress that the difference in the ring 
structure of the adsorptive does not influence the results. 

Adsorption of methyl-l-cyclohexadiene /1,3/ on HNaY resembles 
that of methyl-l-cyclohex-l-ene: deposit is formed at 318 and 
"aromatics" from 383 K. Similarly cyclohexadiene /1,3/ gives 
deposit at 318 and "aromatics" at 363 K. 

Results described above enable following conclusions to be 
formulated: 

1. appearance of the deposit /the characteristic band at 
about 1600 cm / from the oligomer, formed earlier from: propene, 
but-l-ene, dec-l-ene, isopropanol, cyclohexene, cyclohexadiene /1,3/ 
methyl-l-cyclohex-l-ene, methyl-l-cyclohexadiene /1,3/ and cyclo-
-jp»9ntene on HNaY zeolite occurs in the temperature range 301-318 К 
end always precedes the formation of "aromatics" /the 
characteristic band about 1500 cm""1/, 

2. "aromatics" were forjned at relatively low temperatures: 
from olefins at 348-363 K, from isopropanol at 403 К and from 
investigated unsaturated aliphatic cyclocompounds at 363-403 K, 

3. "aromatics" were not observed before the appearance of 
the deposit, what indicates that "aromatics" were not the source 



for deposit formation, 
4. formation of "aromatics" from deposit was not detected, 
5« deposit was not formed from benzene or toluene /up to 

673 K/ but it was generated by adsorption of p-xylene and ethyl-
benzene at 533 K and cumene at 423 K, i.e. at temperatures higher 
than those necessary for the formation of deposit and aromatics 
from olefins and unsaturated aliphatic cyclocompounds; it may be 
concluded that deposit was obtained from alkylaromatics only 
after their dealkylation and appearance of some reactive species 
as e.g. olefins, 

6. only two central members of the sequence: cyclohexane— 
cyclohexenecyclohexadiene benzene cao transform into deposit 
in mild conditions /at 318 K/, 

7. in the case of unsotii-ated aliphatic cyclocompounds the 
ring structure does not influence their transformations, 

8. a new band at 1350 cm was observed at higher temperatures 
and its assignment is not clear; it may be assigned to carboxylate 
species though the appropriate asymmetric vibration band with few 
exception was not observed; it could be screened by very strong 
deposit band, 

9. intensities of OH group diminish after deposit formation, 
10. "aromatics" appear on HNaY zeolite always in the presence 

of deposit, 
11. it can be assumed that at the beginning favourable 

conditions exist in supercages of HNaY zeolite for the formation 
of big molecules of deposit from the oligomer and these molecules 
have no possibility to leave the zeolit; by formation of the deposit 
the system of cages and channels of the HNaY zeolite is modified 
and in some regions conditions arise for oligomer transformation 
to small aromatic species which are able to desorb from the system. 

This modyfication may consist e.g. in such distribution of the 
deposit that the resulting geometry of cages and channels resembles 
that existing in ZSM-5 zeolite. Thus, two paths of oligomer 
transformation exist: the first /especially fovoured in fresh 
samples/ to deposit and the second, after a suitable modification 
of supercages by the deposit earlier formed, to some desorbable 
species of aromatic character; these processes cen be separated at 
relatively low temperature under nonstationary conditions when the 
coverage by the deposit has not yet caused the complete 
deactivation of HNaY zeolite, but they proceed very fast at 673 K. 
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EFFECT OF COKE ON Y ZEOLITE ACTIVITY FOR CUMENE CRACKING 

W.J. HATCHER, JR. 

Department of Chemical Engineering, The University of Alabama, University, 
AL 35486 USA. 

ABSTRACT 

Carbonaceous deposits on a lanthanum-exchanged Y zeolite results in an 

exponential relationship with catalytic activity for cumene cracking. The 

observed relationship can be attributed to several possible mechanisms. One 

mechanism that fits the experimental data involves multilayer coke formation. 

Parameters from this model suggest that the rate of coke chain growth or 

polymerization increases rapidly with increasing temperature. Titration 

experiments show that active sites for cumene cracking have approximately 

equal strengths since initial catalyst activity was found to decrease in 

direct proportion to the amount of sorbed pyridine. Diffusivities measured by 

a chromatographic technique indicate no significant difference in values 

between fresh catalyst and catalyst with 5 percent coke. Therefore, pore 

blockage does not appear significant. 

