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CHAPTER I

ZEOLITES: AN INTRODUCTION

GENERAL OVERVIEW

The term zeolite was first mentioned in scientific
literature by Cronstedt (see opposite page) in 1756 (1) as
the name of an aluminosilicate mineral (stilbite) that
seemed to steam when heated. The word zeolite was derived
from the Greek words zeo and lithos meaning boiling stone.
Since that time, 41 naturally occurring zeolites have been
identified (2). The first ones were observed in basalts
which had been altered by hydrothermal geological processes
that sometimes formed crystals of museum display quality.
Late in the 19th century zeolite occurrence in sedimentary
tuffs and marine sediments was detected (3). Both before and
after the second World War these reports became numerous,
with zeolite formations often found in fairly large amounts,
present in vitric tuffs, dry saline lake beds (in
association with bentonites) and in low grade metamorphic
rocks. For example, the city of Naples is underlain by a

2

zeolitic deposit, some 200 km“ in area, which is only five

to ten thousand years old.

From the early 1940's onwards systematic synthesis studies
on zeolites were started. Nowadays, thanks to successful
laboratory syntheses, a large number (>200) of zeolite
structures and compositions are available, most of them

having no natural counterparts.

The broad present interest in zeolite science and
technology has been fueled by the application of zeolite
catalysts in several important oil refinery processes,

resulting in an estimated annual zeolite usage of over
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Figure 1. The yearly number of patents (22, SY) and publi-
cations (4, ) regarding zeolites reported in the Chemical
Abstracts. Data are averaged over the given period.

Language English 4, Z4: Language not English NN, N.

Figure 2. Top) different presentations of TO4 tetrahedra.
Bottom) The structure of the zeolite phillipsite, built from
tetrahedra. The double tetrahedral unit shown left is pro-
jected in the zeolite structure as a single (equilateral)
triangle.



Chapter 1 ' General overview

35,000 tonnes as catalysts, over 45,000 tonnes in detergents
and over 20,000 tonnes as adsorbents for 1987 (4).

The increase in zeolite investigations and applications
can be illustrated by comparing the vearly number of
publications and patents pertaining to zeolites. As shown
in Figure 1 the total number of publications and patents
reported in the Chemical Abstracts increased from an average
of about 400 per year over the period 1967-1970 to over 2000
per vear over the period 1986-1988 and is still growing.

STRUCTURE

Zeolites are a class of framework aluminosilicates (other
classes include feldspars and feldspathoids) known as
tectosilicates (5)., which are built from
corner—-oxygen-sharing Si044_ and A1045— tetrahedra. The
individual tetrahedra are always close to regular, but the
shared oxygen linkage can accommodate T-O-T angles (T stands
for T-atom, meaning tetrahedrally surrounded silicon or

S4R S6R S8R
1 )
: ] |
[ /‘—“-“
ll ’ \\
D4R D6R
a-1 5-1 4-4-1

Figure 3. Secondary Building Units (SBU's) observed in zeo—

lite structures.
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Figure 4. The figurative construction of four different zeo-—
lite frameworks containing sodalite cages. A pair of TO4
tetrahedra sharing one vertex is linked into a single soda-
lite cage. In a less cluttered representation. the oxygen
atoms are omitted and the cage is represented by straight
lines connecting the tetrahedral units. The sodalite cage

unit is found in the SOD. LTA and FAU frameworks. Structure
6, a hypothetical framework related to that of FAU, is also
constructed from sodalite cages.

aluminum atom) from 130 to 180°. Figure 2 shows how TO,
tetrahedra form the basic structure of phillipsite. In
contrast to high—density species as quartz or cristobalite,
the aluminosilicate frameworks of zeolites exhibit high and

uniform porosities.

-4 -



Chapter 1 Structure

Figure 5. Representations of selected members of the zeolite

family, showing pores of various sizes, shapes and dimen-
sionalities. The outlines of the cages and channels are
drawn as straight lines connecting adjacent tetrahedral
sites (see Table 1).

Zeolite structures can be formed by repeating so-called
Secondary Building Units (SBU's, depicted in Figure 3).
According to these SBU's zeolites can be classified into
eight groups. A selected list is presented in Table 1. The
TO, tetrahedra can be combined to vield a large variety of
framework structures (see Figure 4). In this-way cage—

.chain-, layer- and tubular-like structures can be formed.
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Table 1. Selected aluminosilicate frameworks (cf. 5). The
nomenclature of the pore structure and the code is that of
Meier and Olson (9). The underlined integers indicate the
number of tetrahedral atoms (Si or Al) that define the
aperture. The subsequent numbers indicate the size of the
aperture (in nm). For structures with more than one channel
system <> and | indicate whether or not the channels are
interconnected, respectively.

Code Examples SBU Typical Pore structure
Si/Al
aBwl) Li-A(BW)2) DAR 1 8 0.36x0.40
ANA Analcime, Leucite, S54R,56R 2 6-ring maximum
Pollucite, Viseite, aperture
Waisakite, Na-B
CAN Cancrinite S6R 1 12 0.62

CHA Chabazite, Herschelite, D6R 2 8 0.36x0.37
Linde D, Linde R

EDI  Edingtonite 4-1 1.5 8 0.35%0.39 <>
8 wvariable
ERI  Erionite S6R 3 8 0.36x0.52
FAU Faujasite, X, Y D6R 2.3 12 0.74
GIS Gismondine, Garronite, S4R 1 8 0.31x0.44 <>
Gobbinsite, B, P 8 0.28x0.49
HEU Heulandite, 4-4-1 3.5 8 0.40x0.55 <>
Clinoptinolite (10 0.44x 0.72 +
8 0.41x0.47)
KF1}) Ba-P, Ba-Q. ZK-5 D6R 2.2 8 0.39 | 8 0.39
LTAY) A, alpha, ZK-4, ZK-21, D4R 1 8 0.41
ZK-22, N-A
LTLD L, (K.Ba)-G S6R 2.6 12 0.71
MAZ Mazzite, Omega, 2Z2SM—4 5-1 2.6 12 0.74
ML) zsmM-11, 5-1 30 10 0.51x0.55
Silicalite-2 0
Mr1l) zsm-s, 5-1 30 10 0.54x0.56 <>
Silicalite-1 ® 10 0.51x0.55
MOR Mordenite, Ptilorite 5-1 5 12 0.67x0.70 <>
8 0.29%0.57
OFF Offretite, O S6R 3.5 12 0.64 <>
8 0.36x0.52
PHI Phillipsite, Harmotome S4R 4 8 0.42x0.44 <>
- 8 0.28x0.48 <>
8 0.33
rHOL) Rho p8rR3 3 B8 0.39x0.51 |
8 0.39x0.51
SODZ) Sodalite, Nosean, S6R 1 6—-ring maximum
Tugtupite, Ultramarine aperture 4
ToN}) Theta-1, Nu-10, KZ-2, 5-1 30 16 0.47x0.55%

181-1, 25M-22

1)Th:is framework has not been found to occur naturally.

2 Non-zeolite materials with this framework are also known.
3)No official SBU.

4)gjlica-ZSM-22 (10).
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In these structures the Loewenstein rule (8) is operative
which means that no Al1-0-Al linkages are present in the
zeolite framework.

The 39 different framework topologies that have,
up—-to—date, been observed for aluminosilicate zeolites have
pores that vary in shape, size and dimensionality as
depicted in Figure 5. The naked LTA and FAU frameworks (for
code and explanation see Table 1), for example, have large
cages, 1.14 and 1.18 nm in diameter, which are
interconnected through smaller constrictions or windows of
0.41 and 0.74 nm in crystallographic diameter,
respectively. The naked CAN, LTL, MAZ and TON frameworks
have one-dimensional channels with diameters of 0.62, 0.71,
0.74 and 0.47 nm, respectively. The framework of ZSM-5
(MFI) has two orthogonal interconnected elliptical channel
systems with diameters about 0.55 nmm (cf. Table 1).
Schematic representations of some three—-dimensional zeolite
channel patterns are depicted in Figure 6.

g

Figure 6. Formal representation of channel patterns in a)
sodalite hydrate, b) zeolite A, c) zeolite RHO, d) fauja-
site, e) ZSM-5 and f) ZSM-11.
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CHEMICAL COMPOSITION

It is preferable to define a zeolite by its framework
topology because its chemical composition may vary greatly.
A general formula for the aluminosilicate zeolites can be
written as

Me/m - Al Si, 04 .n H,0
Nonframe— Framework Sorbed
work atoms components water
The presence of units with an overall formula of AlOz— in
the framework provides the zeolite with a negative charge
which is compensated by m-valent cations M. These
nonframework cations are, at least in hydrated materials,
usually mobile and can generally be replaced by a range of
mono—, di— or trivalent cations through ion exchange in an
appropriate solution under mild conditions.

Threedimensional frameworks based on linked (Al,Si)O4
tetrahedra can cover the Si/Al range from O up to infinite.
A convenient but arbitrary subdivision of phases in this
range has been given by Barrer (3) and is listed in Table 2.
Some specific or typical Si/Al ratios of zeolites are
presented in Table 1. Table 3 shows the influence of the
Si/Al ratio, which ranges from 1 to infinity, on some

physical properties of zeolites.

Table 2. 3-dimensional frameworks based only on tetrahedra
(aluminate, aluminosilicate, silica). Table was taken from

reference 3.

Class Si/Al ratio Examples
(%)

1 0< x< 1 Aluminate sodalites; bicchulite

2 1 < x<5 Feldspars (non—porous), feldspathoids
(porous and non—-porous), zeolites
(porous)

3 5 < x < 12 Zeolites (ferrierite, svetlozarite;
porous)

4 x >= 12 Zeolites (porous)

5 X = o Crystalline silica's (porous and

non—-porous)
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Chapter 1 Chemical composition

Table 3. Zeolite properties as a function of the Si/Al
ratio (12).

Zeolite A X Y Mordenite Z5M-5 Silicalite-1
Si/Al 1 15 . 3 5 11-1000 0
«— number of cations

framework stability towards acids ——m————
acidity zeolitic H-atoms
thermal stability
hydrophilic character
hydrophobic character
affinity for polair molecules
affinity for non-polair molecules ——ur—-—

v v

AN

\ 4

1\

SYNTHESIS

The synthesis of zeolites is usually performed under
hydrothermal conditions. The role of water as a
mineralizing catalyst, aided by alkaline conditions, was
first described by Schafheutl (13) in 1845 with regard to
the hydrothermal reaction of silica gel and water towards
quartz. The first hydrothermal zeolite synthesis is
credited to St. Claire Deville in 1862 (14). Solutions of K
and Na siliéates heated to 170°C in sealed glass tubes gave
hexagonal, tubular, uniaxial crystals of levynite.
Pioneering work by Barrer in the 1940's and 1950's
demonstrated the synthesis of a wide range of zeolites from
aluminosilicate gels (15). An aqueous solution of alumina in
a2 base such as sodium hydroxide -present in excess- is mixed
intimately with a sol or solution of the silica component.
The highly alkaline mixture forms a thick gel that
crystallizes over a few hours/days when maintained at
100-180°C. The synthesis of the ‘'classical' zeolites A. X, Y
and mordenite still follows this path. Activation, i.e.
removal of adsorbed water, is achieved by heating the
as—-synthesized zeolite up to ~400°C.

The addition of organic cations in zeolite synthesis was
introduced in the early 1960's by Barrer and Denny (16). The
presence of the tetramethylammonium cation in the synthesis

gel not only showed a structure directing effect towards the
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synthesis of small cage-~containing structures as sodalite or
gmelinite but also resulted in the preparation of new
siliceous materials as N-A, ZK-4 and alpha. These zeolites
are structural alike to zeolite A (LTA), but with a much
higher silica to alumina ratio than that of zeolite A made
in a solely NaOH-containing system (17).

Exploration of a range of tetraalkylammonium compounds as
templating agents resulted, using the tetraethylammonium
cation, in the synthesis of zeolite beta, the first high
silica zeolite (Si/A1>20) (18), which structure was
elucidated recently (19). Shortly thereafter. a number of
high silica zeolites, i.e. ZSM-5 (20), ZSM-8 (21) and ZSM-11
(22) were reported in patent publications applying template
reagents as tetrapropyl-, tetraethyl- and tetrabutylammonium
compunds respectively, in the synthesis mixture. These
developments led in 1977 to the synthesis of Silicalite-1
(structural isomorphous to ZSM-5) by Flanigen et al. (23)
which was the first 'zeolite' having an infinite Si/Al
ratio. This success led to another class of crystalline
porous silica's including Silicalite-2 (ZSM-11 structure,
(24)), TEA-silicalite (25), Al-free ferrierite (26) and
silica-ZSM—-22 (TON framework, (10)). These crystalline
porous silica's are named molecular sieves as the name
zeolite is restricted to compositions in which both Si and

Al appear as the framework metal ions.

It seems that the presence of suitable organic species as
template in molecular sieve synthesis supports the

crystallization and stabilization of a particular

structure. The exact role of these molecules is as yet not
fully understood (17) as templates can be either locked up
or be desorbable. Thus during synthesis two
template—-to-structure situations can be distinguished.
First, zeolite cages occupied by template; for example, the
tetramethylammonium which fits and is locked into sodalite
cages containing frameworks or intersecting channels
occupied by template, as exemplified by the presence of
tetrapropylammonium cations in ZSM-5 (12,27) situated at

- 10 -
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Figure 7. The geometry of the tetrapropylammonium ions in
zeolite ZSM-5. Space filled drawings looking into the
straight (left) and sinusoidal (right) channels of the
zeolite.

channel crossings as depicted in Figure 7. Secondly
desorbable templates might be present, as for instance
triethylenetetramine (TETA) in the synthesis of the channel
zeolite Nu-10 (Chapter 1V). The template trapped within the
voids of the zeolite product must be removed before the
zeolite can be effectively used as a sorbent or catalyst.
This is achieved by calcination in air or oxygen at
temperatures between 400 and 600°C to degrade the template
and burn any ‘'deposited' carbon (28) . Alternatively an
oxygen plasma technique may be used at lower temperature
(29) .

The importance of templates in zZeolite synthesis is
underlined by the large amount of 'iterature published on
this suhject (i.e. refercnces 3. 17, 30-32, see also Chapter
IV, Table 2 (33)) occasionally leading to the
crystallization of new zeolites. As an example we mention
the synthesis of Sigma-1 by Stewart and Johnson (32) using
l—-aminoadamantane as the template molecule.
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CATION EXCHANGE

As mentioned earlier mobile, non-framework cations like
Nal are present in the as synthesized classical zeolites to
compensate the negative Aloz— gspecies. 1In 1850 Way (34) and

Thompson (35) clarified the nature of ion exchange in soils
“which led to investigations on zeolites from 1870 onwards
(36) . The cation—exchange process occurs when ions from
solution replace counterions within the crystal structure.
The effective cation-exchange percentage of a zeolite when
subjected to a certain ion is not only influenced by the
concentration of the competing ions in solution and in the
Zzeolite itself, but also by the inherent selectivity of that
zeolite for the cations under consideration. The total
cation-exchange capacity of a zeolite is often difficult to
measure because certain cation positions sometimes require
enhanced temperatures to replace the cation from these
locations. Therefore by convention, cation selectivity is
always measured relative to the ion being released by the
zeolite. In the cation exchange process between a zeolite
particle and an agqueous solution cations move from the bulk
solution to a zeolite dependant stagnant waterlayer which
surrounds the zeolite particle. After diffusion through
this film the cations often have to dehydrate partly in
order to enter the zeolites pores and channels. The
exchange process itself is usually very rapid with the
restriction made above. Concomitantly other cations are

released from the zeolite to the solution (37).

A detailed description on this subject has been published
by Nieuwenhuizen et al. (38). These authors show that MgII
ion exchange in zeolite NaA is 300 times slower than CaII
jon exchange at 32°C and pH=%. As both divalent ions, in
the hydrated form. are too large to enter the zecolite
partial disruption of the hydration sphere of the cation has
to take place. Since the activation energy of dehydration
of Ca11 is lower than that of the smaller MgII, CaII

exchange will be faster as dehydration is the rate limiting

ion

- 12 -



Chapter 1 Cation exchange

I ion will diffuse faster than the

step. The leaving Na
incoming divalent ions. The Ca-exchange properties of NaA
are applied in the detergent industry where NaA nowadays
plays an important role in detergent compositions as

phosphate substitute (39).

Besides modification of the accessibility of the zeolites
(see paragraph Adsorption, (40)), cation exchange in
zeolites can also lead to the incorporation of catalytically
active species in the zeolite (41) to be discussed later in
this Chapter. Finally cation exchange sometimes increases
the zeolite's stability (42).

ADSORPTION

Following gquantitative measurements of water vapour €—
zeolite equilibria by Tamman (43). Grandjean (44) made some
notable early studies on the sorption of heavy vapours as
Iz, Br2, C12 and Hg in chabazite in 1910. McBain (495)
introduced the term 'molecular sieve' to describe the
selectivity of some micro-porous carbons and zZeolites in the
uptake of molecules according to size. Molecules too large
to enter the micropores were sorbed much less than smaller
ones which could enter.

smalil medium large pore
A ZSM-5 X,Y,L

Figure 8. 8-, 10- and 12-membered rings of oxygen, showing
the maximum pores of some zeolites.

- 13 -
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Figure 9. Chart showing a correlation between the pore size
of some zeolites together with the critical diameter of

various molecules.

Based on their adsorption properties, zeolites can be
classified as small pore, medium pore or large pore. In
general, these classifications have been related to the
presence of B-, 10- and 12-membered rings respectively, in
the oxygen sub—lattices. determining the maximum
éccessibility as shown in Figure 8. Recent structural data
on high silica zeolites (i.e. ZSM-5 (27), ZSM-22 (10).
Z5M-23 (46) and ZSM-48 (47)) indicate a variety of pores and
shapes_(circular, elliptical etc.) within the

classifications. Thus. subtle differences in the adsorption
of various molecules may result from small differences in
shape. The accessibility of several zeolites is presented
in Figure 9 along with some typical molecular dimensions.

The recent discovery of the 18-ring alumino-phosphate
molecular sieve VPI-5 (see paragraph on isomorphous
substitution) by Davis et al. (48) can be seen as an
important breakthrough that will restimulate the search for

new large pore molecular sieves, previously only covered by

- 14 -~
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pillared clays. The VPI-5 molecular sieve seems to be
structurally closely related to the MCM-9 SAFPO molecular
sieve patented (49) but not recognized as superlarge pore
zeolite.

The actual pore size of a zeolite sometimes derends on the
type of cation present. Type A zeolites have a cubic
structure with pore windows just big enough to allow normal
paraffins and other linear organic molecules to pass.
Monovalent cations (e.g. sodium. potassium) in zeolite A
occupy —amongst other sites— positions in the B8-membered-
ring and therefore reduce the actual pore size to below 0.4
nm. Divalent cations. however. require only 50% of the
cationic sites of monovalent cations and leave enough
8-membered rings free to allow normal paraffins to diffuse

through. Isoparaffins and other branched alkanes are more

Methane Ethane

OIEDET

Propane
41
4.54
Isobutane
!
a

Figure 10. a) Some molecular diameters. b) Schematic
illustration of the entry of octane into a B-ring pore and
blockage of an iso-octane hydrocarbon at a channel aperture
in a zeolite.

- 15 -
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bulky than normal alkanes and therefore cannot enter CalA
(see Figure 10) . An important industrial process (Isosieve;
Union Carbide) regarding the separation of branched and
linear hydrocarbons is based on this ability of zeolite CaA.

Another shape—-selective adsorption is the separation of
p—-isomers from miXxtures of disubstituted benzenes by means
of zeolites as ZSM-5 and Nu-10. Some data on the adsorption
of organic molecules into these zeolites are presented in
Table 4. A comparison of the adsorption data for ZSM-5,
Silicalite~1 and Nu-10 reveals that the intracrystalline
pore volume of Nu-10 is smaller than that of ZSM-5 and
S5ilicalite-1 which cannot only be accounted for by the
absence of channel intersections in the intracrystalline
pore structure of Nu-10 (52) but is to be ascribed to the
slightly smaller pore diameter of Nu-10 as well (see Table
1) . Table 4 shows furthermore that competitive adsorption of
Xylenes, from the ligiud phase, into ZSM-5 results in a high
p—~selectivity.

At higher temperatures the pores enlarge slightly and the
kinetic energy and molecular vibrations of the diffusing
molecules overcome repulsion forces at pore entrances
allowing molecules to wiggle through somewhat narrower pores
than expected on the basis of X-Ray dimensions whereafter

(catalytic) conversion is possible (54) . However. not only

Table 4. Intracrystalline sorption capacity of ZSM-5 (49).
Silicalite~1 (50) and Nu-10 (51) for different sorbates for
single adsorption on outgassed samples by low sorbate

pressures_(upper half) and competitive adsorption (52) for a
mixture containing 0.5 g o-xylene. 0.5 g m—xvylene and 0°5 g
p-xXylene in 2 ml 1,3.5~triisopropylbenzene (lower half).

Adsorbent Adsorption Amount of material adsorbed (mg/g)
(Si/Al ratio) Temp. (K) o— m— p- ben- n-
Xylene xylene xylene zene hexane

Silicalite-1 (o) 298 54.1 73.1 112.4 110.8 122.1
H-Z25M~5 (38) 303 93.3 94.3 127.2 104.5 117.0
H-Nu-10 (60) 296 6.6 13.7 41.8 30.7 52.5
H-Z5M-5 (49) 283 0.1 0.0 67.0
H~Z5M-5 (49) 298 2.2 2.4 61.0
H-ZSM-5 (49) 313 2.2 6.0 58.0

- 16 -



Chapter 1 Adsorption

the pore size determines the adsorption characteristics.

The Si/Al ratio is an important factor as well (see Table 3)
amongst others because it is related to the amount of
cations present. A zeolite as CaA (Si/Al=1) highly prefers
water whereas Silicalite-1 (Si/Al=w) prefers organics over

water.

ISOMORPHOUS SUBSTITUTION

Until 1982, the scope for the incorporation of framework
cations other than silicon and aluminum into the zeolite was
believed to be rather limited. Nowadays such limitations
have been largely dispelled by the discoveries of new
families of molecular sieves. Important examples towards
the preparation of molecular sieves having
non-aluminosilicate frameworks include aluminophosphates
discovered by Flanigen et al. (AIIII:PV=1) (55) .
ironIII—silicates (56) and boronsilicates (57). These
aluminophosphates led to the development of known as well as
of unknown lattice structures (cf. 48,49.55) whereas the
iron- and boronsilicates have an analogon in the families of

aluminosilicate zeolites.

A further expansion 1is isomorphous substitution in
aluminophosphate (A1P0O) materials. Partial substitution of
aluminum and/or phosphorous by silicon leads to the so
called SAPO molecular sieves (58). Apart from Si various
other metal ions (as Co, Mg, Mn, Zn, As, Ti) can be
incorporated into the AlPO and SAPO frameworks. which then
are described as MeAPO- and MeAPSO molecular sieves
respectively (59-61). Therefore, a more general formula for
zeolite type materials based on 4-connected networks is the
following (62)

MxM'yNz[TmT'n"Oz(m+n+..)a(OH)Za](OH)br(aQ)p'qo

with Be, B, Al, Si, P, Ga, Ge. etc. as tetrahedral lattice
atoms (T). M and M' are exchangeable and nonexchangeable
metal cations, respectively. N non-metallic cations (e.g.
generally removable upon heating), (ag) chemically bonded
water (or other strongly held ligands of T—-atoms), and q
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sorbate molecules which need not to be water. The essential
part in sguare brackets denotes the 4-connected framework
which is anionic or neutral. (OH) represents the presence
of interrupted frameworks or hydroxobridges. Although only
main group elements are listed among the T-atoms other
possible T-atoms should not be excluded as referred to
earlier.

Undoubtedly, these new mclecular sieve materials (no
zeolites according to the definition which is restricted to
Si/Al systems), as well as zeolites themselves. are a
promising and rapidly growing field of investigation and
application.

CATALYSIS

Zeolites have a number of properties which make them
interesting and valuable for heterogeneous catalysis: (a)
they have exchangeable cations, allowing the introduction of
different cations or combinations thereof with various
catalytic properties: (b)Y if the cationic sites are
exchanged directly or indirectly to HY, a spectrum of
Bronsted acidity up to very strong acid sites can be
obtained. Apart from a (c) high internal surface area (>600
mz/g) they (d) have pore diameters with usually a discrete
accessibility and (e) these pore diameters are in the order
of molecular dimensions (63). Further, the incorporation of
various (f) metalO clusters or (g) metal—complexes is
possible. Because of their high thermal stability (h)

regeneration/reactivation by high_temperature treatment is

often possible.* Therefore, the interior of a zeolite can be
transformed into an unique catalytic environment for

chemical transformations (cf. 64).

Molecular shape-sgselectivity in zeolite catalysis was first
reported by Weisz and Frilette (65) in 1960. In a subsequent
article Weisz et al. (66) defined two basic types of shape
selectivity (see Figure 11): reactant selectivity, where
certain molecules are admitted into the zeolite and others

excluded by virtue of their size and shape (kinetic
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LSS A YN
/LSS
NY*—D

AN

Figure 11. Reactant (top) and product (middle) selectivities
as exemplified by the selective cracking of n—heptane and
the preferred formation of p-xylene, respectively. Restric-
ted transition state seletcivity (bottom). Because of its
large reaction intermediate the formation of 1.3.5 tri-

methylbenzene is prevented.

diameter); and product selectivity. which applies to

molecules formed -in equilibrium— within the zeolite where
escape from the zeolite is dictated by similar steric
considerations. This general definition was later extended
by Csicsery (67) who added categories of cage effects and
restricted transition state selectaivity (Figure 11)., and by
Shabtail (68) who proposed that a zeol.ite may constrain
reactant mwlecules in preferred conformation and/or
orientation prior to reaction.
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A— A —~—C —C
"™
reactant selectivity
A A
A —= A A Jr
oY oY

product selectivity

——::4::735_— __//j55&31——-5

B

B A A—B;

reaction selectivity
Figure 12. Schematic representations of zeolite reactant
gselectivity, product selectivity and reaction selectivity.