INTRODUCTION 

The activity of cracking catalysts declines rapidly because of the 

accumulation of carbonaceous deposits on the catalyst surface. This 

phenomenon has very significant economic importance and, therefore, has been 

the subject of a number of studies over the years. Experimental studies on 

lanthanum-exchanged Y zeolite for isopropylbenzene (cumene) cracking in our 

laboratory demonstrated an exponential relationship between total coke 

deposited on the catalyst and catalyst activity decline [1,2]. The observed 

relationship between coke level and catalyst activity can be attributed to 

several possible mechanisms. 

For example, if the catalytically active sites have a distribution of 

strengths and the strongest sites were deactivated first, a exponential 

coke-activity relationship would be found. Another explanation, outlined by 

Beeckman and Froment [3],.is that a pore blockage mechanism, for certain 

parameter values, provides an exponential relationship between catalyst 

activity and coke content. A third possibility, proposed by Nam and Kittrell 
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[4], is that both monolayer and multilayers of coke form on the surface. This 

model can predict linear, hyperbolic, or exponential activity-coke relation-

ships depending on parameter values. 

Acid catalysts such as zeolites can be readily poisoned by basic organic 

compounds. One of the earlier studies of the deactivation of amorphous 

silica-alumina cracking catalysts by organic compounds such as quinoline, 

quinaldine, pyrrole, piperidine, decylamine, and aniline was done by Mills et 

al [5]. A poisoning study by titration of quinoline on zeolite catalyst was 

investigated by Goldstein and Morgan [6]. They concluded that the amount of 

quinoline required to completely poison the zeolite,was equal to the number of 

supercages in its structure. 

EXPERIMENTAL 

The lanthanum-exchanged Y zeolite (La Y) was made by contacting an 

ammonium Y (Linde type 31-200 powder) with an aqueous solution of lanthanum 

chloride. Approximately 60-70 percent of the anmonium ions were exchanged in 

-the procedure. The resulting La Y powder was pressed into tablets without 

binder, crushed and sieved to -60+80 mesh. 

A thermogravimetric analyzer was used as the reactor in this study. 

Coke on catalyst was measured by weight change of the catalyst and cumene 

conversion £y chromatographic analysis of product gases. For the coking study 

cumene was continuously introduced into the reactor by passing helium through 

a sparger containing cumene. Additional details of the equipment has been 

previously reported [1]. 

For the titration stucjy a certain amount of pyridine was injected into a 

stream of heated helium. After adsorption of pyridine, helium flow was 

continued to purge the remaining pyridine from the system and to desorb 

physically adsorbed pyridine from the catalyst. This purge was for 30 

minutes. The final amount of pyridine loading was determined by the catalyst 

weight change. Then cumene was introduced to test the cracking activity of 

partially poisoned catalyst. 

Diffusivities in fresh and coked catalysts were measured by a 

chromatographic technique. Chromatographic curves were measured using a 

constant-temperature gas chromatograph (Perkin-Elmer Model 820) with a thermal 

conductivity detector. Helium was used as the carrier gas, and measurements 

were made by injecting a small pulse of adsorbable component plus helium into 

the pure helium carrier. A four way, two position sampling valve was used to 

Inject the pulse. The adsorbable component stream was prepared by passing a 

pure helium stream through a sparger containing the hydrocarbon. The column 

was 34 cm long by 0.483 cm inside diameter. 



RESULTS 

Cumene conversion at the low cumene partial pressures studied resulted 

in the formation of benzene, propylene and coke. No secondary reaction 

gaseous products were found. Reaction rates (r) for the differential 

conversion data were calculated from: 

r = F A X A/W (1) 

where F A is the moles/s of cumene flowing, X A the fractional conversion of 

cumene and W the catalyst mass. The initial reaction rates (r Q, at zero 

coke) fit a first order model with respect to cumene partial pressure: 

r 0 = k PA (2) 

where k is the reaction rate coefficient and P A the cumene partial 

pressure. Figure 1 shows an example of this relationship at 430° C. 