These selectivities can be combined under the name

reaction selectivity covering selectivity in parallel

reactions as well as in consecutive reactions (cf. Figure
12) .

Reactant selectivity occurs when part of the reactant

molecules are too large to diffuse through the catalyst
pores. To these molecules just the outer zeolite surface is
available then. Examples of reactant selectivity include
dehydration of alcohols: n-butanol dehydrates at 260°C over
both CaA and CaX whereas sec—butanol and isobutanol only
dehydrate over CaX (63):; cracking of paraffins (69)

(industrially applied in the Mobil Selectoforming process
(70));: and selective hydrogenation of unsaturated organics
over MO loaded zeolites as RnONaYy (71) or ptOzsM-5 (72).

Product selectivity occurs when some of the product(s)

formed within the pores are too bulky to diffuse out as
observed products. They are either converted to less bulky
molecules (e.g. by equilibration or cracking) or eventually
deactivate the catalyst by blocking the pores (Figure 1lla).
Product selectivity has been observed. for example in the
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para-selective methylation of toluene (73) over ZSM-5
zeolites modified by the introduction of Fe, B or P
species. The high para-selectivity is attributed to the
relatively strong adsorption of o- and m-xylene on the
acidic reaction sites. The p-isomer is more rapidly
desorbed because of its difference in size, shape and
polarity when compared to the m— and o-isomers. Product
selectivity can also be observed in the bromination of
halobenzenes (74).

In reaction selectivity certain reactions are prevented or

retarded because the transition state is too large for the
space available ingide the molecular sieve. In the ideal
case, both the reactants and the potential products are free
to diffuse through the zeolite's pores. but the formation of
the transition state of undesired reactions is inhibited
because it is too large (cf. Figure 12). An example is the
acid-catalyzed transalkylation of dialkylbenzenes (see
Figure 11). In this reaction one of the alkyl groups is
transferred from one molecule to another which involves a
bulky diphenylmethane-type transition state. Over HY
zeolite and amorphous silica—alumina symmetrical
trialkylbenzenes are formed together with the other isomers,
while over H-mordenite the symmetrical trialkylbenzene is
almost absent from the reaction product (63). Reaction
selectivity has also been observed in bromination (73),
acylation (76) and oxidation reactions (77).

INDUSTRIAL USE

Since their introduction as a new class of commercial
adsorbents in 1954, molecular sieve zeolites have grown into
an estimated quarter of a billion dollar industry and have
led to the creation of a new branch of chemical technology.
Commercial utilization of these materials in the fields of
drying, cation exchange, selective adsorption and catalysis
has been developed in most areas of the chemical industry
with major applications in detergents as cation exchanger,

in petroleum refining and in petrochemical processing as
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catalysts and adsorbents. Zeolites are widely used in the
drying and purification of natural gas. cracked gas and
liquid paraffins; in desulfurization processes: for the
separations of normal and branched paraffins, the
separations of various mixtures of aromatic organic
compounds and for oxygen/nitrogen separation. Major
catalytic applications are as conversion catalysts in
cracking, hydrocracking, alkylation and paraffin
isomerization (78).

The interest for zeolites in catalytic reactions has
started in the early sixties with the observation that small
quantities of zeolites incorporated in the then used
petroleum cracking catalysts as silica—-alumina and
silicaclay materials significantly improved their catalytic
properties (79). A breakthrough in this application was the
use of rare earth cation exchanged zeolite X and Y
because,along with its increased cracking ability, increased
gasoline production at the expense of both light gas and
coke could be achieved (4). The zeolites enhanced hydrogen
transfer activity is an important factor here. Nowadays,
the fluidized catalyst cracking application is the largest
as well as the oldest application of zeolite catalysts in
which dealuminated ultra-stable faujasite (US-Y) is used as
the cracking catalyst promotor to enhance octane yields and
as a hydrocracking catalyst (28).

The main industrial applications of zeolites are
summarized in Table 5. Application of both adsorption and
catalysis is found in the Shell/Union Carbide Total

Isomerization Process (TIP). This process is a combination
of the Shell Hysomer process (Pt-mordenite: CS—C6
igsomerization) and the Union Carbide Isosieve process and
results in gasolines having a highly improved research
octane numbers (RON) (81).

Recently Holderich et al. (82) and van Bekkum and
Kouwenhoven (83) published reviews upon the use of zeolites
as a catalyst for the preparation of organic compounds.
including fine chemicals.
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Table 5. Main commercial

Industrial use

processes involving zeolites

(cf. 28,80).
Process Catalyst Products
Catalytic cracking RE-Y, US-Y gasoline, fuel oil
Hydrocracking Co, Mo, W, Ni kerosine, jet fuel
on faujasite, benzene, toluene,
mordenite, eri- xylene
onite
Alkylation of aromatics ZSM-5 p—xylene, ethyl-
benzene, styrene
Xylene isomerization Z5M-5 p—-xXylene
Dewaxing Ni/Z5M-5 increase in octane
mordenite number
Selectoforming Ni/erionite LPG production
Methanol to gasoline Z8M-5 gasoline with high
octane number
Hydroisomerization Pt or Pd on i-hexane, heptane
mordenite
Olefin drying K-A olefins
Iso/n-paraffin Ca—-A pure n—-paraffing,

separation

branched paraffins

Natural zeolites (having no constant composition) find

industrial fields of applications without necessarily

conflicting with the synthetic ones,

quantities are used.

especially when large
World utilization of natural zeolites

presently reaches 230-250.000 tons per year, resulting in a

total

(natural + synthetic)

vearly demand of over 300,000

tonnes (4,84) of zeolitic material for catalytic as well as

for non—catalytic applications.

An overview on the

utilization of natural zeolites for 1985 is given in Table

6. Considering the exceptionally large but obviously often

impure deposits,

natural zeolites are preferable over

synthetic ones in utilizations requiring a massive use of

zeolite material.

SCOPE OF THIS THESIS

In this laboratory the modification and characterization

of zeolites together with their {(catalytic)
4chemistry have been studied by Roelofsen (85),

use in organic
Wortel (86)

and Oudejans (87) who mainly investigated the selective
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Table 6. Picture of the world utilization of natural zeo-
lites for 1985 (Approximate consumption values in ton/year).
Table was taken from reference 84.

Japan USA Europe
Building industry 8.000 + 140.000
(zeolitic tuffs)
Industry/Agriculture
Insulation/Protection 1-2.000 + +
Paper filler 57.000
Soil conditioner 10.000 + +
Additions to animal diets 5-6,000 + +
Chelating agents (NH4) : 2.5-5,000 2-3,000 +
Chelating agent (metal ions, + + +
radionuclides, etc.)
Fish cultural systems
Deodorizing animal excr. 200 + +
Municipal waste waters
0, air enrichment +
Natural gas cleaning + +
Exhausted gas (502) treatment +
Energy storage + + +
Gas and water adsorption 25,000 (World)

(+) utilization verified but data unavailable.

catalytic properties of zeolites in organic reactions and by
van der Gaag (88) who also studied the synthesis and
characterisation of the high silica zeolite ZSM-5 together
with isomorphous substitution on ZSM-5 type materials.

Chapters 11, III and VIII of this Thesis deal with the
zeolite ZSM-5. Chapter 11 describes an improvement on the
IR-characterization of ZSM-5 as reported by van der Gaag et
al. (89). Chapter IIl shows that the Al-gradient present in
ZSM-5 influences the rate and selectivity of its dissolution
in NaOH and HF. In Chapter VIII the geometry and

conformation of the tetrapropylammonium (TPA) template in
zeolite Z5M-5 was compared with other TPA-containing crystal

structures.

The synthesis of the relatively new high silica zeolite
Theta-1/Nu-10, with Si/Al ratios in the same order of
magnitude as of ZS5M-5. has been described in Chapter IV.
Several templates were gtudied and optimal synthesis

conditions were determined.

— 24 -



Chapter I Scope of this Thesis

A good catalytic test for this Nu-10 zeolite is the
reaction of aqueous ammonia and ethanol towards pyridines
(Chapter V) as reported earlier by van der Gaag (88,90,91)
and Oudejans (87,90). An improved reaction scheme for this
reaction together with a relatively high selectivity towards
pyridines is described in Chapter VI.

Some eXploratory work has been performed upon the
catalytic synthesis of hydroxymandelic acid from phenol and
glyoxylic acid. The dealuminating properties of glyoxylic
acid in an aqueous medium led to a publication of this
laboratory describing the homogeneously catalyzed formation
of hydroxymandelic acid (93) and to Chapter VII in which
experimental work on dealumination of zeolites by glyoxilic

acid is presented.
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CHAPTER II

THE ~1030 cM™} BAND IN IR SPECTRA OF ZEQLITE ZSM-5

ABSTRACT

Crystalline ZSM-~5 materials, of different composition,
morphology and particle size, were studied with infrared
gspectroscopy. A frequently observed but never assigned
absorption in the 1060~1010 cm’"1 region is discussed. [t is
concluded that the absorption indicates non~ZSM-5 framework
material in the surface layer of the particles with an
average particle size larger than 2 microns.

INTRODUCTION

When studying ZSM-5 synthesis, IR spectroscopy can be used
as a fast initial selection on the quality of the zeolite
material obtained (1). Apart from the characteristic lattice
vibrations of Z5SM-5 an indication about purity is found by
the intensity ratio of the 550 and the 450 em™! band (2).
Frequently we observed a vibration between 1060 and 1010
em™! in IR spectra of Z5SM-5 particles. Several published IR
spactra of Z5M-5 also show this absorption band although no
assignment 1s given (3-7).

To examine if this vibration can be correlated to the
ZSM-5 framework or to an impurity. the effects of several
parameters. such as morphology and chemical composition, on
the band between 1060 and 1010 cm ! were studied.
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Experimental Chapter I1

EXPERIMENTAL

Several preparation methods were used to obtain
crystalline Z5M-5 materials éf different morphologies
(3.8-13) . Large monocrystals (up to 400 microns in the
c—-direction) were grown from systems with relatively low Si
and Al concentrations (14) .

The samples were identified with rontgen diffraction (XRD)
and characterized by IR and scanning electron microscopy
(SEM) . Some samples were quantitatively analyzed by X-ray
fluorescence (XRF). The chemical composition of the
monocrystals was determined by electron microprobe analysis
(EMPA) . A monocrystal structure, including the template. has
been solved (15).

The mid IR spectra were recorded in the transmission mode
on a Perkin Elmer 521 Grating Infrared Spectrometer using
the KBr pellet technique, in such a way. that the sample was
mixed well with the powdered KBr whereafter a disc was
pressed. An IR spectrum of a large monocrystal (polished
down to a thickness of 6 microns along the b—axis) was
recorded on a Bruker IFS 85 Spectrometer. equipped with a
Bruker Infrared Microscope using a diaphragm of 120
microns. The crystal was directed parallel to the b-axis.
X-ray powder diffraction data were obtained with a Type II
Guinier de Wolff camera. using Cuko radiation. SEM
photographs were made on a Jeol Jxa—-50A Electron
Microanalyzer. The electron microprobe analysis was
performed on a Jeol Superprobe 733. XRF analyses were

_ﬁ—ﬁ§h‘““““;;;EE;EEE“SH‘E*Phi%ipS_EwﬁlgO0 Rontgen Spectrometer using
lithium borate glass pellets containing the disclosed— =
sample.

RESULTS AND DISCUSSION

SEM photographs show five different morphologies of ZSM-5:
type IA. large monocrystals. type IB. apparently well grown

small monocrystals but internal twinning around the a-—axis
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Type 11B e

Figure 1.

Type III P
A macroscopic photograph and scanning electron

micrographs of zeolite ZS5M-5 showing different types of
morphologies.

lary: IB.
lite-1):; IIA.

IA. monocrystal (mounted on a glass capil-

internally twinned monocrystals (here Silica—
'intergrown’ crystals: IIB.

‘twinned' crys-
tals:; and I11. spherulites.
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is not excluded (16), type I1A. 'intergrown' crystals. type
1IB. 'twinned' crystals and type III. spherulites.
Characteristic examples are shown in Figure 1.

The morphology types 1A, IB and IIA are observed for
crystals with high Si/Al ratios. These materials did not
show the extra vibration in the 1060-1010 cm™1
Crystalline products with lower Si/Al ratios, generally show

region.

strongly intergrown and spherulitic morrphologies (types I11B,
II1I), as reported by von Ballmoos (3). In these materials we

1

observed unambiguously the extra 1060~1010 cm™ * vibration.

Irrespective of morphology type, no extra vibration was
found in IR spectra of 2SM-5 particles with an average -
diameter less than 2 microns. This holds for as synthesized
particles as well as for powdered materials. It is observed
that the ease of powdering is by far the highest for type
II1 particles.

T

WYy

/L ul L_/L 1 /L
7/ 7/

1 1 o f— [ Vl //; 1 i
1200 1000 1200 1000 1200 1000 1200 1000 1200 1000
-1
cm

Figure 2. Effect of the synthesis temperature on the
formation of the extra IR-vibration in type 111 ZSM-5
particles. Reactant Si/Al = 50. Preparation according to
reference 9. a) T=118°; b) T=140°: ¢) T=160°: d) T=180° and
e) T=200°C. Reaction time 48 hours.
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Chapter I1 Results and discussion

Varying the synthesis time shows that the extra peak
develops in intensity and decreases in wavenumbelr during a
later stage of the synthesis. A similar effect was found
when the crystallizaticn rate was altered by temperature
variation as depicted in Figure 2.

Techniques used to etch the surface of the particles
(partly dissolving by heating in HF at 60°C or in refluxing
2M NaOH. described in Chapter 1II) brings about a decrease
in intensity and an increase in wavenumber of the extra
vibration, as shown in Figure 3 for the NaOH treatment,
which is in harmony with the observations made during
synthesis. XRF measurements on a Z5M-5 sample (type 11B)
show a significant increase in S5i/Al ratio after 1 hour
refluxing in 2M NaOH.

Infrared spectra, recorded at room temperature, of
"twinned' crystals (type IIB), which were heated up to
1300°C still show the extra wvibration while the ZSM-5

wte O A B C D
20 +
< 2
40 |- | <
L L
60 |-
[
801 ¢
100 Ll 13 L I :
1200 1100 1000 900 800
cm-!

Figure 3. Effect of dissclving ZSM-5 crystallites (type IIB)
in a refluxing 2M NaOH solution (as described in Chapter
III) on the IR frequencies of the remaining solid. A

represents the transmission around 1220 cm™; B the 1080

cm~ ! vibration: C the extra vibration and D the 890 cm 1

vibration.
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c
d

T T T T T T T T
1600 1200 800 400 1600 1200 800 400

wavelength (cm")

Figure 4. Infrared spectra of type IIB zeolite Z5M-5
particles. a) Original material; b) original material after
powdering; c¢) after heating the original material to 1300°C;

and d) after powdering of the heated product.

structure lattice bands at 1220 cm_1 and 550 cm—1 are no
longer present. Powdering the heated or the original sample
leads to the disappearence of the extra vibration. These

spectra are depicted in Figure 4.

— Origin of the extra lattice vibration

A typical IR spectrum of ZSM-5 particles (type IIB., see
Figuré 1). containing the extra vibration. is depicted in
Figure 4a. Powdering these particles (SEM shows an increase
in fragments < 2 microns) leads to an intensity-increase for
the asymmetric T-O0-T stretch vibration at about 1090 cm_1

and to disappearance of the extra 1060-1010 cm—1 vibration.
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Chapter 11 Results and discussion

According to Duyckaerts (17) only particles with a diameter
< 2 microns show 100% transmission. Larger particles tend
to reduce both the apparent intensity and the resolution of
the spectrum (Christiansen effect). This means there is no
correlation between particle size and absorption fregquency.
Using a sample thickness of 6 microns we observed no

1. Thus the IR
transmission through large particles is just partly recorded

transmission between 1350 and 1000 cm™

from the core of the particles, and mainly from the boundary
layers, where the transmission pathway through the particle
is < 6 microns. It is therefore believed that the extra IR
vibration between 1060 and 1010 cm ! is related to the outer
layers of the crystals. When the average particle size
becomes < 2 microns, the extra peak is overruled by the
intensity of the ~1090 em™t T-0-T asymmetric stretch
vibration. This indicates heterogeneity in the ZSM-5
particles.

This idea is supported by IR transmission measurements
performed on large monocrystals (type IA) of ZSM-5
(Si/A1=270), with a homogeneous Al distribution (16). Here,
the extra band is not present at all (confirmed with DRIFT).

Heterogeneities in ZSM-5 crystalline materials with
comparable morphologies, are known in literature. It is
mentioned that Al-rich aluminosilicate entities are
incorporated into the framework only at the end of the
crystallization process (18-20). In addition, ESCA studies
of the surface chemistry of zeolites (21) show that ZSM-5
exhibits an extensive surface presence of both alumina and
sodium aluminate impurities. The presence of an Al-gradient
is supported by our observations done during synthesis. The
observed decrease in wavenumber of the extra vibration might
indicate a change in Si/Al ratio of the outer rim of larger
particles, which strongly affects the T-0O-T asymmetric
stretch vibration (22,23). The absence of the extra peak
after extensive powdering indicates that the total amount of
impurities present is less than 5 wt% (IR determination

range) .
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Experiments to investigate the cause of the extra
vibration revealed no information on defined materials.
Besides the 1060-1010 cm™t
significant 6ther extra vibrations in the ZSM-5 IR spectra.

absorption, there are found no

Also the 550/450 intensity ratio reveals no information on
extra material. XRD measurements show no additional
diffraction patterns as well.

A heat treatment experiment shows a higher thermal
stability for the cause of the extra IR vibration at about
1030 cm—l, with respect to the 1220 and 550 cm™! ZsM-5
framework vibration bands. This would indicate that the
extra IR absorption is caused by non-ZSM-5 framework
material.
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CHAPTER III

SOME BASE AND ACID DISSOLUTION EXPERIMENTS WITH MFI-ZEOLITES

ABSTRACT

The dissolution process of Z5M-5 and Silicalite-1 in 2M
sodium hydroxide has been followed by scanning electron
microscopy (SEM) and Si/Al analysis. It is shown that the
Al gradient present in ZSM-5 influences the rate and
selectivity of the dissolution of the zeolite particles.
Experiments on ZSM-5 and Silicalite-1 with 1.0M hydrof luoric

acid reveal a more homogeneous mechanism to be effective.

INTRODUCTION

In Chapter 11 the presence of an extra IR vibration
between 1070 and 1010 cm * in IR spectra of zeolite ZSM-5
particles is discussed, which is assigned to non—-ZSM-5
framework material (1). The existence of heterogeneities in
ZSM-5 materials is known in literature (2-5). Von Ballmoos
et al. (2) describe the presence of an Al-gradient in ZSM-5.
The presence of aluminum—contaning non-framework material on
ZSM-5 is reported by Barr et al. (5). Experiments performed
in the previous Chapter indicate that the presence of an
Al—gradient in ZSM-5 crystallites affects their solubility
in aqueous basic media. A complete description of these

experiments is given in this Chapter.

Treatment of zeolites with alkali bases is no new topic.
In 1981 von Ballmoos (6) described the removal of amorphous
silica-rich material, present after zeolite synthesis., by
ref luxing the non—-calcined zeolites in a 1M NaOH solution

for 1 hour. Recently Miale et al. (7) have claimed that
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Introduction Chapter 111

alkali treatment of zeolite ZSM-5 enhances the activity of
the zeolite catalyst.

EXPERIMENTAL

The preparation of the molecular sieve materials tested
was based on a procedure described by Ghanami and Sand (6).
Preparation of ZSM-5: molar reactant composition: 100 Si02;
1.7 Al,03; 206 NH,OH: 13.2 TPA-Br: 3500 H,0. Reaction
conditions: teflon-lined stainless steel autoclave: no
stirring during reaction: T=180°C; t=120 hours.

Preparation of Silicalite-1: molar reactant composition: 100
5i05; 132 NH4OH; 8.5 TﬁA—Br; 2076 H,0. Reaction conditions:
teflon-lined stainless steel autoclave; no stirring during
reaction; T=180°C; t=48 hours.

Dissolution experiments with alkali base were performed as
follows: As-synthesized, tetrapropylammonium containing,
Silicalite~1 and ZSM-5 samples were refluxed in 2M NaOH (100
ml/0.5 g zeolite). In view of the blocking of the channels
by the template molecules., mainly surface interactions are
assumed to occur. The dissolution reaction was stopped by
directly filtering off the hot suspension over a Buchner
funnel and washing the residue with cold demineralized
water. The residue was dried overnight at 100°C whereafter
the weight of the sample was measured.

For comparison some experiments were performed in acidic
medium (aquous hydrogen fluoride). The procedure was:
As-synthesized ZSM-5 or Silicalite—1 material was suspended
in—1+-0M-HF-(1~0-9/100_-ml)_which was sufficient to dissolve
50 wt% of the zeolite material. The suspensions were kept
at 60°C for 6 hours in closed polypropylene flasks. After
cooling the flasks in ice the remaining solids were filtered
off over a Buchner funnel and washed several times with
demineralized water. Subsequently the samples were dried
overnight at 100°C.

The samples obtained were subjected to SEM, IR and
elemental analysis. SEM photographs were made on a Jeol Jxa
50A Electron Microanalyzer. The description of the IR
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measurements was given in Chapter II. Of some samples the
5i/A1 ratio was determined by AAS using a Perkin Elmer 460
Atomic Absorption Spectrophotometer.

RESULTS AND DISCUSSION

As described in Chapter Il, Figures 2 and ‘3. an increase
in wavenumber and a decrease in intensity of the extra IR
lattice vibration was observed upon dissolution of ZSM-5
crystallites in NaOH, which 1s opposite to the observations
made during synthesis. This lR-effect was also observed for

aqueous HF as dissolving agent.

The solubility of silica(—-alumina) depends on the amount
of impurities present (9-11). For instance. aluminum(III),
when present in minute amounts, not only reduces the rate of
dissolution of silica. but by chemisorption on the surface
of silica, also reduces the solubility of silica at
~equilibrium. This means that exposed intracrystalline
material, having a higher Si/Al ratio. can dissolve faster
than at surfaces with a lower Si/Al ratio. The influence of
aluminum on the dissolution rate becomes apparent when
non-calcined Silicalite-1 is treated with 2M NaOH. This
(almost) Al-free ZSM-5 type molecular sieve dissolves at a
rate about five times higher than the ZSM-5 particles
(51/A1=35.8) described below.

SEM photographs of ZSM-5 particles, treated with 2ZM NaOH
(Figure 1) show an attack on the (amorphous) surface of the
particles, especially where the twins cross (Figure 1,
pictures 1 and 2). When the Al-rich surface partly has been
dissolved the silica-rich inner part of the zeolite can be
attacked. Because of its higher Si/Al ratio this inner part
dissolves faster than the outer surface (Figure 1. pictures
3. 4 and 5). When all Si-rich parts have been dissolved, a
part of the Al-rich crust remains. which finally slowly
dissolves (Figure 1, pictures 6 and 7). It may be noted that
the final material still exhibits an IR-spectrum which is
characteristic for ZSM-5.
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51 5u
Figure 1. SEM photographs of ZSM-5 particles during ref lux-

ing in aqueous 2M NaOH. The numbers on the pictures indicate
the reflux time in hours.
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Figure 1 (continued).
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Si/Al

25

0 1 J
0 50 100
wt %/

Figure 2. A plot of the 5i/Al ratio of the remaining ZSM-5
solids versus the amount of material dissolved in 2M NaOH.
The measuring points represent the samples of Figure 1.

The dissolution sequence as monitored with SEM is
supported by measurements of the Si/Al ratio of the
remaining solid. As can be seen in Figure 2, first the
Al-rich part of the zeolite is attacked resulting in an
increase in Si/Al ratio. When the surface layer is
sufficiently perforated the extraction of Si-rich material
accounts for the decrease in Si/Al ratio.

The observed shift of the extra IR vibration towards 1100
cm'—1 together with a decrease in intensity (Chapter II) not
only—indicates—a-continuocus—dissolution-at—the surface (at_a

lower rate than for the Si-rich inner parts of the
crystallites) but also a decrease in 'surface' Si/Al ratio

due to preferential Si~dissolution.

The difference in dissolving behaviour between ZSM-5 and
Silicalite—1 not only expresses itself in dissolution rate
but can also be observed with SEM (Figures 1 and 3a.,b). As
mentioned above. ZSM-5 seems to be hollowed out. This in
contrast to Silicalite-1 which shows a fast dissolution at
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F— ——

u 1y
Figure 3. SEM photographs of Silicalite~1 and ZSM-5. a)
Silicalite-1, starting material; b) Silicalite-1, treated

with 2M NaOH for 45 minutes: ¢) Silicalite~1. treated with
1.0M HF and d) 2ZSM-5. treated with 0.1M HF.
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the surface of the crystallite, giving it the appearance of
Swiss cheese.