5.5 6.0 6.5 

? A x 10 , bar 

7.0 

Fig. 1. Cumene cracking rate with uncoked catalyst vs. cumene 

partial pressure. 430° 

Then the relative catalyst activity (i) was calculated from: 

i = r/r 0 (3) 

Figure 2 illustrates the effect of total coke (q) on catalyst activity. 
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Fig. 2. Relative catalyst activity vs. total coke on catalyst. 

Cumene cracking over LaY 

In describing deactivation processes due to coking, it is common to 

assume two independent reactions occur, the primary reaction and the coke 

formation reaction [4]. Following Nam and Kittrell's deactivation model [4] 

with cumene cracking kinetics [1-2], the following individual steps may be 

written: 

In eq 4-7, A, R and S represent gaseous cumene, propylene and benzene 

respectively, 1 represents an active site and A1 and R1 represent adsorbed A 

and R. The total number of active sites is the sum of the vacant sites, the 

sites covered by adsorbed A or R and the sites inactivated due to coke 

coverage: 

A + 1 = A1 

A1 = R1 + S 

R1 = R + 1 

R1 » coke 

(4) 

(5) 

(6) 

(7) 

L c = C v + C A 1 + C R 1 + C c l (8) 



the relative activity is defined by the fraction of sites not inactivated by 

coke: 

, L c - Ccl (9) 0 = [ 

The rate of coke formation on the active surface is assumed to be proportional 

to the surface concentration of the coke precursor. 

* Cc = kD CRl = kP KRPR Cv H O ) 

^ pc pc 

The parameter p £ is used to represent the stoichrometric coefficient to 

convert the weight of coke on the surface to the number of sites, deactivated, 

C , = p c C c , k D is the surface coke rate coefficient, K^ propylene 

adsorption coefficient, P^ the propylene partial pressure, and t time. By 

substitution of eq 8 and 9 into 10: 

6 C c = k o W - c = k p W L C (11) 

j t P C ( 1 +
 V A + V R > 

K A and p^ are the cumene adsorption coefficient and partial pressure 

respectively. It must be noted that C c is the coke in direct proximity to 

the catalyst surface. The balance of the total measured coke is described as 

multilayer coke. It can be envisioned as growing on top of the monolayer coke 

by an Eley-Rideal mechanism. The multilayer coke (C^) forms as: 

^ L = k LC cp R (12) 
6t 

where k^ is the multilayer coke rate coefficient. 

The total measured coke content of the catalyst becomes 

and 

q = C c + CL (13) 

«I — ^ ^
 ( 1 4 ) 

Eq 9 can be differentiated and combined with eq 11 to yield 



Dividing eq 15 by 14 yields the relationship between catalyst activity and 

total coke 

- P k n M 6i = c D R (16) 

7q W L c • k ^ M - * ) 

Eq 16 can be integrated to yield 

g Lc 1n< CI71 
T 7 a - a 2 U / I 1 -t Pc 1-C 

k. L 

where a = L c ( 1 8 ) 

pc D R 

Total coke versus catalyst activity data from cumene cracking in the thermo-

balance reactor are plotted in the form of eq 17 in Fig. 3. Note that a should 

exhibit an Arrhenius temperature dependence. This effect is shown in Fig. 4. 

180 

I n » 

Fig. 3. Test of multilayer coke model. Plot of data in form 

of eq 17. 



1.2 1.4 1.6 

1000/T 

Fig. 4. Arrhenius dependence of a. Multilayer coke model. 

Results of the pyridine titration study is shown in Fig. 5. 

4 
Adsorbed pyridine, Eq/g x 10 

Fig. 5. Pyridine loading on La-Y . Effect on cumene cracking 

rate coefficient. Key: o 300°C, A 250°,0200°. 

Zeolitic diffusivity was calculated from measurements of the variance and 

mean of experimental chromatographic curves. Shah and Ruthven [7] modified 

equations for the variance and mean for the situation in which Reynolds number 

is low, macrotransport is predominately by molecular diffusion, and the 

sorption equilibrium constant is greater than one. The modified equations 

yield: 

2 2 
o 2 L °L e 1 t Rp e rc 
T T ty = T Z + fe1 ( T + T S S h r - + T^e T S T T T 
¿u U m p c 

(19) 



The terms on the left hand side are o2 the variance and u the mean of the 
chromatographic curve, L the bed length and U the interstitial velocity. The 

terms on the right hand side represent the respective contributions of axial 

diffusion, film-plus-macropore resistance, and zeolitic diffusion resistance. 