As shown in Figure 3c.d experiments using aqueous
hydrof luoric acid show a more homogeneous dissolution
behaviour for ZSM-5 as well as for Silicalite-1 which
operates at or close to the crystal surface. This in
contrast to the dissolution experiments with NaOH in which
deeper reagent penetration and crystal decay is observed. A
more close examination of the SEM photographs for HF-treated
ZS5M-5 (Figure 3d) and Silicalite-1 (Figure 3a,b,c)., shows
that different disslution patterns are involved as well.
emphasizing the role of the Al-rich crust.
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CHAPTER 1V

FACTORS AFFECTING THE SYNTHESIS OF ZEOLITE THETA-1/Nu-10

ABSTRACT

The crystallization of Theta-1/Nu-10 has been investigated.
Among the templates studied oligo-—iminoethylenes are the
most suitable. The alkaline cation determines the Si/Al
ratio at which crystalline material is formed. In the
presence of Na', essentially pure Nu-10 is obtained at Si/Al
ratios between 34 and 52, whereas K¥ allows a Si/Al ratio
between 9 and 17. The effects of variation of template
concentration. OH /Si0, ratio and synthesis time on the
formation of pure Theta—-1/Nu-10 are reported.

INTRODUCTION

In the years 1981-82 a series of high silica zeolites (see
Table 1) were reported showing an essentially identical
XRD-pattern. One of them, Nu-10, 1s reported to show a
relatively high selectivity to p-xylene in the methylation
and disproportionation of toluene and a predominant
formation of olefins in methanol conversion (6,7).

The structures of Theta-l1 (8-10) and of ZSM-22 (11), based
on XRD-data (12). have been published. The zeolite has a

Table 1. Theta-1 type zeolites.

Zeolite name Reference

Theta-1
Nu-10
25M-22
KZ-2
ISI-1

GOdh W
b wnNE
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a b
Figure 1. Framework structure of Nu-10.
c-axis; b) view down the a-axis.

a) view down the
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Figure 2. Structure of ZSM-48. ZSM-22 and Z5M-23. Drawings
according to references 11. 13 and 14.
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medium pore size. The framework is shown in Figure 1 and
can be constructed from 5-1 secondary building units which
places the zeolite in the pentasil group of zeolite
structures. The system is one-dimensional with channels
running parallel to the c—-axis. The channel is formed by an

elliptical 10~T-ring system (diameters 0.45x0.55 nm).

Several other zeolites have a related structure. For
example. the proposed structure of ZSM—48 ((13) similar to
EU-2, EU~11 and ZBM-30) consists of ferrierite sheets
analogous to ZSM—-22 with non interpenetrating linear
channels of 0.53x0.56 nm. ZSM-23 ((14. 15)
rontgenisomorphous with 15I-4 and KZ~1) is also closely
related to ZSM-22. although subtle differences exist in fhe
shapes of the v»ore openinags. ZSM-22 and ZSM-23 contain 5-3

secondary huilding units. The resulting structure only

Table 2. Temnlates reported in literature to abtain the zeolites named
in Table 1.

Template References Results according to
literature

1. HzN{(CzHaNH)xC=HaNH= TEPA 2,6,17,18B Nu=-10

2. H=2N(CzHaNH) 2CzHaNH= TETA 2, 6 Nu-10

3. HaNCazHaNHC=HaNH= DETA 4,6 Nu~-10, KI-2

4. CzHsNHC2HaNHCzH= 2,6 Nu=-10

5. (Cz2Hs) 2NCzHaNH= 2 y [} Nu-41>

6. CzH=NHC=H= 3,4 I8M-22, KI-2

7. HOCzHaNHC=H.0OH DEA 1,9 Theta-1

8, HaNCzHaNH2 EDA 16,9 Nu-10

9. HzNCsHoNH= b Nu-10

10, (HzN) zCHC2Hs= ) Nu-10 + ferrierite

11. H=NCsHaNH=2 16 Nu-10 + a-cristobalite
12. HzNCaHe 4 KZ-2

13. HzNCsH:oNH= 20 ISM-22

14, HzNCxH.CH (NH2)CzH= 4 KZ-2

15, HzNCoH:zNH= HXDM 3,16,19,20 18M-22, Nu-10

16, Hz2NC>H; aNH= 20 18M-22

17. HzNCeHioNH= 16,20 I8M-22, Nu-10

18. HzNC;onoNHz 16 Nu-10

19. H=NCizH=2aNH= 16 Nu-10 + a-cristobalite
20, HOCzHaNHC=HaNH=z 9 Theta-1 + «-cristobalite
21. HOC=2HAOC=zHaNH= 9 Theta-1
22, HOCzHa0C=zH40H 9 Theta-1 (+ a-cristobalite)
23. CHsOH 5 181-1
24, NHzC=H> + {(CHx)aNCl 13 15M-481°
25, Br(CHz)sNCsHiaN(CH=)xBr 21 18M-232°

1) fAdded for comparison.
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Table 3. Results from syntheses following directives and
molay compositions from literature.

Experiments Tem— Expected Resultsl)

according to plate result

Ref. 1 exp. 1 DEA Theta-1 2ZSM-5

Ref. 1 exp. 2 DEA Theta-1 amorphous + t ZSM-5 +
t ax—quartz

Ref. 1 exp. 22) DEA  Theta-1 Theta-l + t a—cristobalite
+ t 2ZSM-5

Ref. 9 DEA Theta-1 ZSM-5

Ref. 2 exp. 5 TEPA Nu-10  Nu-10 + ? )

Ref. 2 exp. 12 TETA Nu-10 ZSM-5

Ref. 6 TETA Nu-10 Nu-10 + t ZSM-5

Ref. 19 exp. A HXDM ZSM-22 ZSM-5

1)t=trace. 2)Example modified. See text. 3)3 additional
non~assigned lines in XRD.

Table 4. Chemicals used in the experiments.

Si0= sources: Ludox AS 40 (Dupont, 40 wt% SiQ0z)
Aerosil 200 (Degussa Al=0x: 7000 Si0=; 490 H=0)
Al=0x sources: Sodium aluminate (BDH Chemicals. technical grade,
44,2 wt% Al=0s3 27.8 wt% Naz0; 28.0 wt’ H20)
Sodium aluminate (Riedel de Haen, 54 wt’ Alz0x; 41 wti
Naz0; 0.02 wt% Fe=z0x)
Aeroal (Degussa, y-Al=0x, BET 100 m=/g)
Al (OH) = (Baker, analytical grade)
AlClx-9H=0
Templates: Tetraethylenepentamine (TEPA, Janssen Chimica, »98%)
Triethylenetetramine (TETA, Janssen Chimica, »98%)
Diethylenetriamine (DETA, Merck, »98%)
Ethylenediamine (EDA, Merck, >99%) .
Polyethyleneimine (PEI, 30% solution in water, Janssen
Chimica, average MW S0000-100000)
Tetraethylene glycol (TEGA, Janssen Chimica, 98%)

Triethylene glycol (TRIGO, Janssen Chimica, 99%)
Diethanolamine (DEA, Baker, analytical grade)
Triethanolamine (TEA, Fluka AG, pure)
Triethylamine (TELA, Janssen Chimica. »99%)
1,6 hexanediamine (HXDM, Janssen Chimica, »>99.35%)
1,4 dimethylpiperazine (DMP, Merck, 98%)

Others: NaOH (EKA Kimi, >98%)
KOH (pro analysis, »99%)
NaCl (technical grade)
KC1 (analvtical grade)
HCl (technical grade)
FeS0a-7H=0 (>98%)
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contains 5, 6 and 10-rings of T-atoms. On the other hand
ZSM-48 contains a 5-5 secondary huillding unit (analogous to
ZSM-5) which allows the occurrence of <4-rings in the
structure. Structural differences between ZS5M-22. Z5M-23

and ZSM-48 are illustrated in Figure 2.

Methods for the preparation of the zeolites mentioned in
Table 1 show a large varilety 1in synthesils conditions and
templates (see Table 2). Some exploratory experiments
following directions given in literature were not conclusive
(Table 3% and from discussions with other research workers
we learned that they were facing similar problems.
Accordingly we decided to investigate the synthesis
conditions more in detaill in order to determine the
synthesis limits and to find the compositions where maximum
crystallinity is reached.

EXPERIMENTAL

Materials used in the syntheses are described in Table 4.
Three types of autoclaves were used:
— A stainless-steel autoclave (capacity 1000 ml) equipped
with a vertical gtirrer (experiments in Table 3).

~ A stainiess-steel autoclave (capacity 120 ml). with
teflon insert. rotating along its cylindrical axis in
an oven (experiments in Table 3).

- ©Small stainless—steel autoclaves (capacity 30 ml),
placed in & caroussel, as described by van der Gaag et
al. (22), were used to study the crystallization
behaviour.

The reaction mixtures were prepared according to the
following method:
- The Al source and the OH —source are dissolved. as well
as possible, in HZO (suspension A) .

~ The template is dissolved in suspension A (suspension
B) .

— The silica source is dispersed in H2O (suspension ().

— Suspension B is added directly to suspension C. and the
mixture is stirred thoroughly (suspension D).

-~ Then the reguired amount of salt is mixed well with
suspension D.

— Directly thereatter. the gei formed is transrerred into
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the reaction autoclave.

- The autoclave is heated at the temperature chosen, for
the appropriate time. while stirring the synthesis gel
with a teflon-coated magnetic stirrer.

— The reactions are gquenched by rapid cooling of the
autoclaves, and the solid products are filtered off and
washed several times with hot water on a Buchner
funnel.

~ The products are dried overnight at 100°C.

The samples were identified with X-ray diffraction (XRD)
and characterized by infrared (IR) spectroscopy. X-Ray
powder diffraction data were obtained with a Type Il Guinier
de Wolff camera. using CuKe radiation. The mid IR spectra
were recorded in the transmission mode on a Perkin Elmer 521
Grating Infrared Spectrometer using the KBr pellet
technique. Figure 3 shows the IR spectrum of Nu-10.

L 1 - I 1
2000 1500 1000 500
cm-1

Figure 3. KBr IR-spectrum of Nu-10.
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RESULTS AND DISCUSSION

Introductory experiments following the literature produced
the results presented in Table 3. Only in the experiments
performed according to references 2 (example 5) and 15
satisfactory results were obtained. Experiments performed
according to reference 1 (example 2) showed variable
results. When using, as described, a stainless—steel
autoclave (rotating in an oven) only amorphous material was
obtained. However. using a modified experimental procedure
(teflon insert, longer reaction time) the main product was
Theta-1. This was in contrast to the experiments resulting
in Nu-10 where no direct influence of the reaction vessel
was found. This might indicate. for diethanolamine as the
template, that the nature énd/or texture of the vessel's
walls play a role in the nucleation phenomena of the
synthesis reaction.

As the best results in the exploratory experiments were
obtained using a molar composition described by Hogan et al.
{(6) this formulation was used as a starting point for

further experiments.

For convenience we will refer to the zeolites from Table 1
by using the name Nu-10. The crystallinity of the Nu-10
formed is relative and is based on IR and XRD measurements.

The accuracy of the measurements is ~10%.
— template variation

Several compounds were tested for Nu-10 synthesis
efficiency. The results are recorded in Table 5. Under the
conditions given. also considering the results of Table 3,
the oligo-iminoethyienes are satisfactory as templates and
triethylenetetramine (TETA) seems to represent the optimum
chain lenath. The fact that polvethyleneimine (PEI) does
not work as a template may be related to the flocculation
properties of cationic linear polymers (23); PEI is
irreversibly absorbed onto the silica particles (at pH
5-10) . It is also clear from Table 5 that the amino groups
play an important role; when completely replaced by oxygen
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Table 5. Synthesis of zeolite Nu-10 using different tem-

plates and various conditionsl).
X template T(°C) t(h) ResultsZ)

26 .67 TEPA3) 180 40 Nu-10. s ZSM-5., t o~cristobalite

26 .67 TEPA 160 71 ZSM-5 + Nu-10 (ca. 60:40)

28.70 TETA 180 40 Nu-10. t Z2SM-5. mt oa-cristcbalite

28.70 TETA 160 71 Nu—-10. t ZSM-5. mt «—cristobalite

28.73 DETA 180 40 ° Nu-10. s ZSM-5. mt «—cristobalite

28.73 DETA 160 71 Nu-10. s amorphous, s ZSM-5,
mt ax—cristobalite

32.45 EDA 180 40 Nu-10 (60%). amorphous, t ZSM-5

32.45 EDA 160 71 Nu-10 (60%). amorphous. t ZSM~5.
t a—-cristobalite

J.32 PEI 180 40 amorphous, t Z5M-5

0.32 PEI 160 71 amorphous

27 .54 TEGO 160 71 amorphous

30.42 TRIGO 160 71 amorphous

32.38 DEA 160 71 amorphous

42.89 TEA 160 71 amorphous

31.04 TELA 160 71 Z5M-5

32.90 DMP 160 71 amorphous

171,09 21,05: 100 Si0,: 2.55 Nay0; x template: 4172 H,0;
58.34 NaCl. 2)s-=exome: t=trace: mt=minute trace. 3)See Table
4 for explanation.

groups (TEGO or TRIGO) no crystalline material was
detected. On the basis of these results TETA was chosen as
the template for further experiments. Several variables in
the molar composition were studied except for the NaCl
concentration. Aiello et al. (17) have shown that

crystallization of Nu-10 is favoured by salt addition.
- synthesis time

The synthesis time was varied in order to study the

crystallization behaviour of Nu-10_and_to_check the

stability of the formed product in the reaction mixture.
Batches were made with three molar compositions:
I. 1.11 A1203: 100 SiOz: 2.47 Nazo; 28.64 TETA: 4206 HZO;
59.90 NaCl
I1I1. 0.36 Fezoa; 1.11 A1203; 100 SiOZ; 2.47 Na20: 28.64
TETA; 4757 HZO: 59.90 NaCl
I11. 1.12 A1203; 100 8102: 2.54 Na20: 33.78 EDA: 4223 HZO:

61.01 NaCl

The results of a series of synthesis experiments at 180°C
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are summarized in Figure 4 and Table 6. An induction period
of about 10 hours is observed while the reaction in the case
of TETA is completed after 25 hours vielding essentially
pure and stable Nu-10 containing just a trace of
a—-cristobalite. However, in the presence of ethylenediamine
(EDA) . «—cristobalite is found as soon as Nu-10 is present
in the reaction mixture. After 30 hours cocrystallization
of another product is observed which is rontgenisomorphous-

Table 6. Synthesis of Nu-10. Effect of crystallization time

for various molar compositions at 180°C_1'2'3)

No.d t(h) % Nu-10 Resulta?)

TETA 1. 16 20 amorphous, s Nu-10
2. 23 98 Nu—-10., t o—cristobalite
3. 40 95 Nu-10, t a~cristobalite(>2)¥
4, 47 97 Nu-10. t «~cristobalite(<3)
5. 64.25 97 Nu-10. t o«-—-cristobalite(<3)
6. 72 96 Nu-10, t «~cristobalite(<3)
TETA 7. 41 98 Nu-10. mt x—-cristobalite
8. 64.25 98 Nu-10. t o~cristobalite(>7)
9. 72 99 Nu-10. t a-cristobalite(~8)
EDA 10. 1 0 amorphous
11. 2 0 amorphous
12. 4.25 0 amorphous
13. 7 0 amorphous
14, 23 45 amorphous, s Nu-10, t a—-cristobalite
15. 31.5 58 amorphous, s Nu-10, t «—cristobalite
(>14), mt D
16. 47 30 amorphous. Nu-10, s «x—cristobalite,
t D
17. 71 27 a—cristobalite, Nu-10(~16),s D(>16).

3 amorphous
18. 143.25 5 x—-cristobalite(>17). s amorphous,
s D(>17). t Nu-10(<17)

D111 a1,05; 100 Si0,; 2.47 Nay0; 28.64 TETA: 4206 H,0;
59.90 NaCl. 2)0.36 Fej,05: 1.11 Al,04; 100 SiO,; 2.47 Naj0;
28.64 TETA; 4757 H,0; 59.90 Nacl. ) 1.12 A1p03; 100 510y;
2.54 Na,0; 33.78 EDA: 4220 H,0; 61.01 NaCl. )In this table
and the following tables numbers between brackets refer to
an experiment number indicating the relative amount of a
component in a product compared to that in the experiment
no. specified. ) s=some. t=trace. mt=minute trace.
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100
°/o Nu-10
80
60
40

20

O 10 20 30 40 50 60 70

—t(h)

Figure 4. Synthesis of Nu-10. Crystallization curves ob—
tained at 180°C for batch compositions containing EDA (x)
and TETA (e@.0). with (e) and without (0) addition of Fe203.

with SrD,. a ferrierite type zeolite. This zeolitic product
will be referred to as D. These results demonstrate that the
stability of the products formed depends on the templates
used. The presence of Fe203 in the reaction mixture seems
not to influence the crystallization of Nu-10 (cf. Figure
4) .

— OH concentration

The effect of the OH—/SiO2 ratio was studied using the
following crystallization formulation:;

IV, 1.08 Al504; x Naj0: 100 5i0,; 28.69 TETA: 2097 H,0;
57.85 NaCl

The molar amount of Na20 varied from 1.35 to 8.88. resulting
in a OH-/SiO2 ratio of 0.027 to 0.176¢. The results for
T=180°C and t=68 h are presented in Figure 5 and Table 7. It
is clear that relatively pure Nu-10 can be made in the
narrow range OH /Si0, = 0.04-0.08. At low OH /510, ratios
(<0.027) mainly Z8M-5 together with some a—cristobalite is
formed. Also, at higher OH—/SiO2 ratios cocrystallization
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of ZSM-5 and «-cristobalite is observed which is in
agreement with the observations of Hogan et al. (6). At a
OH /510, ratio of 0.178 the product is mainly a-cristobalite
(no Nu-10 detectable with XRD) together with ZSM-5.

100 -

°/e Nu-10

40

20

0] | i | 1 |
0 4 8 12 16 18
— 100 x OH"/SIO,

Figure 5. Synthesis of Nu—-10. Effect of the OH‘/SiO2 ratio
on the amnhunt of Nu~10 present in the reaction products.

Table 7. Synthesis of Nu-10. Effect of OH_/SiO2 ratio.l)

No. OH-/5i02 % Nu-10 Results?
x100
1. 2.67 0 ZSM-5, t «-cristobalite
2. 3.46 59 Nu-10, t «-cristobalite., mt ZSM-5
3. 4.14 84 Nu-10, t x-cristobalite, mt ZSM-5
4, 4.93 99 Nu-10, t a—cristobalite, mt ZSM-5
5. 5.60 53 Nu-10, t oa—cristobalite, mt ZSM-5
6. 7.06 96 Nu~-10. t x—cristobalite, mt ZSM-5
7. 8.80 85 Nu—-10, s Z5M-5(>6), t a—cristobalite
8. 12.25 59 Nu-10, s Z5M-5(>7), t a—-cristobalite
9. 17

.73 0 s Z5M-5(~8), s a—cristobalite

1)1.08 21,05; 100 5i0,; x Na,0; 28.69 TETA: 2097 H,y0: 57.85

NaCl. 2)5t=some, t=trace, mt=minute trace.
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— template concentration

The effect of the TETA-concentration in the gel was
studied using a molar composition of
V. 1.08 A1203: 2.48 Na20; 100 8102: y TETA:; 4081 HZO:
57.67 NaCl
The results at T=180°C. t=67 h and varying y from 4.79 to

100 N
*/o Nu-10 X U

80
X X

60 -

a0/

20

0 1 ] ] ' |
0] 10 20 30 40
—— 100 X TETA/SiOz

Figure 6. Synthesis of Nu-10. Effect of the TETA/8102 ratio

on the amount of Nu-10 present in the reaction products.

Table 8. Synthesis of Nu-10. Effect of template concen-—

tration.l)
No y % Nu-10 Results?)

1. 4.79 50 Nu-10. t «—-cristobalite, mt 2ZSM-5

2~ 11701 68 Nu-10. t o-cristobalite. mt ZSM-5

3. 16.54 89 Nu-10, t «-cristobalite, mt ZSM-5

4., 20.70 96 Nu-10, t «-cristobalite, mt ZSM-5

5. 24.83 75 Nu-10. t o«-cristobalite, mt ZSM-5

6. 28.61 89 Nu-10, t o—cristobalite. mt ZSM-5

7. 32.80 95 Nu~10. t «—cristobalite, mt ZSM-5

8. 37.19 73 Nu-10, s amorphous, t «—cristobalite

(<7). mt ZSM-5
9. 40.64 50 Nu-10, s amorphous. t «—cristobalite

(~8). mt ZSM-5

.08 Al504; 100 5i05; 2.48 Na,0; y TETA: 4081 HZO; 57.67

NaCl. 2)s=sz:»me, t=trace, mt=minute trace.
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40.64 are shown in Figure 6 and Table 8. The optimum
TETA/5102 ratio seems to range from 0.15-0.33. The amount of
o—cristobalite increases when the amount of amorphous
material decreases (TETA/8102<0.18) and when the amount of
TETA increases (TETA/SiOz>0.32). A small trace of Z5M-5 is
noticeable but no relation was found with the amount of
TETA.

- A1203—concentration and cation variation

In order to study the effect of the SiOz/A1203 ratio on
Nu-10 crystallization the following starting compositions,
involving three different cations, were chosen:

VI. a Al,05: 2.45 Na,0; 100 Si0,; 28.75 TETA; 4084 HZO‘

57.79 NaCl

VII. b Al,04; 1.61 K,0; 100 Si0,; 29.03 TETA: 4092 Hy0;
57.50 KC1

VIII. ¢ Al,05; 4.25 (NH,) 50: 100 5i0,: 29.02 TETA: 4097
H,0; 57.54 NH,4C1

a varied from 0 to 3.30, b and ¢ from O to 11.7., T=180°C,

t=67 h. For formulations VI and VII the results are given

100 —
°/o Nu-10

j(

40 |

20| /

0 l-(/->< X ! 1
0] 010 0.20

—— Al/Si

Figure 7. Synthesis of Nu—10. Effect of the Si/Al ratio
using Na+ (x) as cation and K* (a) as cation.
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Table 9. Synthesis of Nu—-10 in a Na% system. Effect of
Si/Al ratio.l)

No. a % Nu-10 Results?)
1 1.96 0 ZSM-5
2 1.87 0 Z5M-5
3 1.55 90 Nu-10, t ZSM-5. mt «—-cristobalite
4q 1.40 98 Nu-10, t ZSM-5, mt «~cristobalite(»3)
5 1.08 95 Nu-10, t «—cristobalite(>4) '
6 0.93 98 Nu-10. t ZSM-5, t «—cristobalite(>5)
7 0.70 70 Nu-10, t «-cristobalite(>6). mt ZSM-5
8 0.32 36 Nu-10, t «—-cristobalite(>6)., mt ZSM-5
9 o} 0 «—quartz, mt Nu-10

1)a A1203: 100 SiOZ: 2.45 Na20: 28.75 TETA: 4084 HZO;
57.79 NaCl. 2 s=gsome, t=trace, mt=minute trace.

Table 10. Synthesis of Nu-10 in a K system. Effect of
Si/Al ratio.D

No b % Nu-10 Results?)
1. 11.78 53 Nu-10. s amorphous
2. 8.62 82 Nu-10, s amorphous, t D
3. 6.02 85 Nu-10
4, 4.44 99 Nu-10
5. 3.16 74 Nu~10, t x—-cristobalite. t ZSM—-48
6. 2.02 58 Nu-10, t a—-cristobalite, t Z5M-48(>5)
7. 1.14 30 Nu-10, s ZSM-48(>6), t a—-cristobalite
8. 0.58 0 x—cristobalite
9. 0 0] " «—quartz

Dp a1,04: 100 Si0y; 1.61 K,0; 29.03 TETA: 4092 H,0; 57.50
KCl1. 2)s=some, t=trace, mt=minute trace.

in Figure 7 and Tables 9 and 10. The formulations with NH4+
as a cation invariably vielded amorphous products._(only

without A1203 {c=0) a trace of a—cristobalite was found) .
Sodium and potassium cations show some remarkable
differences in Nu-10 crystallization. With both cations,
highly crystalline Nu-10 materials can be obtained. For
Nat, a maximum is found for Si/Al=34-52. With K*, pure Nu-10
can be synthesized with Si/A1=8-11.5, which can be compared
with the values 28-85 (Na*) and 12.5-250 (K*, cs*, RbY)
reported by Hogan et al. (6). This difference in maxima is
not OH"/SiO2 dependent as will be shown later. Sodium and
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potassium show the tendency to vield «—cristobalite as a
sideproduct at increasing Si/Al ratioc (a<0.70, b<Z.92).
With K* also the formation of ZSM-48 (1.11<b<3.16) was
observed. Decreasing the Si1/Al ratio shows different
tendencies for both cations. For Na', the ZSM-5 content is
rapidly increasing when 5i/Al<35 and pure ZSM-5 is obtained
at $i/A1<26.8. With K' as cation cocrystallization of D
occurs when Si/Al=~5.8. Below S5i/Al=6.5 Nu-10 is still

present but the amount of amorphous material increases.

The present experiments show that the crystallization of
pure Nu-10, with Nat as cation and TETA as template, 1s
possible over a narrow range 1n the molar composition of the
synthesis mixture. When K* is used Nu-10 can be synthesized
over a wider Al-concentration range. The conditions for
Nu-10 synthesis. using K' as the cation. have not been
described in literature. Accordingly we have investigated
this type of formulation in more detail. The Si/Al ratio
and the OH—/SiOZ ratio. having the largest effect upcon the
synthesis results, were varied. The following molar
composition was used;

IX. x Aly043; v K50; 100 Si0,; 29.04 TETA: 4094 H,0:

57.31 KC1
T=180°C and t=67 h: x=0-12 and y=-1.11-3.51. To obtain a
negative value of y 37% HCl was used instead of KOH. The
results are presented in Figures & and 9. Both Figures show
clearly that pure materials according to IR and XRD can be
obtained when the Si/Al ratio is between 8.6 and 17.1 and
the OH_/SiOZ ratio is between 0.03 and 0.06 (24). At higher
Si/Al1 values cocrystallization of ZSM-48 occurs, with the
purity of the latter increasing with decreasing OH /S5iO,
ratio. This is in agreement with the results of Araya and
Lowe (25) who state that ZSM-48 can be prepared at high
Si/Al ratios and low OH concentrations. At high OH—/SiO2
ratios ZS5M-5 cocrystallizes as expected from the previous
results. It is also clear that, under these conditions. it
is not possible to prepare an aluminum-free zeolite. As
soon as A1203 was absent in the synthesis mixture
ow—cristobalite or a~—guartz was formed.
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100 x OH7SIO,
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Figure 8. Synthesis of Nu-10 in a system containing K' as a
cation. The effect of the OH_/SiOZ ratio and the Si/Al
ratio on the product distribution. (1) Nu-10; (2) Nu-10 +
amorphous; (3) amorphous; (4) Nu-10 + trace D: (3) Nu-10 +
amorphous + trace ZSM-5; (6) Nu-10 + trace D + trace ZSM-5;
(7) Nu—-10 + trace «—cristobalite: (8) Nu-10 + trace a—-cris-—-
tobalite + trace_ZSM=5; (9) ZSM=48-+ trace—Nu-10—+—trace—o—

cristobaliite; (10) a—cristobalite + trace Nu-10: (11) o-—
cristobalite + trace ZSM-5; (12) a-cristobalite; (13) o-
cristobalite + trace o-quartz: (14) «—quartz + trace o—

cristobalite; (15) a—quartz.
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100 x OH"/Si0, 01030,

Figure 9. Synthesis of Nu-10 in a system containing k' as a

cation. The contour lines give the % Nu-10.

CONCLUSIONS

Crystallization of zeolites with the Nu-10/Theta-1/ZSM-22
framework asks for carefully chosen synthesis formulations.
The cation has a pronounced effect on both the 3i/Al ratio,
at which crystallization occurs and on the nature of the
byproducts formed.
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CHAPTER V
THE REACTION OF AMMONIA AND ETHANOL OR RELATED COMPOUNDS

TOWARDS PYRIDINES OVER ZEOLITE Nu-10

ABSTRACT

Pyridine bases are formed by the reaction of ethanol and
ammonia over zeolite Nu-10 in the presence of oxygen, which
is shown to piay an essential role. Different
proton-introduction procedures of the catalyst result in
different catalytic activities and selectivities. Several
other small amines and oxvgenates are tested in the
presence/absence of oxygen with respect to their selectivity
towards pyridines. A combination of ethanol. methylamine
and air and Nu-10 or ZSM-5 as the catalyst gives high
selectivities towards pyridine and 4-methyl-pyridine. A high
selectivity towards acetonitrile is found for Nu-10

catalysts containing iron besides aluminum.

INTRODUCTION

Compared to other heterocyclic systems. pyridine is
relatively important for the chemical industry. This is
ref lected amongst others in the number of reterences and
patents devoted to it. The chemical properties of the
pyridine system can be divided into three categories (1): 1.
properties roughly parallel to those of the benzene system,
modified in some degree by the presence or the ring
nitrogen: 1ii. properties unusual for the benzene system;
i1i. properties associated with the unshared electron pair
on the ring nitrogen.

Nowadays a demand is present for pyridines as intermediates

in the synthesis of medicines. dietary supplements.
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herbicides and other pesticides and desinfectants.

Two commercially important sources for pyridine bases are
coal carbonisation by-products and synthetic cyclization
reactions. Pyridine bases obtained from either of the two
sources have their own fields of application. For instance,
pharmaceutical industries need pyridine and methylpyridines
(picolines) of a purity which can not be achieved by coal
carbonisation.

The present large demand for pyridine bases has resulted in
an appreciable increase in the wofld—production of synthetic
pyridines from ca. 36000 tonnes for 1972 to 50000 tonnes in
1978 (2). At present, the total capacity for pyridines is
estimated at 60000 tonnes per year (3).

Several synthetic routes towards pyridines have been
described in literature (1-5) including aliphatic carbonyl
compounds, pyrans and carbohydrates together with ammonia as
starting compounds. Reactions of ketones and/or aldehydes
with ammonia using metal-oxides such as silica—-alumina as
catalyst at temperatures between 300 and 500°C are usually
applied commercially. The high costs of several aldehydes
and their reactivity (instability) towards not—-wanted
byproducts induces several industries to investigate new
reaction pathways. For example: alkenes. as aldehyde
precursor. have been studied by Halasz et al. (6) as
feedstock for the formation of pyridines. As early as the
1930's methods were described to obtain pyridine bases by
reacting alcohols (except methanol) with ammonia over mixed
metal-oxide catalysts (i.e. Zn:Al:Si or Cd:Al:5i) (7). Chang

and—Lang—(8)—were—thefirst—investigators to describe a
successful application of zeolite ZSM-5 as a catalyst for
the manufacture of pyridine bases out of aldehydes and
ammonia. They claim a commercially attractive system
showing almost no catalyst deactivation during operation.

By combining the dehydrogenation, oligomerization and
aromatization properties of the zeolite van der Gaag et al.
(9.10.11) found that ethanol! and ammonia, in the presence of
oxygen, react towards pyridines when using the zeolite
HZSM-5 as a catalyst. An optimal selectivity to pyridine
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was obtained by using a HZSM~5 catalyst with Si/Al around 55
at temperatures between 325 and 375°C. Similarly the
formation of 2,6~lutidine from acetone, methanol and ammonia
over HZSM~-5 was observed (12).

Recently in this laboratory the synthesis of the zeolite
Nu—-10/Theta-1/25M-22 was studied (13). This zeolite is a
one-dimensional system with channels running parallel to the
c—axis. The channels are formed by elliptical 10-T-ring
systems (diameter 0.47x0.55 nm (14)) giving it a medium pore
size. Like ZSM-5 (diameter 0.53x0.55 and 0.54x0.56 nm), the
zeolite is placed in the pentasil group of zeolite
structures because its framework can be constructed from 5-1
secondary building units. Essentially pure NaNu-10 was
obtained at Si/Al ratios between 34 and 52 which is close to
the optimal Si/Al ratio of HZSM-5 for the conversion of
ethanol and ammonia towards pyridines. <Zeolite HNu-10 is
known to exhibit a relatively high selectivity towards
p—xylene in the disproportion of toluene and a predominant
formation of olefins in MeCH conversion similar to 2ZSM-5
(15.16) . A major difference between p-xylene in ZSM-5 and
Nu-10 is that in the former zeolite intersections are
present which allow substantially larger reaction transition
states than in Nu-10. On these grounds we decided to
investigate the reaction of ethanol and ammonia over Nu-10
as the catalyst to compare its catalytic properties to those
of ZSM-5.

Besides Nu-10 and ZSM-5 the present study includes
mordenite as well for comparison. Mordenite was chosen
because it belongs to the ferrierite type of materials to
which Nu—-10 is closely related.

Besides ethanol and ammonia as reactants several other
oxygenates and small amines were tested for their
pyridines-forming ability over zeolite Nu-1i0 and ZSM-5 at
Several reaction temperatures.
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EXPERIMENTAL

Materials

The Nu-10 zeolites used in this article were prepared as
described earlier (13). The NH,-ZSM-3 zeolite used was
prepared according to Ghanami and Sand (17). The zeolite
NH4-Mordenite was supplied by Union Carbide.

The activation of the zeolite samples used in this study
is described in Table 1. As an example the activation
treatment of sample D is given here: A 1M HNO5 solution. 15
ml/g, was added to sample C. The suspension obtained was
stirred for 3 hours, using a teflon coated magnetic stirrer.
under reflux conditions. Thereafter the zeolite was
filtered off over a Buchnér filter and washed several times
with water of 60°C. The zeolite waé then dried at 100°C for
one hour and subsequently calcined at 550°C during 16 hours.
vielding sample D.

The zeolites were characterized using IR, XRD, AAS and
TPD. BET surface areas were obtained using a single point
method. Some Nu-10 samples underwent additional SEM and TEM
characterizations.

All catalytsts were dry pressed., crushed and sieved to
obtain particles of 1.4-2.0 mm.

Procedure

The apparatus used in the catalytic experiments is
essentially the same as described by Oudejans (18).

The catalyst (1 g) was placed in a fixed-bed continuous
flow glass reactor of 8 mm internal diameter. The reactor
was placed in an electronically controlled fluid bed oven.
The carrier gas, either air or nitrogen, was passed through
two thermostatted saturators containing the organic
oxygen—-reactant (OR) and a 0.5M agqueous solution of the
N-reactant (NR), respectively. The desired flows of the
reactants were obtained by adjusting and controlling the
temperature of the saturators and the flow of carrier gas

through the saturators.
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The saturated gas streams were mixed and fed to the
reactor at WHSV (OR) = 0.5/X h1 (X=number of C-atoms in
OR) . The molar composition NR:OR:H20:N2:O2 of the reaction
mixture was 1:3:6:73:17 and 1:3:6:90:0 for air or nitrogen
as the carrier gas, respectively.

The reaction was carried out at a reaction temperature of
350°C and monitored every hour over a period of 18 hours by
automatic sampling. The samples were analyzed on a Hewlett
Packard 429 gas chromatograph equipped with a 3m 10% PEG on
Chromosorb with FID for organic components and on a Perkin
Elmer gas chromatograph equipped with a 1m PORAPAK Q column
with TCD for inorganic components (i.e. CO and CO,)
respectively. Peak integration was performed on a
SpectraPhysics SP4270 integrator which was connected to the
gas chromatographs.

After 18 hours the reactor temperature was raised to 450°C
in steps of 25°C. After each temperature increase the
catalyst remained on that temperature for 55 minutes to
reach a steady state before analysis was performed.

RESULTS AND DISCUSSION

Materials

The zeolite Nu-10 samples were found to have two different
morphologies as shown in Figure 1. The samples B, C and D
(see Table 1) consist of small needles, length ~1 um whereas
the samples F, 6 and H are needles of ~20 um in length.

The treatment of H-Mordenite with HNO5 (sample M) leads to
partial dealumination of the zeolite (cf. Table 1). XRD and
IR show no structural damage. The occurence of extra
hydroxyl nests, as indicated by the absorption at 940 cm~
(19) in the IR spectrum of sample M shows that

1

recrystallisation just partly occurs during calcination.

The low value of S of sample J (Table 1) compared to
samples B, C and D might pe caused by small deposits of

?6203 present in the zZeolite channels. Because of its
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Figure 1. SEM-photographs of a) NaNu-10 and b) KNu-10 sam-
ples. The presence of a small amount of ZSM-5 in the KNu-10
sample (indicated by XRD) is supported by SEM.

one—dimensional structure the sorption capacities of Nu-10
can be strongly influenced by small deposits of materials

leading to differences in rate and capacity of adsorption

(20) .
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Table 1. Preparation of the samples plus some characteristics.

Sample Zeolite Praparation®’ Si/Al  8(m=2/qg)

A NaNu~-10 according to reference 13, calc. 8550°C, 44.9 107
72h

B HNu-10 sample A exchanged with 0,.3M NH.Cl, 33 44.95 127
ml/g, T=RT, t=24h, calc. $530°C, 1éh

C  HNu-10 sample A exchanged with 0.3M HCl, 33 46.5 149
ml/g, T=RT, t=24h, calc. 550°C, 1&h

D HNu-10 sample C treated with 1M HNDs, 15 ml/q, 45.6 190
T=reflux, t=3h, calec. S50°C, 1éh

E  KNu~10 according to reference 13, calc. 450°C, 10.1=> 38
72h

F HNu-10 sample £ exchanged with 0.3M NH.Cl, 33 11.7=> 49
ml/g, T=RT, t=24h, calc. 530°C, 1i&h

6 HNu-10 sample F treated with 1M HNOs, 15 ml/g, 13.02> 93
T=reflux, t=3h, calc. 550°C, 1éh

H  HNu-10 sample G treated with 2M HCl, 47 ml/g, 14.32 109

T=reflux, t=3h, calc, 950°C, 72h

I NaNu-10(Fe) accarding to reference 13, Fe added to - -
synthesis gel. calc. S50°C, 72h

J  HNu-10(Fe) sample I exchanged with 0.3M NHiCl, 33 41,1 102
ml/q, T=reflux, t=3h, calc. 550°C, 72h -100,5%

K HISM-5 according to reference 17, calc. 350°C, 35.8 274
16h ’ :
L  HMordenite NHa-Mordenite, calc. 350°C, 3h ) 8.8 294

M  HMordenite sample L treated with 1M HNDz, 10 ml/g, 36.6 324
T=reflux, t=3h, calc. S50°C, 1éh

> See text. RT = Room Temperature, calc = calcination temperature.

2> Despite the low bulk Si/Al ratio, TEM measurements show that the
needles (see Figure 1b) are oure Nu-i0 with a Si/Al ratio between 40
and 50. Apart from this amarphous Al-rich material (neither XRD nor
IR-detectable and not visible in Figure ib) is present. = 8i/Fe ratio.

Reactions

The results of reactions of ethanol and ammonia over
several Nu~10 catalysts (samples B-J) at 350°C are presented
in Table 2. All NaNu-10 derived HNu-10 samples turned out to
be active catalysts for the formation of pyridine. The data
for samples B, C and D show that different ion exchange
procedures can lead to different results. Sample C differs
from samples B and D in giving a lower conversion and
Pyridine selectivity. Probably treatment with HCl at room
temperature (sample C) gives some aluminum extraction from

the T-sites in the zeolite. Because of the low ion exchange
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Table 2. Results of the reaction of ethanol and ammonia
over several Nu-10 catalysts at 350°C; WHSVEtOH=O.25 n~L.

Time on stream is averaged between 5 and 18 hours.

1)

Sample B C D F G

Carrier gas Air Air Air Air Air
Conv. EtOH (%) 7.9 4.9 9.1 2.5 2.8
Select. (mol%)

Ethene 9.3 6.6 15.5 19.4 22.2
Diethyl ether 12.5 8.7 16.5 30.9 39.4
Ethanal 13.4 16.0 7.9 10.6 7.5
Ethylamine - 26.3 - 13.6 8.2
Ethyl acetate 1.8 1.5 2.2 - -

Acetonitrile 2.7 1.2 <2.1 - -

Pyridine 11.7 5.8 15.2 - -

2-Picoline 1.5 <1.0 <0.5 - -

CO2 47 .1 32.8 42 .4 25.4 22.7
Samplel) H J B F J

Carrier gas Air Air N2 N2 N2
Conv. EtOH (%) 2.9 10.9 7.4 2.7 9.6
Select. (mol%)

Ethene 22.8 4.3 22.5 9.5 15.7
Diethyl ether 37.2 7.3 71.0 83.5 82.9
Ethanal 9.2 25.9 3.3 0.3 -

Ethylamine 0.4 12.7 3.2 6.2 3.3
Ethyl acetate 1.9 1.7 - 0.4 -

Acetonitrile - 10.9 - - -

Pyridine 7.1 <1.4 - - -

2-Picoline 3.7 - - - -

C02 14.8 35.8 - - -

D gee Table 1.

temperature almost no Al is extracted from the pore system,

leaving some alumina type species-in-the-channels—=4A

difference in catalytic sites (z—peak) is also shown in the
TPD spectra of samples B and C (Figure 2). Acidic exchange
under reflux conditions (preparation sample D) removes
eventually formed dealumination products from the zeolite,
leaving the channels open, resulting in a catalytic activity
slightly exceeding that of sample B, and a TPD spectrum
gimilar to sample B.
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Figure 2. TPD spectra of the samples B, C, D, F, G, H, J, K.
L and M.

The product mixture obtained with sample J (lower pyridin.
higher ethanal selectivity) is comparable with sample C.
Again small particles (Fe,04) present in the channels might
prevent pyridine-formation. The relatively high selectivity
to acetonitrile might be due to the oxidative properties of
iron oxide.

Oxygen plays an important role in the formation of
ethanal, ethylamine, acetonitrile and pyridine as can be

seen from the experiments with nitrogen as a carrier gas (on
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samples B, F and J). Although no appreciable changes in
conversion were found, a large change in selectivity is
observed. Mainly diethyl ether and ethene are formed.

In all the KNu-10 derived HNu-10 samples (F-H) guite a low
pyridine~forming ability was found in the reactions
studied. Although not as good as samples B and D, just
sample H is capable of making pyridines. A majior difference
between the samples F,.G and H is the low value of S (Table
1) for samples F and G compared to sample H. Stirring during
the ion—exchange procedures results in some cracking of the
original needles (sample E, Figure 1b) giving an improvement
in channel-accessibility. A comparison of samples F, G and
H indicates that aromatic nitrogen-containing compounds are
formed intrazeolitic while species as ethene, diethyl ether
and ethylamine might be formed on the outer surface of the
catalyst.

Table 3. The reaction of ethanol and ammonia. using air as
carrier gas, over the zeolites ZSM-5 (sample K) and morde-
nite (samples L and M) at 350°C: WHSVg,oy = 0.25 h™1. Time
on stream is averaged between 5 and 18 hours.

Samplel) L M K
Conv. EtOH (%) 20.6 14.5 9.2
Select. (mol%)

EtheB? 64.6 73.2 10.9
?2?2-1 - - 0.3
Diethyl ether 1.8 3.4 10.2
Ethanal 50 20 377
Ethylamine 4.5 2.0 1.7
Ethyl acetate 0.3 0.3 1.1
Acetonitrile 1.2 6.4 4.0
Pyridine 0.9 0.8 18.6
2—-Picoline 0.1 - 4.8
CO2 21.6 12.0 44 .7

1)See Table 1. 2)??—1 = not-identified compound.
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The results of the reaction of ethanol + ammonia over some
other zeolites are presented in Table 3. Zeolite HZSM-5
{(sample K) shows a higher conversion towards pyridines than
HNu-10 (Table 2. sample B). This because of its
2-dimensional framework resulting in a much lower '"outer
surface/inner pores' ratio.

Mordenite (samples L and M) not onily shows a very low
pyridine selectivity, but dealumination also shows almost no
effect on catalytic activity. Because its Bronsted acid
sites are somewhat stronger than those of HZSM-5 and HNu-10
(see Figure 1) the reaction is directed more towards the
dehydration of ethanol. Despite the increase in S (table 1)
combined with the almost identical catalytic behavior of the
samples L and M. we must conclude that the NH4~mordenite
used, contains intrazeolitic aluminumoxide deposits which

have probabliy no catalytic activity.

Some other oxygen compounds. i.e. diethyl ether and some
other amines as methylamine and ethylamine were tested over
HNu-10 in an effort to increase conversion and selectivities
towards pyridine and to contribute to the understanding of
the pyridine-formation reactions. The results of these

experiments are given in Table 4.

A mixture of tetrahydrofuran (THF) and NH3 does not
produce any pyridines. It is known in literature (1)
however that THF can react with hydrogen cyanide in the
vapor phase to produce pyridine, though good vields are not
reported. Another possibility is the formation of pyrrole
out of THF and NH5 (3). However Table 4 shows that with THF
as reactant much deep oxidation products together with heavy
aromatic compounds are found. caused by cracking -.

oxidation - and isomerization reactions in the zeolite.

Diethyl ether (EtOEt) shows a very reactive behaviour when
fed together with NH3 over Nu-10 in the presence of oXygen.
Noticable is the selectivity towards 4-~piccline. During the
first hours on stream a good selectivity towards pyridines

is found which rapidly decreases, probably caused by coke
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Table 4. Testing of several organic compounds on their sele
WHSV,p = 0.5/X h™l (See text). Time on stream is averaged b

Samplel’ B ¥ g4 B By
Carrier gas Air Air Air N2 ~ Air
OR% THF  EtOEt EtOAc EtOAc  EtOEt
NR NH3 NH3 NH3 NH3 MeNH2
Conv. on OR(%) 14.1 73/76 38/31 40.3 79/77
Select. mol%

Etheg? 3.2 4,1 4.3/5.4 4.7 1.372.3
?272-1 1.7 - - - -
Diethyl ether - - 16/4.5 1.0 -
Ethanal 1.7 3.5/6.8 0.6/0.9 0.1 -5
Ethy ine 1.6 - - - -
??—2§?m 8.5 - - - 1.4
Ethyl acetate - 15/8.3 - - 16/30
Ethanol 2.4 - 58/66 76.8 -
Acetonitrile 1.2 0.7/0.4 12.6 17.4 0.2
Tolu/p—Xylene - - - - 0.3/1.0

Pyridine - 11/2.5 1.9 - 8.3/0.9

2—-Picoline - - - 1.1/0.4
2.6~Lutidine - - ~ - -~
4—Picg}ine = 1.4/0.1 - - 1.5/0.2
M.E.P - - - - ~

C O/cll arom. 17.1 - - - -
Céz 63.7 65/68 7.6/8.2 - 69/62

1)See Table 1. 2)OR = O—containing reactant; NR = N-contain
reaction was not stable after 5 hours on stream. The '/' re
5)Measurements inf luenced by MeNH,. Products probably prese
possible. 6)2—methy1—5—ethy1 pyridine.

formation or intrazeolitic polymerization, although the
ether conversion stays high. The oxidation of EtOEt over
Nu-10 is so pronounced that most EtOEt is converted to COZ'

Also oxidation towards ethyl acetate (EtOAc) is_found.__When

methylamine is used as N-containing reactant together with
diethyl ether the increase 1n selectivity towards EtOAc
suggests that deactivation of the active sites enhances the
activity of oxidation sites. The role of oxygen is
emphasized once more when N2 is used as carrier gas.
Although not presented in Table 4 no reaction of diethyl
ether with ammonia is observed (Conversion EtOEt 1.6%.
selectivity towards EtOH 82 mol% and towards ethene 18
mol%) .
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ctivity towards pyridine at 350°C over Nu—~10 and ZSM-5.
etween 5 and 18 hours.

Samplel) B B g4 k4 k%
Carrier gas Air N2 Air Air Air
oag’ EtOH EtOH  EtOH EtOH  EtOH
NR?) MeNH, MeNH, EtNH, MeNH, EtNH,
Conv. on OR(%) 6.3 0.4 22/17 30/22 30/22
Select. mol%

Etheg? 4.3 100 4.2/3.0 2.3/3.4 4.6
?27-1 O.g) —5) - O.%) 0.3/0.2
Diethyl ether ~5) “5) 0.1 5 0.1
Ethanal : -7 - - -9) 0.1
Ethyé?mine - - - - -
7?72 - - - 0.3/0.1 4.6/2.1
Ethyl acetate 3.8 - 0.2 0.7 3.9/1.4
Ethanol -~ - - - -
Acetonitrile -~ - 1.2 - 2.4/1.3
Tolu/p-Xvylene 2.0 - 5.3/2.7 0.5 -
Pyridine 41 .6 - 11/6.1 46.7 21/17
2-Picoline 1.4 - 4,.8/1.8 1.1/0.6 3.2/2.3
2,6~Lutidine ~ - - - 0.7/0.4
4—Picg}ine 7.3 - 1.6/06.0 24.9 12/9.1
M.E.P - -~ - - 0.8/0.5
c O/Cli arom. - -~ 0.8 0.9/1.5 1.8/0.9
C62 39.4 - 70/84 23720 45/62

ing reactant. 3)??-1 ; ?7?7-2 not—identified compounds. 4)The
presents the situation at t=5 h and t=18 h respectively.
nt in small amounts, quantitative determination not

As can be seen in Table 4 EtOAc or acetic acid is the
precursor for aceionitrile, through acetamide or ammonium
actetate, and not for pyridine. It is also shown that the
step from acetic acid towards acetonitrile is not oxygen
dependent. With EtOAc the conversion to pyridine seems to
be caused by reaction of the EtOH formed (by hydrolysis)
with NH3.

Ethanol with methylamine as N-reactant over Nu-10 shows a
good conversion towards pyridine and is competitive towards
the ethancl/ammonia/ZSM~-5 system in selectivity. Remarkable
is the formation of 4-substituted pyridines in the reactions
where alkylamines are used as N-containing reactant. More
than methylamine, ethylamine has a tendency towards
intrazeolitic polymerisation. at least more on Nu-10 than on
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ZSM-5, judged by the catalyst deactivation. Also noteworthy
is the formation of numerous byproducts with ethanol and
ethylamine over ZSM-S5. The formation of these byproducts and
the lower amount of intrazeolitic polymerisation must be due
to the presence of cavities in Z25M-5 with a diameter larger
than the channels of Nu-10, allowing not only the formation
of heavier products but also keeping the reaction
intermediates more separated from each other.

The higher conversion towards pyridines for alkylamines is
presumably due to their basicity. The gas—-phase basicities
for ammonia, methylamine and ethylamine are reported to be
198, 209.8 and 212.5 kcal/mol respectively (21). This means
that even at high temperatures, alkylamines more easily form
a positive ammonium ion than ammonia and therefore react
more easily with the acid sites of the zeolite resulting in
a higher intrazeolitic N-concentration. Another important
factor is the competitive intrazeolitic chemisorption
between amines and pyridines. An experiment by Camia et al.
(22) regarding ammonia and pyridine on HZSM-5 shows a nearly
equivalent affinity to the protons of HZSM-5 with values of

207 and 222 kcal/mole for ammonia and pyridine respectively.

Figures 3 to 7 give data err the temperature range from
350 to 450°C. In Figure 3 the NaNu-10 based samples B, C, D
and J are compared. The presence of Fe203 in sample J 1is
visible as a much steeper increase in EtOH-conversion, as
can be seen in Figure 3a. The difference in change of
EtOH-conversion for sample C compared to samples B and D
affirms the idea that sample C posesses intrazeolitic

barriers. probably some form of aluminum oxide. The best
performer in making pyridine is sample D at 350°C.