The axial dispersion coefficient (D^), molecular diffusivity (D m), and 

tortuosity factor (t) can be estimated [7]. Therefore, the axial dispersion 

resistance can be calculated. Parameter e is the bed porosity, e the pellet 

porosity, Rp the pellet radius, r c the zeolite crystal radius, D c the 

zeolitic diffusivity and K^ the hydrocarbon sorption equilibrium constant. 

Since the left hand side of eq 19 can be calculated from experimentally 

measured quantities, the resistance due to zeolitic diffusion can be 

calculated by difference. A comparison of resistances for benzene diffusion 

in LaY with and without 5 percent coke at 30°C shown in Table 1. 

Table 1 

Comparison of Resistances for Benzene Diffusion in'LaY 

2 
o 
2/ 

({j)X 10 3,s 
U m 

r-l 

Coked Catalyst 

53.79 

41.10 

33.94 

31.95 

17.45 

18.19 

Uncoked Catalyst 

42.69 

23.29 

20.93 

18.12 

14.35 

36.47 

21.30 

13.87 

8.77 

5.87 

3.97 

25.92 

10.33 

5.90 

3.20 

2.03 

0.44 

0.44 

0.44 

0.44 

0.44 

0.44 

0.44 

0.44 

0.44 

0.44 

0.44 

2.15 

1.84 

1.82 

1.57 

3.20 

2.59 

Average = 2.2 

1.80 

2.35 

2.02 
2.03 

2.48 

Average = 2.2 

DISCUSSION 

The kinetics of cumene cracking over LaY, as measured in the thermo-

balance reactor, can be modeled by a mechanism based on the formation of 

both monolayer and multilayer coke. At the low cumene partial pressures 

employed, the reaction rate with fresh catalyst (no coke on the catalyst) is 

directly proportional to the cumene partial pressure as shown in Fig 1 and the 
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slope of this plot yields an intrinsic reaction rate coefficient. Then tihe 

relative catalyst activity can be determined experimentally by the ratio of 

the reaction rate at any coke level to the reaction rate with fresh catalyst. 

The relative catalyst activity has an exponential relationship with the total 

coke on the catalyst as shown in Fig 2. The effect of coke level decreases 

with increasing temperature. The experimental data are well represented by 

the multilayer coke model as illustrated by Fig 3. The slopes of the lines 

give values of a at each temperature. The parameter a has an Arrhenius 

temperature dependence: 

. A. L E. - E + AH 
In a = , L c L D R ,,nv 

l n
 n A A " in ( Z 0 ' 

P C D R K l 

The parameters A L , A Q and A^ are the frequency factors for the multi-

layer coke reaction, surface coke reaction and adsorption of R respectively, 

E^ and Eq the activation energies for the multilayer coke and surface coke 

formation, AHr the heat of adsorption of propylene, R the gas constant and T 

absolute temperature. 

The slope of the line in Fig 4 yields a value of 92.5 KJ/mole. This 

suggests that the activation energy of the multilayer or polymerization coking 

reaction is greater than the monolayer coke formation. Apparently more of the 

total coke is in the multilayer form at higher temperatures. 

The effect of pyridine poisoning on cumene cracking activity is shown in 

Fig 5. This linear relationship suggests uniform catalytic site strength. 

The total number of active sites estimated by extrapolation to zero activity 
20 

is approximately 1.5 X 10 sites/g. 

The zeolitic diffusivities, as measured by the gas chromatographic 

technique, indicated no significant difference in the values for fresh LaY and 

LaY with 5 percent coke. The calculated values of diffusivity included a 

large degree of error because axial dispersion accounted for much of the var-

iance in the residence time distribution curves, and the calculation method 

involved taking the difference of two large numbers. Nevertheless, the actual 

residence time distribution curves were essentially identical for coked and 

fresh catalyst. Therefore, coke appeared to have little effect on the 

diffusivity. The fact that coke has little effect could be reasonable if 

coking occurred uniformly throughout the zeolite because the three dimensional 

nature of the supercages and the large number of windows into the inter-

connected supercages would minimize pore plugging possibilities. 
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