Remarkable however is that sample C, having a not so good
conversion at 350°C., shows the best performance at 450°C.

When using K-originated Nu-10 (Figure 4) it can be seen
that. for samples F and G. at higher temperatures some
pyridine appears as if it has to be sgueezed out of the

zeolites channels. again indicating blocked channels.
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Figure 3. Effect of the reaction temperature on the reac—
tion of ethanol. ammonia and air towards pyridines using the
Nu-10-catalyst samples B, C. D and J. a) conversion of EtOH:
b) selectivity towards pyridines. Legends: A=sample B:
B=sample C; C=sample D; D=sample J.

However for the more accessible sample H., a higher con-
version towards pyridines is found at lower temperatures.
This can also be seen by the conversion-behavior: when more
channel-openings are present there is more conversion.
There is however no visible effect in the conversion-change
upon heating.
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Figure 4. Effect of the reaction temperature on the reac-
tion of ethanol. ammonia and air towards pyridines using
Nu-10-—(samples-F, G_and H) as the catalyst. a) conversion

of EtQH; b) selectivity towards pyridines. Leagends: A=sam—

~

ple H; B=sample G: C=sample F.

Mordenite (Figure 5), producing small amounts of pyridine
at 350°C. does not improve its selectivity towards pyridine
at higher temperatures. It shows however a very good
selectivity towards ethene. A 90% selectivity for ethene at
425 and 450°C for sample M compared to 8i% for sample L. The
conversion of ethanol to pyridine catalyzed by ZSM-5 looks
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Figure 5. Effect of the reaction temperature on the reac-—
tion of ethanol and ammonia over zeclites Nu—10 (sample D),
ZSM-5 (sample K) and mordenite (samples L and M) using air
as carrier gas. a) conversion of EtOH: b) selectivity to-
wards pyridines. Legends: A=Nu-10:; B=ZS5M-5: C=mordenite
(L) ; D=mordenite (M).

similar to those of Nu-10 in line with the fact that both
catalysts have the same type of catalytically active sites.
The difference in conversion in favour to ZSM-5 can be
explained by the more open structure of ZSM-5. Only at 450°C
diffusion rates are so fast that almost no difference in

catalytic behaviour between Nu—-10 and ZSM-5 is observed.
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Figure 6. Effect of the reaction temperature on the conver-
sion and selectivity for Nu—-1l0 (sample B) using ethyl ace-

tate (lTegend A). diethyl—ether—(legends-B——¢)-—ethanol—(le=_

gend D). THF (legend E). ammonia (legends A,.B.D.E) .methyl-
amine (legend C) and air. a) conversion of O-containing
reactants: b) selectivity towards pyridines.

From Figure 6 it becomes clear that an ethanol/ammonia
mixture gives the best selectivfty towards pyridines
compared to ethyl acetate. diethyl ether and tetra-—
hydrofuran. The high conversion rate of EtOEt. even at
350°C, shows the reactivity of this compound in the presence

of zeolites. Alas it does not lead to a high selectivity
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Figure 7. Effect of the reaction temperature on the conver-
sion and selectivity towards pyridines for the catalysts
Nu-10 (sample B. legends A.B.C) and ZSM-5 (sample K, le-
gends D,E,F) using EtOH as O-reactant and ammonia (legends
A.D), methylamine (legends B.E) or ethylamine (legends C,F)
as N-reactant with air as carrier gas. a) conversion of
EtOH; Db)selectivity towards pyridines.

towards pyridines even when methylamine is used as
N-reactant. Although not depicted, noticable however is the
increase in COz—formation at temperatures above 400°C, for
ethyl acetate as organic compound (even when N, i8 used as
carrier gas) indicating a decarboxylation of the ethyl
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acetate or subsequently producing acetic acid, the latter

indicated by an increase in acetonitrile selectivity.

In Figure 7 it is shown that methylamine causes a
substantial increase in the selectivity towards pyridines.
At low temperatures conversion is better on ZSM-5 than on
Nu—10 but at temperatures above 400°C no large differences
are observed. The large difference between MeNH, and
EtNHz/NH3 cannot be explained just by gas—-phase basicity. A
possible explanation is that methylamine is an intermediate
in the reaction of ethanol and ammonia towards pyridines or
a more efficient building block. A more detailed discussion
on this subject will be given in the subsequent Chapter.

CONCLUSIONS

1. Just as ZSM-5, Nu-10 is a catalyst suitable for the
preparation of pyridines out of ethanol and ammonia.

2. JIon-exchange methods used to prepare the Nu-10
catalyst partly determine its catalytic behaviour.

3. Preferable reaction—temperatures are between 350 and
400°C giving moderate conversions and selectivities.

4. The use of methylamine as N-containing reactant
creates a system having a high selectivity for
pyridines on Nu-10 as well as on ZSM-5.

5. The presence of iron in zeolite HNu-10 gives a
catalyst suitable for the manufacture acetonitrile out
of ethanol and ammonia.
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CHAPTER VI
PYRIDINE FORMATION FROM ETHANOL AND AMMONIA OVER

HIGH-SILICA ZEOLITES. MECHANISTIC CONSIDERATIONS

ABSTRACT

A general discussion is given on acidic and radical sites
present in high—-silica zeolites as HNu-10 and HZSM-5, with
relevance to pyridine-forming reactions. Zeolitic acid
sites are shown to catalyze the dehydrogenation of ethanol
together with condensation, cyclisation and aromatisation.
while structural defects probably produce oxidation products
as ethanal and formaldehyde which are thought to play an
important role in the reaction. A Cl/Cz—reactant system is

presented, showing a selectivity towards pyridines of 80%.

INTRODUCTION

Although numerous methods have been claimed for the
preparation of pyridine bases from acyclic molecules (such
as carbonyl and dicarbonyl compounds, dicyancalkanes,
alkenes and alkynes), only a limited number of these
procedures (notably the condensation of aldehydes with
ammonia) are commercially applied. The use of crystalline
aluminosilicates as catalysts in the reaction of aldehydes
and ammonia towards pyridines has been reviewed by Golunski
and Jackson (1) . Halasz et al. (2) describe a bifunctional
catalyst, based on oxides of tin, antimony and tellurium and
containing acidic as well as selective oxidation surface
centers for the preparation of pyridines out of propene and
ammonia. Aluminosilicate catalysts, capable of converting
aliphatic alcohols and ammonia into pyridines were found in
this laboratory and include HZSM-5 and HNu-10 (3-6), both
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belonging to the pentasil group of zeolite materials. Their
catalytic activity and selectivity was found to depend
amongst others on their Si/Al ratio which governs the number
and strength of Bronsted acid sites.

Much research has been devoted to the conversion of
carbonyl compounds towards pyridine bases (1), here
relatively simple straightforward reaction schemes are
believed to apply. However, this is not the case when
ethanol and ammonia are reacted over high-silica zeolites to
obtain pyridines. A description of possible reaction
mechanisms with regard to the formation of 2.6-lutidine from
a mixture of acetone, methanol and ammonia over HZSM-5 was

given by van der Gaag (5).

In this Chapter some catalytic experiments are reported,
which were carried out in order to unravel the reaction
mechanism of the formation of pyridines out of ethanol and
ammonia in the presence of oxygen over high-silica
zeolites. The experiments include variations in the organic
N—compbunds as well as in their relative concentration in
the reactant mixture. Also experiments reported in Chapter
V will be taken into consideration.

A general discussion on the occurrence of acidic and
radical sites in zeolites preceeds the discussion of
pyridine formation from ethanol over HNu-10 and HZSM-5.

EXPERIMENTAL

ThHe preparative and catalytic—testing procedures—were
described in Chapters IV (7) and V. For convenience, the
coding of the preceding chapter is maintained. For full
details on sample B as well as on the reaction conditions,
see Chapter V.
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RESULTS AND DISCUSSION

General considerations

The catalytic activity of zeolites is often mainly related
to their acidity, which arigses from the bridging hydroxyl
groups, associated with Bronsted acid sites. 1In contrast to
Bronsted acid sites the characterisation of Lewis acid sites
in zeolites is as yvet difficult (8). For some time a
tricoordinated aluminum species was held responsible for the
formation of Lewis acid sites (9). However, X-ray studies
showed no evidence for such sites (10). Upon dehydroxylation
(of faujasite) an increase in the number of hexacoordinated
Al atoms was found, using NMR techniques, with the remaining
lattice aluminum atoms being tetracoordinated. 27A1 MAS NMR
studies also provide evidence that the Lewis acid sites are
not the assumed trivalent lattice species but Al-species
whose precise nature has not been identified (10).

Acidic sites

For ZSM-5 zeolites, Kulkarni et al. (11) showed the
presence of three types of acid sites:; weak, medium and
strong, by temperature programmed desorption of ammonia.

The strong acid sites originate from lattice aluminum atoms,
while the weak and medium strength acid sites are due to
terminal silanol groups and occluded extra lattice species
of aluminum, respectively. The influence of these terminal
silanol groups may not be underestimated. For instance, for
silica-rich ZSM-5 a concentration of 4.9 silanol groups pev
unit cell. i.e. per 96 T—-atoms. was observed by Dessau et
al. (12). The concentration of internal silanols is shown to
increase as the aluminum content decreases (13) and might be
correlated, at least partly, with the charge compensation of
the template molecules. A discussion concerning the
presence of isolated or clustered silanol groups in Z8M-9 is
going on at this moment between Dessau et al. (14) and van
Hooff et al. (15). High temperature steaming however brings
about structural rearrangements and a decrease in the number
of silanol groups with assumed repair of the lattice (12).
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Uéing IR-techniques, Brunner (16) however, was able to show
that a bond breaking reaction in HZSM-5 by water molecules
is operative, even at ambient temperatures. This reaction
is not associated with Al and can be reversed at higher
temperatures under evacuation. The presence of the
structural defects mentioned in this paragraph is confirmed
by the fact that the cation exchange capacity of ZSM-5
exceeds that calculated from the aluminum content of the
tetrahedral framework (17).

Zeolite ZS5M-5 is best known for its (super) strong acid
sites (8,11,18). Strong Bronsted acid sites in HZSM-5 are
situated at channel intersections and are associated with
lattice aluminum atoms. At low aluminum content, A104_
tetrahedra are far from each other. and maximum proton
acidity is reached. As described by Barthomeuf (19) the
acid strength of the strong acid sites is dependant on the
number of Al-atoms on the next nearest neighbour (NNN)
gites, the acidity being maximal when this number is zero.
At higher intrazeolitic aluminum concentrations the extra
aluminum atoms are to be included in the form of additional
lattice aluminum species lowering the average -but enhancing
the total- Bronsted acidity. or should occupy a
non—framework position, corresponding to strong acid sites

and Lewis acid sites, respectively.

Lago et al. (20) describe the formation of highly active
catalytic sites by mild steaming of ZSM-5 with a specific
activity 45-75 times greater than that of the normal sites.
These—authors—suggest—the_formation of Al _species with just

a loose binding to the framework. so on its way to become
extra lattice Al. Zoned éluminum distribution as observed in
ZSM-5 (21,22) makes the co-existence of strong acid sites
and somewhat weaker acid sites acceptable.

Radical sites

Steinike et al. (23) recently showed that upon mechanical
treatment of quartz radical structures, by Si-0-5i bond
breaking are formed and assumed these to be =Si- and =SiO-
of which the former actually was detected. Under oxygen
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pressure the primarily created radicals react to
oxygen-containing radicals according to

| | }
~Sis + +010+ —m —~5i-00- ::—_>-Si+02_

I | ‘//5545 |

| i -
2 <81+ + <010~ — 2 -S51-00-
| |
Hydrogen also reacts with the radicals initially created by
bond fracture to form =8i—-H and =5i-0H structures.

respectively.

Krylov (24) also describes the formation of such radical
centers upon grinding of Si02, GeO2 and Sn02. Furthermore
this author postulates a number of reactions concerning

these radical sites, such as

=8100- + CO — =5i0- + CO,
=5i0+ + RH —— =5i0OH + R-

0
/ \

=5i0- + C2H4 ———>—ESiOCH2CH2 ———'—ESiCHz + HZCO

It is known that O, species are active species in
heterogeneous catalysis. With regard to zeolites the effect
of oxygen on the formation of radicals is not new. Already
in 1967 Dollis and Hall (25) showed that the concentration
of radicals in decationated faujasites was dependant on both
the amount of oxygen available and the presence of
dehydroxylated sites. Removal of O2 by evacuation overnight
at 550°C was not possible showing oxygen to be strongly
chemisorbed. Similarly Wierzchowski et al. (26) reported
that adsorption of benzene on HZSM-5 gave rise to the
formation of the monomeric benzene cation radical C686+- and
that the presence of oxygen enhanced the ionizing properties
of this zeolite acting as a strong oxidizer. The presence
of intrazeblitic radicals in Silicalite-1 and HZS5M-5 is
further supported by results of Huizinga et al. (27) on the
gas phase chlorination of benzene giving mainly rise to

addition products, requiring radical intermediates.
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Table 1. Testing of several compounds at 350°C over Nu-10 |

towards pyridines. WHSVOR=O.

between 5 and 18 hours.

5/X h™1 (see Chapter V. experim

Column nr. 1 2 3 4 5
SaTgle B B3) -4 B B
ORI) EtOH EtOH EtOH EtOH EtOH
NR - - NH3 NH3 NH3
ratio NR:OR 0:3 0:3 1:3 1:3 2:3
Conv. on OR % 99.5 89.3 14.4 7.9 6.8
Select. mol%

Etheg? 90.0 55.7 10.9 9.3 6.8
?22-1 - 0.6 - - 0.3
Diethyl ether - 0.5 0.4 12.5 6.7
Ethanal 3.8 12.8 25.8 13.4 8.7
Ethy ine -~ - 3.3 - -
??--Z’ELm - 0.9 - - 1.7
Ethyl acetate - 0.8 - 1.8 ‘1.9
Acetonitrile - - 3.2 2.7 2.8
Benzene - - - - -
Toluene/p—Xylene - - 6.5 - -
Pyridine - - 4.4 11.7 17.8
2-Picoline - - <0.5 1.5 7.7
4—-Picoline - - - - 3.3
C,n/C arom. - - - - 0.5
Cég 1 6.3 28.4 45 .3 47.1 41.2

1)OR = O-containing reactant; NR = N-containing reactant.
poisoned with pyridine prior to the reaction. 4)
WHSV=0.17 h™1. 9)an EtOH:MeOH mixture. molar ratio 2:1, was

MeNHZ. Products present in small amounts. quantitative dete

experiment

Recently the formation of radicals in pentasil type
zeolite—catalyzed reactions of olefins, aromatic compounds
and dimethyl ether have been reported by Slinkin (28),

Kucherov (29) and Rooney (30)., respectively.

Regarding the structure of radical-forming sites no
uniform descriptions are found. Kucherov and Slinkin
(28.29.31) suggest a combination of a Bronsted acid site and
a Si0- group to be formed as a result of the cleavage of the
Si-0-Al lattice iink. According to these authors the nature
of the radical-forming site is in principle the same for all

pentasil-type zeolites.
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sample B) as catalyst amongst others on their selectivity

ental). Carrier gas 1s air. Time on stream is averaged

Column nr. 65 7 8 9
Sapp e B> B B B
OR EtOH/MeOH EtOH EtOH EtOH
NRD) NH; MeNH, MeNH, MeNH,
ratio NR:OR 1:3 1:3 2:3 3:3
Conv. on OR % i8.1 6.3 24.6 29.5
Select. mol%

Etheg? 10.4 4.3 0.7 0.5
?27-1 6.3 0. -

Diethyl ether 4.2 -6) -6 -6
Ethanal 24.8 -9 -6 -6)
Ethyé?mine - - - -
?2?7-2 2.5 - - -
Ethyl acetate -~ 3.8 0.5 -
Acetonitrile 1.9 - - -
Benzene - - - 0.1
Toluene/p—Xylene - 2.0 0.4 0.3
Pyridine 14.7 41.6 47.7 51.0
2-Picoline 1.3 1.4 4.8 1.8
4-Picoline 1.9 7.3 26.9 27.0
C 0/C11 arom. - - 1.5 2.2
Céz 32.1 39.4 17.6 17.1
2)??—1 and ??-2 non-identified compounds. 3)catalyst

taken from Reference 3. sample=Silicalite-1, T=365°C;
used. WHSVE,op~0.25 h~}. ®)Measurements influenced by

rmination not possible.

According to Shih (32) during calcination of ZSM-5 in
either air or diluted oxygen atmosphere at 500°C or higher
temperatures positive holes occur on oxygen atoms of the
zeolitic silica-alumina surface. The author suggests
interactions of the unraired electrons with adsorbed
ionizable organic molecules with an ionization energy less
than 12.6 eV resulting in organic radical cations.

Rooney et al. (30) prove that the paramagnetic centres,
described by Shih (32) and present in the zeolite ZSM-5 in
tiny amounts as solid state defects, are the source of the

free radicals formed.
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Summarizing; 4 active sites can be present on zeolites:
I.>Strong Bronsted acid sites.

I1. Lewis acid sites.

I1II1. Weak acid sites / silanol groups.

IV. Radical sites.

Pyridine-forming reactions in the presence of oxygen

The results of a series of experiments, pertormed in order
to élarify the mechanism of the reaction of ethanol and
ammonia towards pyridines using high-silica zeolites. are
presented in Table 1. It is shown that in the absence of
ammonia an ethanol/water/air gas mixture undergoes a fast
reaction on HNu-10 at 350°C (Table 1, columns 1,2), with a
high conversion towards ethene. Adsorption of pyridine on
the catalyst prior to the reaction masks most of the strong
acid sites resulting in a decrease in conversion towards
ethene and an increase in ethanal (and CO,) formation. This
shows that dehydration of ethanol towards ethene is
performed on strong acid sites which mainly remain occupied
by pyridine at 350=C. The increase in ethanal and CO2
selectivity indicates the presence of oxidative sites
reacting with either ethanol and/or with ethene.
Silicalite-1 (Téble 1, column 3). just having traces of
Bronsted acid sites due to Al or Fe impurities, shows not
only a lower EtOH conversion but a higher selectivity
towards ethanal as well. when compared to Nu-10 or ZSM-5
(Chapter V), emphasizing the role of acidic sites in
dehydration on the other hand. The low conversion towards

pyridine over Silicaiite—l indicates that pyridine formation
requires Bronsted sites. The relatively high selectivity of
Silicalite—1 towards oxidation products as ethanal and C02
shows the presence of oxidative (radical) sites to be
independent of aluminum as reported earlier (28. 29. 31, 32)
and supports the oxygen radical sites idea as described for
quartz (23,24). Dehydrogenation of alcohols towards their .
respective aldehydes over Silicalite-1 and dehydrated silica

is described by Matsumura et al. (33,34). The authors not
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only conclude that acid-base sites in silica do not exist,
they also suggest that the catalytic activity may be
correlated with the surface silancl concentration which
again refers to the results reported by Dessau et al.
(12,13) .

Regarding the experiments described in Chapter V and Table

1, columns 1-3 the following reaction scheme can be
presented:

acid
EtOH ——————— Ethene and/or Diethyl ether
sites
(0] {O]) (O]
radical {0}

EtOH ~———— Ethanal ——— Acetic acid @s——®*Fthyl acetate

sites /

Pyridines - o, Acetonitrile

EtOH + NH3 ——— Ethylamine

Ethene and diethyl ether are formed by acid catalysis. As
to the formation of ethanal several mechanistic pathways can
be taken into consideration. For instance, the terminal
O-atom in the =5i-00+ radical might lead to partial
oxidation products, as ethylene oxide (24). The oxirane ring
system of the ethylene oxide is highly strained and opens

readily, especially in the presence of acids.

0 . ou* HO OH,+
/ \ H / \ H,0 (I
H,C——CH,, = H,C—CH, —— H,C-CH,
-H* 14T
HO OH H
Pl l
H,C-CH, H4C~C=0

A proton catalyzed pinacol dehydration/rearrangement then
may lead to ethanal. A similar reaction. from ethylene
glycol towards ethanal over mordenite has been described by

Chang and Curthays (35). Furthermore. oxidation of ethene
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over metal oxides towards acetic acid has been reported
(36a) . However, these reactions are not likely to occur on
Nu-10 or ZSM-5 while during our experiments no relation was
found between an increase in ethene concentration and an
increase in oxidation products.

Perhaps more likely is the oxidation of ethanol towards
ethanal as described by Golodets and Ross (36b) and Rooney
(30), initiated by the attack of surface radicals onto a
secondary C-H yielding ethanal:
=8i00- . =5i00H

. +X- H
or + HyC-CH,~OH — or + HgC-C-OH ———= H4C-C=0 + XH

=510~ =SiOH

The observed fast oxidation in the reaction of diethyl
ether and ammonia (Chapter V) supports the presence of
surface-peroxy radicals in Nu—-10 and ZSM-5, as ether
structures are known to be oxidized rather easily by
peroxides.

The catalytic formation of ethyl acetate from ethanol and
acetic acid., in our experiments formed by the oxidation of
ethanol, diethyl ether or ethanal. 1is described by Wang et
al. (37) using metal oxides such as-BiZO3, MoOq4 and Sb204.

Almost all products formed from ethanol including ethanol
itself are able to react with ammonia, at high temperatures
using zeolite catalysis. resulting in the products presented
in the above reaction overview. As shown in Chapter V
acetic acid is a precursor for acetonitrile and not for

pyridine _—

According to literature data regarding pyridine syntheses
(1-5. 38-41) aldehydes are good starting materials. Surface
reactions of ethanal and ammonia on various heterogeneous
catalysts are Known to lead to 2- and 4-methylpyridine,
roughly in a 1:1 ratio (1).

It should be noted however. that in our work on ethanol
conversion mainly unsubstituted pyridine is observed whereas

2— and 4-methylpyridine are expected on the basis of a C2
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N

building unit. Oxidation of the methyl group attached to
the pyridine ring followed by decarboxylation is possible
but experiments using 2-methyl-pyridine as the reactant were
not convincing in this respect, showing just a very low
conversion.

Results obtained using methylamine as N-containing
reactant (Chapter V + this Chapter), using HNu-10 or HZSM-5
as the catalyst, suggest the participation of a Cl (or C3)
building block. Addition of methanol to the EtOH/NHB
reaction mixture (Table 1, column 6) shows an increase in
pyridine selectivity, which also supports the presence of
C,-species in the zeolite during ethanol conversion.

The formation of C, fragments from ethanol might involve
zeolite radicals converting ethanol into a radical cation
followed by fragmentation. In mass spectroscopy the
cleavage of the C-C bond next to the oxygen or nitrogen atom
in alcohols or amines is a major fragmentation as shown by a
dominant peak due to CH,=OH' (m/e=31) or H,C=NH,* (m/e=30),
respectively. According to McLafferty et al. (42) the
following reactions might take place:

radical - » +
CH3CH20H —_— CH3CH20H -<—————--CH2CH20H2
gsite }//,
= + . = +
-CH3 + HZC—OH He + H3CCH OH
radical

- + —— . +
CH5CH,yNH, ————— CH5CH,yNH, W —— CHZCHZNl-Ia

N

= + . == +
-CHy + H,C=NH, H+ + HyCCH=NH,

Relative abundances for H,C=OH', H,CHC=OH®, H,C=NH,*,
HyCHC=NH,* are 15, 100, 100, 10 for collision activated
composition (CAD) and 100, 35, 100. 20 for electron impact
mass spectroscopy (El), respectively. These values show the

relatively high stability for the H2C=NH2+ fragment compared
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100 4

°lo

75 1

50 1

25 1

TTHUNNIRITHIIHN RN

350 375 400 425 450 °C

450 °C

Figure 1. Effect of the reaction temperature on the conver-—

sion of EtOH _and selectivity towards pyridines for Nu-10

(sample B) at several N-reactant:Ethanol ratios. a) conver-
sion of EtOH: b) selectivity towards pyridines. Legends:
A=3:3 MeNH,:EtOH; B=2:3 MeNH,:EtOH; C=1:3 MeNH,:EtOH; D=2:3
NH5:EtOH; E=1:3 NH5:EtOH.
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601

°/o

40

201
13 2:33 0 1:3 2:3 33
ammonia: ethanol methylamine : ethanol

Figure 2. Effect of the N-reactant:Ethanol ratio on the
conversion of EtOH and selectivity towards pyridines and CO2
at 350°C. Legends; A=selectivity in mol% towards 4-methyl-
pyridine; B=towards 2-methyl-pyridine; C=towards pyridine;
D=towards CO,: E=EtOH conversion.

to the C, fragments. C-C scission by very strong acid sites
as described by Barthomeuf (19) is not likely to occur
because of the large occupation of acidic sites by ammonia
and pyridines.

When investigating higher reaction temperatures, several
observations can be made (Figure 1). High methylamine
concentrations prevent a 100% conversion of ethanol at 450°C
when compared to ammonia (Figure 1a), indicating a higher
basicify of methylamine and therefore a larger occupation of
acidic sites at these temperatures. Comparing the
MeNHZ:EtOH ratios of 2:3 and 3:3 (Figure 1lb, Figure 2)
almost no difference in selectivity towards pyridines and
conversion is found, indicating a maximal conversion towards
pyridines at these ratios. for the Nu-10 used in our
experiments.

Taking this all into account it is likely that in the
reaction of ethanol and ammonia towards pyridines the

following intrazeolitic reactions might occur (see Figure
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NI-~ uI- ~I| NI -A uI -A ~I»
' : . A 2 1A z »
| O°%H - O°H - AN TaN |
" OHDOfH + OD%H + a./ _\_ . X
_ Z # “
| |
O%H - O%H - O%H - O%H - O -
OHODtH + OD%H+ OHODtH+| OHIDEH+ 0D%H +
1A z IN z A z ‘N Al |N
HO=N=2% HO=HN—HO= otH fouxu-éﬂ:u&f
O%H - O- O%H -
OD%H + OHDDEH+ OHDOfH +
m 7 n_z p4
MN=2'"H ~Sporpep 55~ , ‘HN=DHO'H === SHN—HO=2%
O~} O%H - *
0D + OHDDEH +

1 _ZJHN == ZH +®HN

Figure 3. The pyridine forming reactions which are likely to

occur during the reaction of ethanol and ammonia in the

using zeolite HNu—-10 or HZSM-5 as the

presence of air,

catalyst.
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3) . Ammonia which is in equilibrium with acidic sites (I)
reacts with ethanal (II) whereafter a C-C cleavage, forming
methylimine out of ethylimine is possible (II1). In another
route formaldehyde is formed by fragmentation of ionized
ethanol and reacts with the zeolite—ammonium system (III).

Generally imines are fairly unstable and polymerize
easily. Interactions with the Bronsted acid sites of the
zeolite might prevent these polymerizations by keeping the
adsorbed imines separated. The addition of a molcule of
ethene to these imines is possible. Howver, this type of
propagation will not be discussed.

In a second step another C1 or C, aldehyde may add to the
deprotonated imine, followed by dehydration (IV-VI). The
bismethyleneimine formed in VI is unlikely to occur under
these reaction conditions and shall not be discussed. The
intermediate IV is very reactive and is able to react with
an aldehyde on the C of its C=N group (43) as well as on the
C of iﬁs C=C group (VII, VIII, respectively). Ring closure
and aromatization then leads to 2- and 4-methyl-pyridine,
respectively. Similarly intermediate V can react with

another 02 or Cq aldehyde.

When methylamine is used instead of NH3 the results bear
mechanistically a resemblance to those obtained with the
EtOH/NH3 system. However the Cy—fragment is already present
from the beginning of the reaction, intermediate V might be
involved, explaining the high selectivity towards pyridine
and 4-methylpyridine. especially at larger MeNHz:EtOH
ratios.

For a mixture of ethylamine and EtOH with Nu-10 as the
catalyst reaction products, similar to those observed using
NH5, are obtained as expected (confirm Chapter V). The
presence of products as 2-methyl-5-ethylpyridine and
2.6-dimethylpyridine, when ZSM-5 is used. not only supports
alkylation via the C=N group (intermediate VII) but also
supports the existence of a very fast C-C scission for
ethylamine resulting in a high pyridine selectivity. The
absence of these products in Nu-10 catalysis can be
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explained by the fact that Nu-10. with its parallel channel
lattice, lacks the presence of channel crossings,
restricting the size of the intermediates (transition state
gselectivity) .

The pyridine-forming reactions result in pyridines
adsorbed in the zeolite. An experiment by Camia et al. (43)
regarding competitive chemisorption of NH5 and pyridine on
ZSM-5 shows the heat of adsorption of ammonia and pyridine
onto the Bronsted sites of the ZSM-5-catalyst to be 207 and
222 kcal/mole, respectively.

PyH-Zeolite + NH3-<h—Jl NH,-Zeolite + Py

Increasing the ammonia or methylamine concentration in the
feed shifts the equilibrium to the right leading to higher
conversions towards pyridines as depicted in Table 1,
columns 4,5,7-9 and Figure 2. Especially the increase in
4-picoline selectivity and the decrease in C02 formation are
noticeable. As can be seen in Figure 2, at 350°C the
zeolite reaches maximum selectivity of almost 80% towards
pyridines at a methylamine:ethanol ratio of 3:3.

The high conversions gained using alkylamines might at
least partly be due to their baéicity (45) . Alkylamines more
easily remove a pyridine from the zeolite's acid sites than
ammonia, shifting reaction presented above further to the

right.

The existence of such an ammonia/pyridine equilibrium in
HNu-10 is shown in Figure 4 which gives NH3—TPD curves of

various—samples- Ln—Figure—4awa—LstandardL_NH3=TED_spectrum*ﬁ__A
is depicted (code ABCDEF) showing the well known peaks for
physisorption, medium and strong acid sites.

When heating a HNu-10 sample, used for a EtOH + NH3

reaction, without any further modifications (code F) two
desorption peaks are found. A small one around 120°C and a
larger one around 600°C. The latter can be attributed to
pyridines (46). Upon passing ammonia over the 'used'

catalyst (code DEF), at room temperature., an increase in the

area of the physisorption peak 1s observed together with a
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Figure 4. Several TPD spectra
used for a reaction of EtOH +
lettercodes provided show the
Explanation
1 night.

relevant sample.
under air; 550°C:

B=

T T
400 600

—=T(°C)

T
[¢] 200

of zeolite HNu-10 (sample B)
The
order of treatment for the

of the letters: A=calcination
heating to 700°C; 20°/min:

NH3 towards pyridines.

under N2. C=cooling down to room temp.; under NZ‘ D=NH3—

adsorption at room temp:

30 min.

E=desorption excess NH3 at

room temp; under N2. F=heating to 640°C; 10°/min: under N2.
G=heating to 360°C; 20°/min; under N2. H=NH3—adsorption at

360°C; 20 min.
and M are similar to F, C and
N2.

minor change in the peak around 600°C,
exchange of pyridine for NH3 at the acid sites.

upon passing ammonia over the
GHIDEF)

I=cooling down to room temp: under NH3. K, L

E but air is used instead of

indicating almost no
However

'used' catalyst at 360°C (code

a substantial decrease in the area of the

high-temperature peak together with a broadening of this

peak is found, indicating the

existence of an

ammonia/pyridine equilibrium on HNu-10 under these

conditions.

The NH3—TPD spectrum of a 'used’ HNu-10 catalyst (Figure

4a,

code BCDEF) shows a decrease in desorption peaks
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corresponding to the coverage of Lewis as well as Bronsted
acid sites indicating 'coke' products, when compared to the
NH3—TPD spectrum of a calcined HNu-10 sample (code ABCDEF).
Using air instead of nitrogen as a carrier gas the
intrazeolitic role of oxygen is emphasized once more; the
spectrum of a 'used' catalyst heated in air (Figure 4b, code
K) shows the consumption of oxygen between 300 and 600°C
causing negative TPD peaks. Passing ammonia over this
‘calcined' catalyst (codes KLDMK and KLDMKDEF) shows the
regeneration of both Lewis and Bronsted acid sites. No
explanation was found for the occurrence of the shoulders
around 530°C for the spectra coded K and KLDMK.

CONCLUSIONS

The reaction mechanism for the reaction of ethanol and
ammonia towards pyridines over the high silica zeolites
HZSM-5 and HNu-10, proposed in this Chapter, is supported by
the experimental results, although further investigations
are necessary. The strong acid sites on zeolites like
mordenite, X or Y prevent the release of pyridines resulting
in almost no catalytic activity towards these compounds
(3.6).

The role of oxygen, in the reaction of EtOH and NHj
towards pyridines, is not only the production of aldehydes,
necessary to complete the reaction, but also to restore the
radical sites and to 'de-coke' the zeolite, in order to keep
the reactive sites accessible.
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CHAPTER VI1
AN EXPLORATORY STUDY OF THE HYDROXYALKYLATION OF PHENOL
WITH GLYOXYLIC ACID OVER VARIQUS A]l~CONTAINING CATALYSTS.

GLYOXYLATE AS A NEW A1-EXTRACTING AGENT

ABSTRACT

The hydroxyalkylation of phenol with glyoxylic acid over
various Al-containing catalysts in agqueous medium has been
studied. The catalytic activity of Al-containing solid

materials could be traced back to dissolved AlIII

~—ions which
catalyze the reaction of phenol and glyoxylic acid towards
hydroxymandelic acid in a homogeneous way. Dealumination of
zeolite Na-Y by agueous glyoxylic acid has been studied. An
initial 'zeolite concentration' effect on the Si-concen-
tration in the solution followed by the establishment of an
equilibrium in Si and Al concentrations was observed during

the reaction. Addition of Cull

or phenol to the initial
solution influences the maximum Al-concentration in the

extraction liquid.

INTRODUCTION

The alkylation of aromatic compunds was first described by
Friedel and Crafts (1) while performing an experiment on the
halogenation of benzene under the influence of aluminum
chloride. Nowadays, reactions of the Friedel-Crafts type
are associated with various acid-catalyzed alkylations and
acylations of aromatic and aliphatic compounds (2).

In this Chapter the reaction of phenol and glyoxylic acid
(3) towards hydroxymandelic acid will be considered. It is
known in literature that phenol can react with glyoxylic
acid under acidic as well as under basic conditions.
Generally, acid catalyzed reactions of phenol with aldehydes
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or ketones result in bisphenol-type products (see for
example reference 4), which are. amongst others, good
starting materials for the production of epikote resins and
polycarbonate polymer materials. Both Hubacher (5) and the
Nippon Synthetic Chemical Industry Co. Ltd. (6) describe the
acid catalyzed reaction between phenol and glvoxylic acid.
resulting in bis(4-hydroxyphenyl)acetic acid. Here. the
intermediate compound 4-hydroxymandelic acid enters into a
fast consecutive reaction.

oH
H 0 , i

4. . HO-@—-C—@—OH+O,P'+0,0'
Vi \ pH=4 |

d Ho on

In contrast to the acid-catalyzed reactions, reactions in
alkaline media give 4— and 2-hydroxymandelic acid, the first
compound being an intermediate in the synthesis of
amoxycillin and cephalosphorin type antibiotics and the
latter compound being an intermediate in the synthesis of

some Sequestering agents.

H O
W ° OH OH OH (l: C//
/ o -
>;':—c< + —3—42—3— + S bome  (M=NaKEtNH)
[e) HO
. HO—C'—H
Cc
‘" o” Nom*
H o]
/
HO:?—QQ
HO [¢]

The first preparation of 4-hydroxymandelic acid in an
agueous—alkaline—environment-has--been-reported. by Riedel=de
Haen (7) in 1936. A disadvantage of the reaction conducted
at high pH is the sensitivity of aldehyde derivatives
towards the Cannizzaro reaction (8): upon heating in water
at pH>7, glvyoxylic acid reacts towards oxalic acid and
glycolic acid. This side reaction can be suppressed by
carrying out the reaction at room temperature but then
excessive reaction times are required for the hydroxy-
alkylation. However, Schouteeten and Christidis (9)

describe a procedure using higher temperatures and a

- 110 -



Chapter VII Introduction

relatively short reaction time at pH>»10, yvielding mainly
4-hydroxymandelic acid (p/o ratio = 6).

In a search for a new and milder procedure to prepare 4-
(or p-)Yhydroxymandelic acid, we explored the use of zeolites
as a shape-selective catalyst for this reaction, considering
the well known para-selectivity of medium pore zeolites for
alkylation reactions of aromatics. Also the clay mineral
Hydrotalcite. with basic interlayers (C032_, OH ) has been
included in this study. However, the results obtained
induced us to focus our attention on the dealuminating
propertiesg of glyoxylic acid as well as on the reaction
towards hydroxymandelic acid., homogeneously catalyzed by the
extracted Al-ions. Both aspects, the reaction towards
hydroxymandelic acid and the exploratory investigation
regarding the dealumination of zeolite Na-Y are presented in
this Chapter.

EXPERIMENTAL

Catalysts: The molecular sieve materials HZSM-5 (Si/Al =
36), Silicalite-1l and HNu-10 (Si/Al = 45) were synthesized
according to procedures described in Chapters II11 and IV.
The zeolites H-Mordenite (large pore; Zeolon 100, Norton) -
and Na-Y (SK40. Union Carbide) were commercially available.
RE-Y (Rare Earth exchanged Y) and amorphous silica—alumina
cracking catalyst LA-LPV (13wt% Al,04) were obtained from
AKZO Chemie. Amsterdam. H~Y was obtained by exchanging Na-Y
with a 1M NH4NO3 solution (10ml/g) at 80°C, followed by
calcination at 500°C. NaCu-~Y was prepared similarly using a
0.1M CuCl, solution (10ml/g zeolite).

The clay mineral Hydrotalcite, [Mg4A12(OH)12]C03, was
prepared as follows (10). Two solutions were made: The first
contained 0.30 mol Mg(N03)2.6H20 and 0.15 mol Al(NO3)3.9H20
in 700 ml H20 while the other solution contained 1.13 mol
Na2C03.0H20 in 1050 ml H20. In a 2L beaker 300 ml HZO was
heated up to 80°C. By addition of a small part of the Na2CO3
solution the pH of the solution was brought to 8. Then,
under good stirring both the nitrate and carbonate solutions

- 111 -



Experimental Chapter VII

were added dropwise to the solution. During the addition,
which took about 1 hour, the pH as well as the temperature
were kept constant. Subsequently the suspension was stirred
for another 30 minutes at 80°C. The precipitate was filtered
off over a Buchner funnel, washed with 2 litres of water of
80°C and dried overnight at 80°C.

Phenol alkylation: Experiments involving the preparation

of hydroxymandelic acid were performed as follows: an
aqueous 0.5M glyoxylic acid (Merck) solution and phenol were
mixed in a 1:1 molar ratio. The Al-containing catalyst
(2g/100ml) was added and the reaction mixture was stirred.
For the homogeneous reactions in the presence of alll or
MgII the molar ratio glyoxylic acid:M™ was 3:1. NaOH was
added to adjust the desired pH value. Details regarding pH,
reaction time and temperature are presented in Table 1.
Stirring was performed during the reaction.

Dealumination reaction: A 0.20M glyoxylic acid solution,

adjusted to pH=3 with NaOH, was used for all experiments.
For every experiment 50 to 150 ml of this solution was
placed into a water—thermostatted glass reaction vessel
equipped with a reflux unit and a magnetic stirrer bar. The
temperature of the reaction vessel was kept at 70°C for all
dealumination reactions. An amount of Na-Y zeolite was
added to the hot solution at t=0. Samples (1 to 2 ml) were
taken by using a hypodermic syringe and filtered over a 0.45
pum micropore filter (Gelman Sciences) and subsequently
stored in small sample flasks in a refrigerator, awaiting

Analyses: Determination of the hydroxyalkylation products
was performed by HPLC analysis., using a Waters Associates
chromatography pump M-45, differential refractometer RI 401
and a Spectraphysics SP4100 integrator. The following
conditions were employed: column C18 Nucleosil RCM 100
Module; eluent MeOH/HZO/TFA 10/90/0.1 and RI detection. The
metal ion concentrations in the aluminum extraction liquids
were determined by AARS on a Perkin Elmer 460 Atomic
Absorption Spectrophotometer.
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RESULTS AND DISCUSSION

— Phenol hydroxyalkylation

The experimental results are summarized in Table 1. In the
absence of a catalyst hydroxymandelic acids are formed at
high pH values only. The zeolites with a high Si/Al-ratio
(>10) as Silicalite-~1l, HZSM-5, HNu-10 and with an
intermediate Si/Al-ratio as H-Mordenite show almost no
catalytic effect. They even seem 1o suppress the reaction
at pH=6.0 when compared to the reaction without catalyst.
The low Si/Al (<5) materials as zeolite Y and LA-LPV as well
as the clay Hydrotalcite did catalyze the hydroxyalkylation
reaction but were also found to dissolve partly during the
experiments. This indicated that dissolved aluminumIII
coordination compounds might be responsible for the
formation of hydroxymandelic acid. Tests using Al(NO3)3 as
homogeneous catalyst, confirmed the extraction/reaction
idea.

Meanwhile it has been ascertained by de Vos Burchart et
al. (11) that the zeolites Z58M-5, Silicalite-1. Nu-10 and
Mordenite are essentially unaffected by glyoxylic acid under
the conditions of Table 1.

The difference in results obtained for LA-LPV at low and
medium pH values (although carried out at 100°C) indicate a
pH~dependence of the o/p-ratio. The dependence of the o/p
ratio upon the pH as well as the use of other multivalent
metal ions as homogeneous catalyst in the alkylation of
phenol by glvoxylic acid (cf. Table 1 the results obtained
with NaCu~Y and H-Y) were investigated subsequently in more
detail by Hoefnagel et al. (12). Figure 1 illustrates the
product composition vs. time of a reaction mixture

containing GaIII

as the homogeneous catalyst at pH 5 and
100°C. Also some disubstituted products are observed. For
AIIII, CuII and ZnII as the catalyst the influence of the pH

on the o/p-ratio is depicted in Figure 2.
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Table 1. Reaction conditions and results for the reaction
of phenol (0.5M) and glyoxylic acid (0.5M) towards 4—- and
2-hydroxymandelic acid.

Catalyst pH Reaction Conversion o/p
time temp phenol (%) ratio
(min) (°C)
— 2.2 120 70 0 -
— . 6.0 180 100 7.8 0.41
_--b >10 30 70 80.0 0.11
Silicalite-~1 6.0 180 100 0 -
HZSM-5 2.4 30 70 0.5 0.0
HZSM-5 6.0 180 100 1.3 0.43
HNu-10 6.0 180 100 1.8 0.47
H-Mordenite 2.6 30 70 1.0 1.08
H-Mordenite 6.0 180 100 1.8 0.39
Na-y2: 3 3.0 145 70 17.4 9.00
- H-Y? 6.0 180 100 21.8 2.13
NaCu-v2'9d 6.0 180 100 66 .5 1.69
RE-Y?) 6.0 180 100 12.6 1.94
LA-LPV2) 2.6 30 70 20.2 9.00
LA-LPV? 6.0 180 100 43.3 3.04
Hydrotalcite?) 2.1 30 70 44.8 10.11
Hydrotalcite?) 5.2 30 70 45 .2 0.89
Hydrotalcite?) 7.6 30 - 70 55.3 0.64
A1(NOS) 5 2.8 30 70 49.9 5.43
Mg (NO3) , 1.3 30 70 0 -
o) Reaction according to Schouteeten and Christidis (9).
__H~___‘ﬁ_M‘_Eng§E§}yst partly dissolved during rection. 3’ Molar
ratio (675&7‘§T;B§?1ic acid:phencl 17373 4) pfter the

—

reaction Cu({I) visible in solution.
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100 r
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Figure 1. The homogeneously catalyzed hydroxyalkylation of
phenol (0.5M) by glyoxylic acid (0.5M) in water with GaIII
(0.05M) as the catalyst. Temperature 100°C, pH 5. x =
amount of phenol present. Selectivities towards (e)
2-hydroxymandelic acid, (m) 4-hydroxymandelic acid + 2,4~
subst. and (o) 2,6 dihydroxymandelic acid.

~ Dealumination of zeolite Na-Y by glyoxylic acid

A literature survey on the dealumination by low molecular
weight organic acids revealed the following:

Dealumination of =zeolitic materials by glyoxylic acid has
not been described before. By contrast the use of the
somewhat related dicarboxylic system, oxalic acid, for the
dealumination of zeolites has been reported in the
literature (13-15). Also data can be found regarding the
association constants of Al-oxalate coordination compounds.
For example. Sjoeberg and Oehman (16) describe the
equilibria of aluminumIII-oxalic acid-hydroxide systems. By
means of potentiometric and 27A1 NMR measurements these
authors determined the successive formation of the complexes

[J&l(oxalate)nja-2n with n=1,2,3. These mononuclear
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% ortho - substitution

80 A
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Figure 2. The influence of the pH on the hydroxyalkylation
reaction of phenol (0.5M) with glyoxylic acid (0.5M) cata-
lyzed by zn!l (<), cu!l (o) and a1!'! (@) (0.025M) in water.
100°cC.

complexes are found to predominate. Besides the formation
of the polynuclear mixed hydroxo—complexes AIS(OH)3—
(oxalate) 3 and [AIZ(OH)Z(oxalate)4]4— were established.
These authors also describe the increase in 'solubility' of
clay minerals such as kaolinite when low concentrations
(10_5 mol/1l) of ligands (L) such as citric acid or oxalic
acid are present. For kaolinite this increase is restricted
to solutions with 5¢pH<9 for oxalic acid and with 4<pH<7 for
citric acid and is ascribed to the formation of AlL and AlL,

complexes-—-

For zeolites Basinskii et al. (13) as well as Urbanovich
et al. (14) report the use of oxalic acid in the dealumi-
nation of Y-type zeolites. Basinskii et al. investigated
the decrease in catalytic activity due to dealumination of
NaLa-Y and NaCa-Y by oxalic acid under reflux conditions.
Urbanovich et al. treated an ultrastable zeolite Na-Y with
0.05M oxalic acid to remove intrazeolitic (non-framework)
Al-species, present after hydrothermal treatments at 550 and
830°C.
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Another application is claimed by McVicker et al. (15) in
which metal contaminations present in hydroconversion
catalysts (Al,04, A1203—Sio2 or zeolite) are removed by
contacting the catalyst at 0-100°C with buffered 0.0001-5M
oxalate solutions (pH 3-10) without dissolving the support.

In view of the results obtained during phenol hydroxy-
alkylation zeolite Na-Y (Si/Al1=2.8) was selected to study
the dealuminating properties of glyoxylic acid. The
influence of the glass reaction vessel upon the Si and Al
measurements may be neglected as judged from the following
experiment. A blank reaction under standard conditions in
the absence of zeolite Na-Y shows no increase in Si and Al
concentration after 300 minutes.

The results of a series of dissolution/extraction experi-
ments with different initial amounts of Na-Y are shown in
Figures 3 and 4. It may be noted that complete dissolution
of 1 g Na—Y into 1L of 0.2M glyoxylic acid would result in a
maximum value of 4.1 mmol Al and 7.4 mmol Si (131.6 and
238.7 ppm, respectively).

As can be seen in Figures 3 and 4 bhoth Si and Al are
removed from the zZeolite material. Remarkable is the large
increase in Si—concentration at the start of the reaction,
which bears an almost linear relation to the initial 'Na-Y
concentration’'. For Al the concentration in solution rises
rapidly to about 370 ppm. At the end of the reaction a
maximum equilibrium of 470 ppm Al seems to be established.
For Si an equilibrium concentration around 200 ppm is
observed, giving a maximum (Si + Al) concentration of about
670 ppm at 70°C and pH=3 after 300 minutes reaction time
(which accounts for a (Si + Al) :glyoxvylic acid ratio of
1:12.8) showing glyoxylic acid still to be in large excess.‘
It may also be noted that the pH of the solution does not
change significantly during the reaction. At the start of
the reaction the pH rises to 3.2 and at t=300 minutes a
value of 3.4 is observed.
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A

1 1 1

o) 100 200 300 400 500

Reaction- time-(min)—————————~

Figure 3. Si and Al concentration versus time of the 0.2M

glyoxylic acid solution during dealumination of zeolite Na-Y

at 70°C and pH 3. Influence of the initial amount of Na-Y.

0=4.8, 0=19.7, 2=40.6 and v=80.0 g Na-Y/1.
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si,Al
PPM 400}
300}
200}
100
(o]} 1 1 l
O 20 40 60 80 o
gNa-Y/I

Figure 4. Effect of the initial amount of Na-Y upon the Al
(e.m) and Si (o, concentration in solution after a
reaction time of 6 (@,0) and 300 (m,0) minutes. Conditions:
0.2M glyoxylic acid, pH 3, 70°C.

A comparison with similar dissolution experiments using
nitric acid (Table 2) shows that nitric acid is not
extracting Al from zeolite Na-Y whilst the Si-dissolution
seems to be pH-dependent. For the high concentrations of Si
observed in the reactions with glyoxylic acid as extractant.
having an initial Na-Y concentration of 40.6 and 80.0 g/1, a
possible explanation may be the presence of small amounts of
amorphous silica-rich material in the Na-Y zeolite sample.

The decrease in Si concentration in solution measured at
Na-Y concentrations above 20 g/1 might be explained by the
observed flocculation of amorphous material (presumably
silica~alumina) during the extraction reaction. The
Al-curves do not show such a maximum and are all similar in
shape (Figures 3 and 4). De Vos Burchart et al. (11)
observed no significant decrease in glyoxylic acid
concentration during the reaction excluding precipitation of
glyoxalate compounds. Therefore it can be assumed that a
maximum Si and Al concentration is allowed in the solution.
After this equilibrium has been reached extraction from Si
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Table 2. Results for dissolution/extraction experiments
using glyoxylic acid or nitric acid. The initial 'Na-Y
concentration’', the acid used, the initial pH and the
reaction time are given below. Reaction temperature was
70°C.

19.7 g Na-Y/1l, 0.2M Glyoxylic acid

pH = 3
Reaction pH ppm PPM
time (min) Si Al
6 3.3 156 280
17 3.3, 171 312
280 3.4% 168 418
25.3 g Na-Y/1, HNO5V 21.1 g Na-Y/1, HNO,?)
Reaction pH pPm PPmM Reaction pH PPmM ppm
time (min) Si Al time (min) Si Al
5 3.41) 51 <10 6 6.5 <10 <10
10 2.91) 82 <10
235 3.1 132 <10 347 6.9 22 <10

1) Diluted HNO, used. After zeolite addition extra HNO,
added during the course of the reaction to mantain pH 3.
2) Diluted HNO3 (pH=3) used as starting material. After
Na-Y addition the pH rose to 6.5.

or Al from the zeolite material causes precipitation of
material of low solubility.

The relatively high phenol conversion observed when using

NaCu-Y as the catalyst (cf. Table 1) might be due to

II

homogeneous catalysis by AlIII and Cu ions and induced us

11

to—investigate—the—effect—ofCu-~ present—in the-solution-or

in the zeolite upon the progress of dealumination. For this
purpose an experiment was carried out in which zeolite Na-Y
(21.4 g/1) was subjected to a solution containing Cull as
well as 0.2M glyoxylic acid and pH 3 initially. The initial
molar Cu/Al ratio was 0.78. Figure 5 shows the resulﬁs.
First rapid CuII—NaI ion exchange is observed, causing the
Cu concentration to decrease below 2300 ppm. The addition
of cull has hardly any effect on the Si-extraction when

compared to the treatment of a sample having a similar Na-Y
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IT

concentration (19.7 g/1) in the absence of Cu The amount

of dissolved Al however, increases substantially in the

II. During zeolite dealumination the exchanged

presence of Cu
CuII cations return again in the solution indicating the
loss of zeolitic anionic sites. The observed decrease in Cu
concentration after 150 minutes might be due to newly
created Cu-binding-sites in the deposited amorphous

silica—-alumina.

In order to study any effect of the presence of phenol in
the dealumination of Na-Y by glyoxylic acid, a reaction
mixture, having a Na-Y concentration of 13.5 g/l and a
phenol:glyoxylic acid (0.2M) molar ratio of 3.3:1, has been
examined. By comparing the amount of dissolved Si (see
Figure 6) with experiments in which phenol is absent it can
be concluded that the Si-extraction is not influenced by the

600 - - 3200
ppm ppm
Si, Al Cu

500 3000

- -0

400 . 2800

300 - 2600

200 2400

o O~ ——-0
100 2200
0 2000

— T T T T
0O 100 200 300 400 500
reaction time (min)

Figure 5. Effect of the addition of Cu'l (added as cuCl,) to

the initial reaction mixture on the dealumination of Na-Y by
glyoxylic acid. e,0 = Si concentration; m,0 = Al concen-—
tration for a Cu containing solution {(e.m) having an initial
Na-Y concentration of 21.4 g/1 and reference solution (o.O)
without Cull, with an initial Na—Y concentration of 19.7
g/1. ¥ = Cu concentration in the solution; —-—. = jinitial
Cu concentration.
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addition of phenol. By contrast, an increase in
Al-extraction is observed. The phenol conversion towards
hydroxymandelic acid seems to be almost complete after 500
minutes. The o/p ratio of the hydroxymandelic acid formed
was 8.9 and remained constant during the reaction period.

The fact that no effect on the dealumination is observed
during the progress of the phenol alkylation reaction might
be explained by the observations by de Vos Burchart et al.
(11) that 4-hydroxymandelic acid as well as glvoxylic acid
is capable of extracting Si and Al from zeolites.

Hoefnagel et al. (11) propose that metal complexes of
glyoxylate are the ke? intermediates in the phenol hydroxy-
alkylation reactions. As shown on the next page the ortho
substitution is assumed to involve coordination of both
organic reactants to the metal cation catalyst, explaining

Ppm
Si,Al

v T ) I 1 T
0 100 200 300 400 500
reaction time (min)

Figure 6. Effect of the addition of phenol to the initial

reaction mixture on the dealumination of Na-Y by glyoxylic
acid. @ = Si concentration: m = Al concentration for the

phenol containing solution; v = phenol conversion; ~:-=—: =

maximal phenol conversion.
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the high o/p ratio. Though phenol coordination is
relatively weak, ionization of coordinated phenol will
result in a highly active system. Cations with a high
charge density are assumed to be the most effective catalyst

for this reaction.

p-substitution of phenol

RN
>c L—Qro — <O
/N
\ r'o :
\Mn"’ ' \Mn{'

o-substitution of phenol

o H
\Y /
-)/c—c\\ —_—
¢ o

\Mrl’o_ _o-

In conclusion, our experiments show the ability of
glyoxylic acid to extract Al (+ Si) from zeolitic or related
materials with a low Si/Al-ratio. A detailed reaction
mechanism for this dealumination can not be presented at
this moment. Further investigations regarding the

dealumination are in progress in this laboratory (11).
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CHAPTER VIII
THE GEOMETRY OF TETRAPROPYLAMMONIUM IONS IN CRYSTAL
LATTICES. CRYSTAL AND MOLECULAR STRUCTURE OF BIS-(TETRA-N-

PROPYLAMMONIUM) -BIS ( u-2-CHLORO) -TETRACHLORO-DI-COPPER(II)

ABSTRACT

The conformation of the tetrapropylammonium (TPA) ion in
crystal lattices is reviewed. In the crystal structures
examined two different TPA conformations occur regularly,
both having CCNC torsion angles around 180, 60 and —-60°.
Eclipsed conformations (CCNC torsion angles of 0, 120 and
-120°) are observed exceptionally. A relation between shape
and size of the anion and the conformation of TPA is
proposed. When occluded in the zeolite ZSM-5 TPA exhibits
an energetically unfavourable conformation which is probably
due to interactions of the terminal methyl groups with those
of neighbouring TPA ions.

(N(C3H7)4)2Cu2C16. M,=712.54, triclinic, PI. a=9.365(1).
b=9.352(1). c=11.866(2) A. «x=106.45(1). B=100.05(1).,
3=113.30(1)°. V=866 A3, z-1. D, =1.37 g/cms, X (MoKe) =0.71069
A, p=1.75 mm'l. F(000)=374. T=290 K. R=0.038 for 3252
observed reflections. The structure consists of dimeric
Cu'2C16 units. Each copper atom shows a distorted
tetrahedral coordination to four chlorine atoms. Both

tetrahedra are linked by sharing an edge.

INTRODUCTION

Since the introduction of the tetrapropylammonium (TPA)
ion as a template for the synthesis of zeolite ZSM-5 (1) its
structure directing role is under discussion (2~4). In
zeclite synthesis TPA. as well as other tetraalkylammonium
ions. seems to direct the topology of the framework and to
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stabilize it when formed.

The synthesis of a ZSM-5 single crystal. large enough for
a single crystal X-ray structure determination. has been
described by van Koningsveld et al. (5). In this article
the Z5M-5 framework structure as well as the location and
conformation of the TPA ions are determined accurately and
compared with structural data of TPA-ZS5M-5 crystal
structures reported earlier (6-8).

Molecular mechanics calculations on the conformations of
4,4-dipropylheptane (tetrapropylimethane. structurai
isomorphous to TPA) by van de Graaf .(9). show that
4,4-dipropylheptane posesses two structurally different
favourable conformations. Both conformations are very close
in steric energy, having a difference of only 0.24
kcal/mole.

The two essentially iso—-energetic conformations can be
conveniently considered by examining the six heptyl chains
present in the system and by numbering the four propyl
grouos of 4,4-dipropylheptane clockwise 1-4.

Figure 1. The two energetically favourable conformations of

4.4-dipropylheptane as calculated by van de Graaf (9). The
small circles represent H-atoms.
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In conformation A (Figure la) two heptyl chains (1-3 and
2-4) are in an all—-trans conformation. whereas in each of
the other four heptyl chains (1~-2. 1-4. 2-3 and 3-4) two
gauche butane interactions are present. In conformation B
(Figure 1b) all-trans oriented heptane chains are absent: in
two heptyl chains (1—-4 and 2-3) two gauche interactions are
present. whereas in the other four heptvyl chains one gauche
orientation can be observed. Thus conformations A and B

posess the same total (8) of gauche interactions.

It may be noted that conformations around C2—C3 and C4*C5
are always trans.

The conformations of TPA (as reported by van Koningsveld
et al. (5)) in 2Z25M-5 deviate from the ideal conformations A
and B described above. To see 1f the conformations as
described for 4.4-dipropylheptane also exist for TPA and to
find out if deviations as reported for TPA-ZSM-5 (%) occur
more freguently. a literature search on TPA-containing

crystal structures has been undertaken.

As this literature search revealed a possible correlation
between .the size of dimeric anionic compounds and the
TPA-contormation. the crystal structure of the title
compound has been solved because we expected it to

interpolate in the series of known (dimeric) structures.
EXPERIMENTAL

- (TPA)Z—Cu2C16 preparation and structure refinement

A hot solution of 0.IM TPA-Cl in 96% ethanol was added
slowly to an equimblar amount of CuC12.2H20 dissolved in 96%
ethanol. Yellow-brown crystals of (TPA)Z—CuZCI6 were drown
by slow evaporation at room temperature. Approximate
crystal size 0.15 x 0.20 x 0.25 mm. [In a similar way
crystals of TPA—Br and CuC12.2H20 were prepared. The latter
structure was also solved by Patterson and Fourier
techniques. However. this analysis will not be reported
because of disorder of the Br- and Cl-atoms.
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A single crystal of the title compound was measured on an
Enraf Nonius CAD-4 diffractometer. Mo-Ka radiation,
monochromated by graphite. was used for the determination of
the unit cell parameters as well as for measuring the
reflection intensities. The cell parameters were calculated
from setting angles of 25 reflections with 15<6<19°. Range
of hkl: 0-12. -12-11. #15. & ... = 28°. 4169 independent
reflections were measured. 3252 reflections with 1>2.85c(1)
were used. /28 scan. scan width = 0.95 + 0.35tané&,
max. recording time 120 s. Ycount (1) /1<0.02 was requested in
a scan. Three reference reflections showed a decay of 2.0%;
a correction was applied. The data ware not corrected for
absorption.

The structure refinement was carried out using as start
positions the coordinates of the TPA—Br—CuC12 compound. The
structure proved to be isomorphous. A full-matrix
least—squares refinement was carried out on F with
anisotropic thermal parameters for all non-H atoms. The
H-atoms were located from the difference Fourier map and
refined with fixed isotropic thermal parameters set equal to
those of the parent C-atoms. The model converged with 3252
observations and 239 variables to R=0.038. wR=0.042. w=1,
5=1.13, (A/p)max=0.8 {z-value H(422)1. The final ap is less
than 0.60 eA™> (~ at Cl1(3) position). Scattering and
anomalous—-dispersion factors for Cu and Cl were taken from

the International Tables for X-ray Crystallography (10).

All calculations were carried out on the Delft University
Amdahl 470/V7B computer using programs of the XRAY72-system
(11) .

- TPA Geometry determination and definitions

To distinguish between the stable conformations as
calculated by van de Graaf (%) we name the TPA ion in which
two heptyl chains (1-3 and 2-4) are in an all-trans
orientation. conformer A (Figure la) and the other conformer
B (Figure 1b).
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Figure 2. Definition of «. A and % carbons in TPA. The
numberings 1, 2. 3. 4 are related to the propyl chains and

are used in Figure 3 and in Table 3.

The crystal structure parameters and atom coordinates for
all TPA~-containing compounds (except for ZSM-5 and the title
compound) were obtained from the Cambridge Structural
Database (12).

In refinement of the TPA-ZSM-5 structure Waser constraints
were arplied (5). These coordinates were used in defining
the conformation of TPA.

The geometry of the TPA ions in the crystal structures
described was determined by calculating the torsion angles
of the Cia—N bonds as well as Qf the Ciamciﬁ bonds. The
torsion angles « and B were calculated as the dihedral angle
between the planes formed by the atoms Cia_N_Cja and
N_Cia—CiB for «. and by the atoms Lia-CiB—Cizs and N’Cia‘biﬂ
for f (see Figure 2). The geometry is defined by twelve «

and four B angles.
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Figure 3. Newman projections of the Cla—N bond (a) of
conformation A. (b) conformation B and of (¢} an eclipsed

conformation (E). The numbering is defined in Figure 2.

Figure 3 gives Newman proiections of the Cla—N bond in
conformation A (Figure 3a) of the Cla_N bond in conformation
B (Figure 3b) and of the Cla bond in case of an eclipsed
conformation in the Clﬁ—clm_N_C3a fragment.

As the numbering of the propyl chains is not essential
changes in « can not be used directly for the distinction
between conformation A and conformation B. However, for
conformation A the 12 «x-values assigned to these chains are
always pairwise equal when following any heptyl chain vice
versa. This does not hold for conformation B. Here 1in just
two of the six heptyl chains (i.c. 1-4 and 2-3, cf. Figure
2) such vice versa equality of o's 1s encountered.

RESULTS AND DISCUSSION

- (TPA)Z—Cu2C16 crystal structure

The final positional parameters are reported in Table 1.
Relevant bond distances and angles afe listed in Table 2.
Lists of anisotropic temperature factors. H-atom positions
and bonds involving H-atoms are included at the end of this
Chapter. For reasons of clarity the numbering of the TPA

atom parameters differs from those defined in Figure 2.
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Table 1. Final fractional! coordinates and equivalent iso-

tropic temperature factors (Az) for the non-hydrogen atoms
with e.s.d.'s in parentheses. Ueq = (U11 + U22 + U33)/3.
Atom xX/a vy/b z/c Ueq
Cu -0.05243(6) 0.55249(5) 0.37898(4) 0.0447(2)
Cu' 1 0.05243(6) 0.44715(5) 0.62102(4) 0.0447(2)
Cl(l) 0.0653 (1) 0.7919 (1) 0.3553(1) 0.0695(4)
Cl(2) -0.1838(1) 0.4189 (1) 0.4964(1) 0.0593(3)
C1(2‘)1) 0.1838(1) 0.5811 (1) 0.5036 (1) 0.0593(3)
Cl(3) ~-0.2566(2) 0.4076(2) 0.2028(1) 0.0679 (4)
N 0.5101(3) 0.7967(3) 0.2414(3) 0.040(1)
C(l1) 0.5423(5) 0.8059(5) 0.3736(3) 0.047(1)
C(12) 0.6135(7) 0.6964(6) 0.4048(5) 0.072(2)
C(13) 0.6390(6) 0.7246 (6) 0.5390(4) 0.060(2)
C(21) 0.4359(5) 0.9145(5) 0.2362(3) 0.045(1)
C(22) 0.3980(7) 0.9347(7) 0.1153(4) 0.069(2)
C(23) 0.3168(7) 1.0473(7) 0.1231(5) 0.078(2)
C(3D) 0.3954(5) 0.6170(5) 0.1470(4) 0.046(1)
C(32) 0.2286(6) 0.5316(6) 0.1608(5) 0.061(2)
C(33) 0.1250(7) 0.3617(7) 0.0536 (6) 0.072(2)
C(41) 0.6686(5) 0.8519 (%) 0.2084(4) 0.048(1)
c42) 0.8013(6) 1.0304(6) 0.2866 (5) 0.059(2)
C(43) 0.9388(6) 1.0774(7) 0.2347(6) 0.070(2)

D Cu' and Cl(2') are centrosymmetrically related to Cu
and Cl1(2). respectively.

The structure contains a nearly symmetrical dimeric
dihalogen-bridged unit as depicted in Figure 4. The Cu atom
is coordinated by Cl in a distorted tetrahedron. The
bridging Cu-Cl distances are 2.321(1) and 2.307(1) A. The
distances of Cu to the terminal Cl atoms are equal within
experimental error (2.195(1) A). Similar TPA-containing
dimeric dihalogen—-bridged units are found for example in
crystal structures of (TPA)Z—H9216 (13), (TPA)Z—Sb2C18 (1)
and (TPR) ,~Cuy,I, (15).

The TPA orientation in (TPA)z—CuZCI6 is clearly in the A
conformation.

The N...Cl(1) and N...C1(3) contacts. with C1(3) on x+1,
y, z are 4.588(4) and 4.892(4) A, respectively. The
difference between these distances (~0.3 A) might explain
the slight preference of Br to occupy the C1(3) position as
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Table 2. Intramolecular bond distances (A) and angles (°)

with e.s.d.'s in parentheses.

Cu - Cl(1) 2.196 (1) C(11) - C(12) 1.516(9)
Cu — Cl(2) 2.312(1) C(12) - C(13) 1.497(8)
Cu - C1(J 2.194(L) c2l)y - C(22) 1.499(7)
Cu - C1(2')1) 2.306 (1) C22) - C(23) 1.504(1D
N - C(11) 1.516(35) C(31) - C(32) 1.511(7)
N - C(2D) 1.527(7) C(32) - C(33) 1.513(6)
N - C(31) 1.523(4) c(41) - C(42) 1.507(5)
N - C(41) 1.528(6) C(42) - C(43) 1.488(9)

Cl(l) — Cu - Cl(2) .. 145.98(6) C(21) - N — C(41) 111.2(3)
Cl(1) - Cu - C1(2)1) 96.15(5) C(31) — N - C(41) 105.6(3)
Cl(1) - Cu - C1(3) 98.91(5) N — C(11) - C(12) 116.8(4)
C1(2) - Cu - C1(3).. 97.45(5) C(11)-C(12)-C(i3) 109.0(5)
Cl(2')- Cu - C1(HY) 147.54(6) N - C(21) - C(22) 116.5(4)
C1(2')~- Cu - ClL( D) 85.47(5) C(21)-C(22)-C(23) 110.2(5)

Cu - C1(2) - Cu'l) 94.53(5) N - C(31) - C(32) 116.0(4)
C(11) - N - C(21)  105.4(3) C(31)-C(32)-C(33) 109.3(5)

C(11) - N - C(31) 112.0(3) N - C(41) - C(42) 115.9(4)
C(11y - N - C(4l) 111.3(3) C(41)-C{421-C(43) 110.8(4)
€(21) - N - C(3D 111.6(3)

b Cu' and Cl(2') are centrosymmetrically related to Cu
and Cl(2). respectively. .

cl;

Cl Cu®

Figure 4. View of the molecular structure of the [TPA-
Cu2C14I+ fragment. The thermal ellipsoids correspond to the
50% probability surfaces. The H-atoms nave been left out

for clarity.
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aobserved in the isomorphous TPAwBr—CuClz crystal (see:
Experimental) . In that structure the Br atoms are
distributed over the €1(1l) and C1(3) positions.

— TPA geometry

The literature search in the Cambridge Structural Database
contained 45 hits. Two hits referred to TPA in Silicalite-1
(7) which was discussed earlier (5). In five other
structures no TPA-coordinates were given . Four structures
were not usable because of disordered TPA molecyges.

Torsion angles of the TPA molecules in the remaining
structures (and the title compound) are listed in Table 3
together with their point symmetry and conformation.

As can pe seen in Table 3 the conformations A and B, as
calculated by van de Graaf (9) for tetrapropylmethane appear
in TPA as well. No preference for either conformation is
observed, indicating a small difference in steric energy,
which is to be expected on the basis of the data for
4,4-dipropylheptane.

Except for (TPA)4aMo4H4(CO)12 the value of B is hardly
influenced by the counterion nor by the conformation
geometry (A.B) of the TPA molecule. The average value or B
observed over all structures is +173°. Observed values of B
below +160° are mentioned in Table 3 (footnotes).

In addition to TPA-Z5M-5 some other TPA-containing crystal
structures are found to deviate from conformations A and B.
In (TPA)2~W28r9 and in (TPA)Z—Cu517 eclipsed conformations
(E) are present whereas in (TPA),-Cu,Brg deviating a—-values
of 90° are found (-).

In the two TPA orientations of Z5M-5 as presented by van
Koningsveld et al. (5) orientation 1 resembles conformation
B whereas orientation 2 contains an eclipsed conformation.
However. these remarks should be considered with care,
because of the disordering of the TPA ions: Changing propyl
chain nr. 3 to its mirror-related position leads to a new
set of «-values which still deviate from the A and B
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Table 3. « torsion angles (¢} for several TPA-containing cry

Structure Point symmetrz Clﬁ—Cla—N—Cia CZB—CZa—N-Ciu
+ conformationl) i=2 i=3 i=4 i=1 i=3 i=4

C(C4H,) 4 (calculated) i A 180 59 =59 180 -59 59

C(CgH,), (calculated) & B ~-174 65 -54 -65 54 174
TPA-Br iA 57 179 -64 57 -64 179
TPA-PBr, o 1A 59 180 -60 57 =59 179
(TPA) ,-S, 1A -57 61 -180 -63 178 58
TPA-CuCl 2B 173 54 -65 65 -174 -54
(TPR) ,-U0,C1,2) 1A 54 175 -61 58 -59 177
1A 55 176 -63 61 -55 —177

(TPA) ,~(C(NHy) 3)Brg?) 1A 177 51 -58 -175 -52 64
1B -53 169 75 -46 78 —-169

TPA- (C(NH,) 3) ,Bry?) 1B -57 60 -175 63 -47 -172
1A 58 178 -64 71 -64 -178

(TPA) ,~PtCl,~PtCl,- 1B 72 -167 -48 173 54 —65
(CHgNH,) 52 1 B 67 -174 -53 165 47 -73
TPA- (CgHy (OH) 5) -Br 1B 63 -55 -174 -169 71 48
TPA—(CgHgSiF,) 1A -59 59 180 -61 179 58
TPA-Ga (C,HsS) 4 iB 65 54 -173 173 -65 5S4
TPA—Pb (CgHsS) 5 1B -66 54 174 56 176 —63
TPA-CrCl, (C H,- 1B 68 -51 -170 178 -62 57

(P (CgHg) 5) 5) :

TPA—Co(CygH;3S) 3(CHCN) 1 B -60 180 59 -57 63 -177
TPA~Co (Cy HgN,) - A 55 -61 174 55 175 -58

61 -177 -39 62 =59 -177
54 172 =72 -54 -178 64
59 180 -53 59 -56 -178
177 59 -60 72 -169 —48
59 -56 -178 64 -175 -54

(TPA)Z_Cu2C162)
(TPA) 2-Ga2Br6

(TPA) ,-Sb,C152%)

o NN e
> o o>
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stal structures.

C3BvC3“—N-Cia C4B_C4a—N’Cia Reference
i=1 i=2 i=4 i=1 i1=2 1i=3

59 -39 180 -59 59 180 S
174 54 -65 -54 65 174

-179 -57 64 -57 -179 64 16
~-177 =55 63 -57 =179 58 17

55 176 -63 180 57 -61 18

54 -65 173 -174 -54 65 19
175 -66 53 -65 177 54 20
~177 =55 63 -54 -177 61

58 -63 172 -66 54 178 21
=52 -179 63 174 -85 54

176 -66 59 169 48 -72 22
-178 -49 64 -58 177 47

-62 56 176 -55 -175 65 23
~60 58 178 -58 -176 62

-54 -174 65 -65 57 1785 24

58 178 -61 ~179 60 -58 25
-54 -173 65 -63 54 173 26
=177 62 -58 72 -168 -47 27
-59 ~178 61 -66 54 174 28
=73 165 46 176 -62 58 29
174 -66 50 -62 179 58 30

-178 -60 61 -59 -177 62

172 =72 54 -178 64 -54 31
180 -53 39 -56 -178 39
51 -68 170 -179 -58 62 14

-61 179 57 177 -62 54
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(Table 3 cont.)

(TPA) ,—Cujl, 1B 170 50
(TPR)pHoplg 1B 69 -168
(TPA) ,-W,Brg 1E -15 94
1 - -178 -52
(TPA) ,~AgWS, (CN) 2) 1 B 56 -62
1B 58 -64
(TPA) ,~CuMoS 4 (CN) 2) 1B 169 -69
1B 172 -67
(TPA) ,—CuMoS 4 (CcHsS) ) 1 A 52 174
1B -65 177
_ 2)
(TPR) ,—P,S5 (CN) 5 1B 36 162
1B 52 172
TPA-P,SgN 1B -59 61
TPA-FeyClgVS, (CyH;cPy)- 1 B =56 67
(CH4CN) 5
2) -
(TPA) ,—Cus 1, 1E 82 -57
1B -68 175
3) - -
(TPA) ,~Cu,Br iA -179 -57
1B 56 175
2~ 169 -52
- 4)
(TPA) 4;~Mo4H,4 (CO) 4 5 1A 177 54
1A 56 178
1A -62 177
1A -180 -60
- 4)
(TPR) 4;—CogS¢ (CgHsS) g% 1 A 57 180
LA __-58 -180
1A 59 -180
1B 167 -67
-~ 4) -
(TPA) 4~Rh ,C5 (CO) 55 1A 68 -173
1A 61 ~179
1B -67 174
1B =77 42
(TPA) 3~Rh; 5 (CO) 5, 1B -179 -59
(TPA) - (Cugly) 2 A 54 175
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-69
-51
-147
63
177
175

—-b6
59
60

-58

=59

58

Chapter VIII
64 -175 -55
-66 175 56
-53 -163 77
-91 150 26
55 175 -66
46 166 -71
63 -61 -177
64 -56 -175
58 -59 180
-173 -54 67
57 -68 171
58 -62 177
-51 -169 70
61 -58 -178
-47 -169 71
10 134 -100
-173 63 <57
-179 59 =57
56 =63 175
68 -90 164
-179 =55 61
55 -62 178
-51 70 —-173
-17% 67 =54
58 -60 178
.. =58 57 -178
56 -64 178
82 -33 -164
54 =64 177
52 -69 175
-168 -53 68
-175 54 -67
-60 180 60
57 =59 179
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5% -63 175 -174 -57 64 15
53 174 -65 -60 180 59 13
157 -87 37 -76 154 39 32
-54 65 ~-169 -178 65 -64
-170 70 -50 65 -174 =35 33
-174 64 -56 68 -172 -50
~165 -42 75 55 -67 175 33
-176 -56 64 55 -64 175
180 -59 58 ~-64 175 54 34
65 -53 -174 50 170 -71
48 -178 -59 -164 68 -52 36

64 -173 -56 -171 67 -52

178 -63 58 -68 171 51 37
176 -60 56 -58 -180 61 34
173 -63 56 -69 170 49 35

-176 63 -58 67 171 -50°) 38
38 163 -77 70 -50 -1719)
59 57 179 57 -59 179 39
63 175 -56 -175 63 =56

-52 90 169 -90 164 687)

60 -62 179 —63 58 178 40

179 -61 59 -60 177 549

176 53 -64 61 176 -579)

-58 60 -179 59 -59 17910
-180 -57 59 -55 =175 61 a1
-177 61 -58 57 177 -5911)
-180 -57 58 -55 -177 65
-174 -60 70 53 -57 16812

178 ~62 55 -64 174 55 42

174 -64 50 -60 179 63

64 -55 -176 43 166 =72
53 169 -71 70 -35 -154
-57 63 -177 172 52 68 43
175 63 54 -59 179 57 a4

- 137 -



Results and discussion

(Table 3 cont.)

Chapter V111

TPA-zSM-513.14) 1B 149 45 -76 46 158 -87
1E -61 168 78 -111 -3 115
TPA-ZSM-513-13) 1 - 149 79 -76 46 177 -87
1 - -61 179 78 -111 -37 115
1)A=confor'mation A: B=conformation B (see Figure 2: E=eclips

as well as from B. 2)’I‘wo different TPA-molecules present in

present in unit cell. 4)Four‘ different TPA-molecules presen
6)3 for chain nr. 4 is -157°. 7)A Ca_ca distance of 1.83A is
for chain nr. 3 is -98°. 19 g for chain nr. 2 is -74°. 11)g
nr. 1 is -150°. 13 Two orientations are present. 14)For Z5M-

towards the sinusoidal channels of the zeolite whereas propy

straight channels. 15)Orientations as suggested in this Chap

Table 4. Groups of molecules in which a relation between

anion radius or length and TPA conformation seems to be

present. The chemical formula of the anions is presented
in such a way that the anionic structure becomes visible.
The explanation for the conformation indices A, B, E and

—~ are given in Table 3.

spherical anions
A TPA-Br
AA (TPA)Z—S7
AR (TPR) ,-UO,Clg
A TPA-PBr,
AB—- (TPA) ;,Cu,Brg
BE (TPA)Z-—CuSI7
B TPA-P489N

carbonyl systems
AAAA (TPA)4-MO4H4(CO)12

ARBB  (TPA) ;-Rh;,C,(CO) 55

BBB (TPR) 3-Rh,,(CO) 34

binuclear anions

AA (TPA)z—C12CuC12CuC12
AB (TPA);,—C135bCl,SbClq
AB (TPA) ,-BrgGaGaBryg
BB (TPA) ,—1,Hgl HGI,
EE (TPA)Z—Br3WBr3WBr3

134
BB
BB
BB
AB
AA

A

olynuclear anions

(TPA) ,~ (CN) S,PSPS, (CN)
(TPA) 5- (CN) AgS,WS,
(TPA) ,— (CN) CuS,MoS,
(TPA) 5~ (CgHgS) Cus,MoS,
(TPA) ,— (CgHgS) CuS, MoS,Cu(CgHgS)

(TPR) o= (Cugly)
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172 60 -65 -53 78 =173 5
-68 176 49 -104 30 145

~107 -161 49 -53 78 145
-169 91 -65 -104 30 -173

ed conformation: —=strong deviation from A
unit cell. ) Three different TPA-molecules

t in unit cell. 2)p for chain nr. 2 is -156°.
measured. B)B for chain nr. 4 is 91°. 9)3
for chain nr. 1 is -158°. 12)3 for chain

S5 the propyl chains 1 and 2 are located

1 chaiﬁs 3 and 4 are located towards the

ter.

conformations but does not contain an eclipsed CNCC
fragment.

The occurrence of non-bonded contacts between terminal
methyl groups in neighbouring TPA-ions and the rigid shape
of the ZSM-5 channels might explain the deviations from the
ideal A,.B geometry in the o« torsion angles of TPA in ZSM-5.
However this can not be the explanation for the deviations
observed for (TPA),~W,Brg, (TPA),-Cugl, and (TPA) ,—CuyBrg as
no close anion-cation or cation-cation contacts are observed

for these materials.

In some cases it looks as if the radius or length of the
anion associated with TPA affects the conformation of the
TPA ion. In Table 4. some sets of compunds are arranged
according to increasing radius of the anion. Small anions
seem to prefer conformation A and larger anions conformation
B.

In (TPA)2~H9216 and (TPA) ,~W,Brgy. having the largest
radius. conformations B and E are observed, respectively.
The smaller radius of (TPA)Z—CUZCIS is accompanied with
conformation A. (TPA)Z—SbZCI8 and (TPA)Z—GaZBrG, having an
intermediate anion radius. show a mixture of both
conformations.
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However, a reverse order is observed for polynuclear
anions. Relatively short anions have TPA in a B
conformation whereas in longer or polymeric anions
conformation A is observed.

These observed effects ask for a closer examination. which
is beyond the scope of this Thesis.
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Supplementary material

Table 1. (Suppl.). Anisotropic thermal parameters (A2x103)

and H-atom positions.

E.s.d.'s in parentheses.

Atom Ujgq U22

Cu 47.2(3)  39.3(3)
Cl(1) 76.8(8) 51.1(6)
C1(2) 43.3(5) 62.6(6)
Cl(3) 81.0(8) 68.3(7)
N 44(2) 36 (1)
C(11)  52(2) 46 (2)
C(12)  83(3) 65(3)
C(13)  60(3) 56 (2)
C(21)  48(2) 45(2)
c(22)  77(3) 81(3)
C(23) 82(4) 87 (4)
C(31) 53(2) 38(2)
C(32) 54(3) 55 (3)
C(33)  69(3) 56 (3)
C(41)  47(2) 44(2)
C(42)  54(2) 51(2)
C(43)  49(3) 76 (3)

xX/a

H(11,1)%)  0.615(5) 0
H(11,2) 0.457(5) 0
H(12,1) 0.522(5) 0
H(12,2) 0.677(6) 0
H(13,1) 0.697(6) 0
H(13.2) 0.546 (6) 0
H(13,3) 0.707(6) 0
H(21,1) 0.350(5) 0
H(21.2) 0.509(5) 1
H(22,1) 0.326(6) 0
H(22,2) 0.477(6) 0
H(23,1) 0.238(6) 1
H(23,2) 0.294(6) 1

Uaj

47 .6(3)
80.5(8)
72.1(7)
54.5(7)
40(1)
44(2)
67(3)
65(3)
42(2)
48(2)
65(3)
48(2)
73(3)
S1t4)
52(2)
70(3)
85(4)

y/b

.927(5)
.784(5)
.567(6)
.693(6)
.650(6)
.687(6)
.830(6)
.883(5)
.028(%5)
.825(6)
.965(6)
.012(6)
.066(6)
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Uiz

17.6(2)
25.1(5)
22.4(5)
21.4(6)
16 (1)
25(2)
48 (3)
24(2)
23(2)
44(3)
49 (3)
11(2)
7(2)
0(2)
17(2)
12(2)
10(2)

z/c

.427(4)
.387(4)
.341(4)
.375(5)
.549(4)
.554(6)
.594(5)
.257(4)
.302(4)
.046 (4)
.093(4)
.162(5)
.042(5)

O O 0O OO0 OO0 0O o o o oo

Uiz

17.6(2)
32.9(6)
25.6(5)
2.3(6)
18(1)
21(2)
35(2)
8(2)
19.(2)
24(2)
23(3)
20(2)
25(2)
17(3)
25(2)
21(2)
18(3)

gD

.057
.057
.076
.076
.089
.089
.089
.057
.057
.076
.076
.089
.089

O O O O O 0O 00O O o o O O O

Uzs

17.0(2)
37.2(5)
36.3(5)
10.2(5)
11(1)
19(2)
32(2)
28(2)
17(2)
30(2)
41(3)
8(2)
14(2)
17(3)
16(2)
10(2)
36(3)
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H(23,3) 0.376(7) 1.132(7) 0.181(5) 0.089
H(31,1) 0.378(5) 0.619(5) 0.062(4) 0.057
H(31,2) 0.459(5) 0.552¢(5) 0.158(4) 0.057
H(32,1) 0.244(5) 0.512(5) 0.250(4) 0.076
H(32,2) 0.169(6) 0.584(6) 0.151(4) 0.076
H(33,1) 0.183(6) 0.305(6) 0.064(5) 0.089
H(33.,2) 0.037(6) 0.323(6) 0.073(5) 0.089
H(33,3) 0.116(6) 0.367(6) -0.033(5) 0.089
H(41.1) 0.628(5) 0.831(5) 0.113(4) 0.057
H(41,2) 0.710(5) 0.762(3) 0.216(3) 0.057
H(42,1) 0.848(5) 1.058(6) 0.377(4) 0.076
H(42,2) 0.764(6) 1.104(6) 0.311(4) 0.076
H(43.1) 1.023(6) 1.200¢(6) 0.287(5) 0.089
H(43,2) 0.899(6) 1.059(6) 0.141(5) 0.089
H(43,3) 0.980(6) 1.005(6) 0.215(5) 0.089

1 U was kept fixed during refinement.
2) H(n,m); H-atom is bonded to C(n).

Table 2. (Suppl.) Bond lengths (&) and angles (°) concerning
the H-atoms. E.s.d.'s in parentheses.

C(11) - H(11.1) 0.99(3) C(31) - H(31.,1) 1.00(5)
C(11) - H(11.,2) 0.80(5) C(31) - H(31l.2) 1.02(5)
C(12) - H(12,1) 1.10(4) C(32) - H(32,1) 1.11(3)
C(12) - H(12.2) 0.74(6) C(32) - H(32,2) 0.89(6)
C(13) - H(13,1) 1.06(7) C(33) - H(33.1) 0.92(7
C(13) - H(13,2) 0.87(6) C(33) - H(33.2) 0.86(6)
___€C(13) - H(13,3)___ 0.89(4)___._ __ C(33)_ = H(33.3)  __ 1.036) .

€(21) - H(21.,1) 0.85(5) C(41) - H(41,1) 1.06(4)
C(21) - H(21,2) 0.99(3) C(41) - H(41,2) 1.08(8)
C(22) - H(22.,1) 0.98(4) C(42) - H(42.,1) 1.00(5)
C(22) - H(22,2) 0.80(6) C(42) - H(42,2) 0.89(6)
C(23) - H(23.,1) 0.95(6) C(43) - H(43,1) 1.02(4)
C(23) — H(23.2) 1.03(6) C(43) - H(43.,2) 1.04(6)
C(23) - H(23.3) 0.78(4) C(43) - H(43,3) 0.90(7)

N -C(11)-H(11,1) 106(3) N -C(31)-H(31.1) 108(2)

N -C(11)-N(11,2) 107(3) N —-C(31)-H(31,2) 104(2)
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H(11,1)-C(11)-H(11,2)

C(12) -C(11)-H(11,2)
C(12) ~C(11)-H(11,2)
C(11) -C(12)-H(12,1)
C(11) -C(12)-H(12,2)
C(13) ~C(12)-H(12,1)
C(13) ~-C(12)-H(12,2)

H(12,1)-C(12)-H(12,2)

C(12) -C(13)-H(13,1)
C(12) -C(13)-H(13,2)
C(12) -C(13)-H(13,3)

H(13.1)-C(13)-H(13,2)
H(13,1)-C(13)~H(13,3)
H(13,2)-C(13)~H(13,3)

N
N

-C(21)~-H(21,1)
-C(21)-N(21.2)

H(21,1)-C(21)-H(21,2)

C(22) -C(21)-H(21.,1)
C(22) —-C(21)-H(21.2)
C(21) -C(22)-H(22,1)
C(21) —-C(22)-H(22.2)
C(23) -C(22)~-H(22,1)
C(23) -C(22)-H(22.,2)

H(22,1)-C(22)-H(22,2)

C(22) -C(23)-H(23.,1)
C(22) -C(23)-H(23.,2)
C(22) —-C(23)-H(23.3)

H(23,1)-C(23)-H(23.2)
H(23,1)~-C(23)-H(23,3)
H(23.2)-C(23)-H(23,3)

105 (4)
111(3)
111 (4)
104(3)
114(5)
113(3)
122(4)
92(4)
101(3)
112(3)
107(5)
111(5)
107(5)
110(5)
109 (4)
110(3)
102(4)
110(3)
108(3)
112(3)
112(4)
110(4)
113(5)
100 (4)
107 (4)
112(3)
107 (5)
122(5)
93(5)
113(5)

Supplementary material

-C(31)-H(31,2)

H(31,1)
C(32) —-C(31)-H(31.1)
C(32) —-C(31)-H(31.,2)
C(31) -C(32)-H(32.1)
C(31) -C(32)-H(32.2)
C(33) —-C(32)-H(32.1)
C(33) —-C(32)-H(32.2)
H(32,1)-C(32)-H(32.,1)
C(32) —-C(33)-H(33.,1)
C(32) -C(33)-H(33,2)
C(32) —C(33)-H(33.3)
H(33.,1)-C(33)-H(33.2)
H(33,1)-C(33)-H(33.3)
H(33.,2)-C(33)-H(33.3)
N —-C(41)-H(41.1)
N —-C(41)-H(41,2)
H(41,1)-C(41)-H(41,2)
C(42) -C(41)-H(4l1.,1)
C(42) -C(41)-H(41,2)
C(41) -C(42)-H(42.,1)
C(41) -—-C(42)-H(42,2)
C(43) -C(42)-H(42,1)
C(43) -C(42)-H(42,2)
H(42,1)-C(42)-H(42,2)
C(42) —-C(43)-H(43.1)
C(42) -C(43)-H(43.2)
C(42) —-C(43)-H(43,3)

H(43.,1)~C(43)-H(43,2)
H(43,1)-~C(43) -H(43,3)
H(43,2)-C(43)-H(43,3)

110(4)
108(2)
111(2)
109(2)
113(3)
109(2)
102(2)
114(5)
103(3)
101(3)
114(3)
110(6)
108(5)
119(5)
104(2)
105(2)
108(3)
112(2)
111(2)
117(3)
114(2)
109 (3)
118(3)
86 (5)
109(3)
112(3)
118(4)
111(4)
115(5)
91(5)
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SUMMARY

This Thesis deals withh high-silica zeclites and their use

as catalyst in organic chemistry.

In Chapter I an introduction on zeclites is given. For
example, aspects as structure, chemical composition and
catalysis are discussed. In addition the scope of this
Thesis is presented.

In Chapter I a fregqguently observed but never assigned
absorption in the 1060-1010 cm !
zeolite Z5SM-5 is discussed. To examine if this vibration

region of IR spectra of

can be correlated to the 2Z5M-5 framework or to an impurity,
the effects of several parameters, such as morphology,
particle size and chemical composition were studied. It is
concluded that the absorption indicates non-ZSM-5 framework
material in the surface laver of particles with an average
particle size larger than 2 microns.

Chapter 111 shows that the Al-gradient present in ZSM-5
influences the rate and selectivity of the dissolution of
the zeolite particles in 2M sodium hydroxide. Experiments
on ZSM-5 and Silicalite-~1 with 1.0M hydrofluoric acid reveal

a more homogeneous mechanism to be effective.

Chapter IV discusses the factors affecting the synthesis
of the high—-silica zeolite Theta—-1/Nu-~10. In the literature
a large variety in synthesis conditions and templates is
mentioned. Among the templates used oligo—iminoethylenes
are the most suitable. The effects of variation of template
concentration, OH—/SiO2 ratio and synthesis time on the
formation of pure Theta-1/Nu-10 are reported.

Chapter V deals with the reaction of ammonia and ethanol
or related compunds towards pyridines using the zeolite
Nu-10 as the catalyst. Different proton-introduction
procedures of the catalyst result in different catalytic
activities and selectivities. It is shown that a
combination of ethanol. methylamine and air and Nu-10 or
ZSM-5 as the catalyst gives high selectivities towards
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pyridine and 4-methyl-pyridine.

In Chapter VI considerations are given regarding the
pyridine—formation mechanism out of ethanol and ammonia over
high-silica zeolites. Zeolitic acid sites are shown to
catalyze the dehydrogenation of.ethanol together with
condensation, cyclisation and aromatisation, while
structural defects probably are responsible for oxidation
products as ethanal and formaldehyde, which are thought to
play an important role in the reaction. A Cl/Cz—reactant
system is presented, showing a selectivity towards pyridine
of 80%.

The hydroxyalkylation of phenol with glyoxylic acid over
various Al-containing catalysts in agqueous medium is
presented in Chapter VII. The catalytic activity of these
Al-containing solid materials could be traced back to
dissolved AlIII—ions which catalyze the reaction in a
homogeneous way. In addition, dealumination of zeolite Na-Y
by aqueous glyoxylic acid has been studied. Extraction of
both Si1 and Al from the zeolite was observed during the
dealumination reaction.

In Chapter VIII the conformation of the tetrapropyl-
ammonium (TPA) ion in crystal lattices is reviewed. The
crystal structure of (TPA)ZCu2C16 has been solved because it
interpolates in the series of studied structures. In the
crystal structures examined, two different TPA conformations
occur regularly, both having CCNC torsion angles of 180, 60
and -60°. Eclipsed conformations are observed

exceptionally. When occluded in the zeolite 2SM-5, TPA _

exhibits an energetically unfavourable conformation which is
probably due to interactions of the terminal methyl groups
with those of neighbouring TPA ions.
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SAMENVATTING

Dit Proefschrirt pehandeit zeocliieten met een nooa
siiicagehalte en hun gebruik als katalysator in de

organische chemie.

In Hoofdstuk I wordt een algemene inieilding betrerfende
zZeolleten gegeven. Zo worden biivoorbeeld aspecten als
structuur, chemische samenstelling en katalyse nader
bekeken. HRansluitend wordt de strekking van dit

proetschrift besproken.

Hoofdstuk II beschriift een vaak waargenomen (maar tot nu
toe noolit verklaarde) infraroodabsorpiie in het gebied
tussen 1060 en 1G30 cm“l. in spectra van ZSM-5. OUm na rte
gaan of er een samenhang pestaat tussen deze vibratie en het
Z8M-5 rooster of de aanwezigheid van een onzuiverneid. is
net erffect van diverse parameters zoais morfologie.
deeltiesgrootte en chemische samenstelling bestudeera. Uit
het onderzoek kwam naar voren dat ae absorptie duidt op de
aanwezigheid van niet tot het ZSM-5 rooster behorend
materiaal dat aanwezig 1s in de opperviakteiaag van deelties

groter dan 2 micron.

Hoofdstuk [Il laat zien dat de Al-gradient. welke aanwezig
is in ZSM-5. van invioed is op zowel de sneiheid als op de
selectiviteit van de oploghaarheid van Zeolietdeelties in 2M
natrium hydroxide. Experimenten met ZSM-5 en Silicaliet-1
met 1M fluorwaterstofzuur laten een meer homogeen mechanisme

zien.

Hoofdstuk IV betreft een studie naar de racrtorven welke van
invioed ziin op de syntnese van de noog—-siiica zeclilet
Theta~1/Nu-iU. In de literatuur worden veel verschillende
synthesecondities en remplates genoemd ir de literatuur. In
de door ons geteste temrlates bliiken ¢ligo—iminoethvienen
het meesi geschikt. De effecten van variatie 1in template
concentratie. OH—/SiOZ—verhouding en synthesetiid op ae

vorming van zuiver Theta-1/Nu-10 worden gerapporteerd.

Hoofdstuk V beschriift de reactie van ammonia en ethanol
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of verwante verbindingen naar pyridines. met de zeoliet
Nu-10 als katalysator. Verschillende proton-introductie
procedures resulteren in verschillende katalytische
aktiviteiten en selektiviteiten. Een mengsel van ethanol,
methylamine en lucht. met Nu-10 als katalysator. geert hoge

selektiviteiten naar pyridine en 4-methyl—-pyridine.

In Hoofdstuk VI worden een aantal overwegingen gegeven
betreffende het mechanisme van de pyridinevorming uit
ethanol en ammonia over hoog-siliica zeolieten. Aangetoond
wordt dat zure plaatsen in de zeoliet de dehydrogenering van
ethanol katalyseren en daarnaast condensatie. cyclisatie en
aromatisering. Voor oxidatieprodukten als ethanal en
formaldehyde daarentegen. waaraan een belangrijke rol in de
reactie wordt toegekend. ziin waarschiinliik defekten in de
roosterstruktuur verantwoordeliik. Een Cl/Cz—reactanten
systeem wordt gepresenteerd met een selektiviteit naar

pyridines van 80%.

De hydroxylering van fenol met glyoxylzuur. door middel
van diverse Al-bevattende katalysatoren, in een waterige
omgeving wordt gepresenteerd 1in Hoofdstuk VII. De
katalytiscnhe aktiviteit van deze vaste stoffen kan worden

herleid tot opgeloste AlIII

—-ionen, welke de reactie homogeen
blijken te katalyseren. Daarnaast wordt de dealuminering
van de zeoliet NaY met behulp van een waterige
glyoxylzuuroplossing bestudeerd. Gedurende de
dealumineringsreactie wordt extractie van zowel Si als Al

waargenomen.

In Hoofdstuk VIII wordt een overzicht gegeven van de

conformaties van het tetrapropylammonium (TPA) ion in
kristalroosters. In de beschouwde structuren komen
hoofdzakeliik twee verschilliende TPA conformaties voor,
beide met CCNC torsiehoeken van 180. 60 en —-60°. Eclipsed
conformaties komen siechts bij uitzondering voor. Wanneer
TPA is ingesloten 1n de zeoliet ZSM-5 dan is de contormatie
energetisch ongunstig. Deze wordt hoogstwaarschiinliik
veroorzaakt door interacties van de eindstandige
methylgroepen met die van naburige TPA ionen. De

Kristalstruktuur van (TPA?ZCu2C16 is opgelost omdat deze
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goed interpoleerbaar is in de serie van bestudeerde
structuren,
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14.

15.

R.A.

Verge leken met aanduidingen als "tetraedrisch'" en "vlak-
vierkant" voor twee typen vier-coordinatie. is de aan-
duiding "octaedrisch"” voor een bepaalde zes—omfjnging‘
wat minder gelukkig. o

Wanneer supergeleiding bij hogere temperaturen afhangt
van de hoeveelheid afwijkingen en defecten in de mate-
rialen wordt het moeiiijk =zich verbindingen voor te
stellen die biji kamertemperatuur naast chemisch stabiel -
00k nog supergeleidend blijken te ziin. o
W. Hively. American Scientist 1988, 76. 13.

De bona fide aanwezigheid van olie onder een raffinade-
rij (Rotterdam Charlois) en van mineraalwater onder een
limonadefabriek (Bunnik) toont de burger dat het ook
anders kan.

Het schriiven van een proefschrift is te vergeliiken met
een zwangerschap. Na een paar maanden kun ie het fat-
soenshalve niet meer onderbreken.

De inhoud van de temnminste zes. aan het proefschrift
toegevoegde, niet op het promotieonderwerp betrekking
hebbende., wetenscharppelijk verantwoorde en verdedigbare
stellingen hangt in sterke mate af van de interpretatie
van de term "wetenschappeliik verantwoord'.
Promotiereglement TU Delft, p. 7.

Het verdient aanbeveling een milieuheffing in te voeren
op diervoeders, gerelateerd aan de hoeveelheid en
samenstelling van de te verwachten ontlasting.

The proposition that the first systems which were able
to evolvée through natural selection were crystals of
clay, leaves a muddy taste.

A.G. Cairns~Smith. Scientific American 1985, 252, 74.

le Febre

Delft, 23 maart 1989



STELLINGEN

1. In hun studie betreffende de adsorptie en diffusie van
glucose en fructose in zeoliet X verzuimen Ching en
Ruthven aandacht te schenkenaan de mutarotatie~isomeren
van deze verbindingen.

C.B. Ching en D.M. Ruthven. Zeolites 1988, 8. 68.

2. De afwezigheid van structuurkarakteristieke absorptie-
banden in het IR-spectrum van zeoliet ZSM-39 als gegeven
door Jansen et al. kan wijzen op een onvolledig verlopen

synthesereactie.
J.C. Jansen et al. Zeolites 1984, 4, 369.
3. De extra IR-absorptie biji 590 cm Y, in het door Jacobs

en Martens gepubliceerde [R-spectrum van zeoliet ZSM-22,
duidt op de aanwezigheid van een verontreiniging.

P.A. Jacobs en J.A. Martens, '"Synthesis of high-silica
aluminosilicate zeolites", Stud. Surf. Sci. Catal. 33,
Elsevier Amsterdam 1987, p. 41.

4. Het onderzoek van Sulikowsky et al. aan aluminering van
Silicaliet-1 vs. dealuminering van ZSM-5 zou aan waarde
gewonnen hebben indien behalve de katalytische aktivi-
teit van gedealumineerd ZSM-5 ook die van gealumineerde
Silicaliet-1 gemeten was en vergeleken met een standaard
ZSM—-monster.

B. Sulikowsky et al. J. Chem. Soc.. Chem. Commun. 1987,
1542.

5. In hun studie betreffende het effect van additieven als
chlooraziinzuur op de isomeer distributie in de vloei-
stoffase—-chlorering van benzeenderivaten over zeoliet KL
als katalysator hebben Yazawa et al. verzuimd de reactie
ook uit te voeren met additief in afwezigheid van

zeoliet.

N. Yazawa. et al. "Preprints of the poster papers of the
7th Int. Zeolite Conf.". Kodansha Ltd., Tokyo 1986, p.
285.

6. De claim van McVicker et al. dat metaalverontreinigingen
in diverse katalysatoren. als alumina. silica~-alumina of
zeolieten. gelektief verwijderd kunnen worden met behulp
van oxaalzuur zonder oplossen van_het dragermateriaal—is——

. —aan—twijfel ondérhevig.
G.B. McVicker et al. US 4522928 (1983): DF 3337619
(1984). Dit Proefschrift. Hoofdstuk VII.

7. De uitkomst van een zeolietsynthese is vaak niet alleen
afhankeliik van de molaire samenstelling van het reac—
tiemengsel. maar ook van de soort en struktuur van de
reactanten.

Dit Proefschrift. Hoofdstuk IV.

8. Het synthetiseren van molekulaire =zeven met een basisch
rooster blijft. hoe zuur 't ook klinkt. voorlopig een
utopie.



