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3.1 Zeolites ' //é.:-:-

Zeolites wew ] é}-w-tiﬁe . by. Constredt ;n 1:/'56 [26]. The word ‘Zeolite’,
from the Greek wgﬂs/énti}_ng:‘boing stones”, alludes to the frothing and bubbling
] I hg_axt;;eveml crystals.
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Zeolites are fi di'g'-‘a'ﬁplicaﬁﬁfi;'ié ‘in many areas of catalysis, generating

Rearets ' N

ol
-in industrial and academic laboratories. As catalyst,

observed by Contr

interest in these mat a[si

zeolites exhibit appreciabjg;a_gﬁj_gt activitg_@ﬁé_ghape-selectivity features not available

in the compositien lent amorphous catalysts. ~/In addition, these materials
I'_é"{ * P
can act as supports for numerous catalytically activé metals. Major advances have

“E-r" S

occurred in the synthesis of zeolites,since the initial discovery of the synthetic
zeolite's type A; X and Y, and a great number of techniques have evolved for
identifying and characterizing the'se materials. Added to an’extensive and ever
grd\./s{i.né list! d'f aldmimsmcate. zeolites aré’ molecular 'sieves- containing other
elemental compositions. These materials differ in their catalytic activity relative to
the aluminosilicate zeolites and may have pbtential in customizing or tailoring the
molecular sieves catalyst for specific applications. Elements isoelectronic with Al
or Si** have been proposed to substitute into the framework lattice during
synthesis. These include B”, Ga™, Fe™, and Cr* substituting for AI*®, and Ge™

and Ti™ for Si*. The incorporation of transition elements such as Fe™ for



framework A" positions modifies the acid activity and, in addition, provides a novel
means of obtaining high dispersions of these metals within the constrained pores of

industrially interesting catalyst materials.
3.1.1 Structure of Zeolite

Zeolites are porous, crystalline al(:rﬁimsilicates that develop uniform pore

-
structure having minimum.channel diameter of 0.3-0.1 nm. This size depends
primarily upon thestype of zeolites. vZeolites provide high activity and unusual

selectivity in a variety of ’ac:id~catfalyz¢d’.reactions. Most of the reactions are caused
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by the acidic nature’of zealites.

The structure of zeolite c:dnsists;éf a three-dimensional framework of SiO4 or

ok 4 ol

AlO4 tetrahedra, each of which contains & silicon or aluminum atom in the center

e

(Figure 3.1). The oxygen atoms are shared between adjoining tetrahedra, which

can be present if i 5r§éty of way. The framework

thus obtained contains pores. channels, and Cages, or interconnected voids.

Figure 3.1 SiO4 or AlO, tetrahedra [26].

A secondary building unit (SBU) consists of selected geometric groupings of
those tetrahedra. There are nine such building units, which can be used to describe

all of known zeolite structures. These secondary building units consist of 4(S4R),
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6(S6R), and 8(S8R)-member single ring, 4-4(D4R), 6-6(D6R), 8-8(D8R)-member
double rings, and 4-1, 5-1, and 4-4-1 branched rings[27]. The topologies of these
units are shown in Figure 3.2. Also listed are the symbols used to describe them.
Most zeolite framework can be generated from several different SBU's.
Descriptions of known zeolite structures based on their SBU’s are listed in Table

3.1[27]. Both zeolite ZSM-5 &\Wf% ;re described by their 5-1 building units.

Offretile, zeolite L, can énd re generated using only single 6-

member rings. io??/he"s S scribed by several building units.
The sodalite fra ! iit from i single 6-member ring or the

Mhe\au

type Y) \d zeolite A can be constructed

ﬂ*so be formed using double 4
.

single 4-member
using 4 ring or 6

ring building units,

Figure 3.2 Secondary building units (SBU’s) found in zeolite structures [51].

Zeolites may be represented by the general formula,



Mx/nl(AlO4)x(SiO2)ylwH20

where the term in brackets is the crystallographic unit cell. The metal cation of
valence n is present to produce electrical neutrality since for each aluminum
tetrahedron in the lattice there is an overall charge of -1 [28]. M is a proton, the

zeolite becomes a strong ,’y s catalyst, zeolite becomes a strong
Bronsted acid. As cataly zt:glit i ue in their ability to discriminate

between reactant

The cat e having pore openings

characterized by atoms. Some typical pore

Figure 3.3 Typical Zeolite pore geometries [31].
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Table 3.1 Zeolites and their secondary building units. The nomenclature used is
consistent with that presented in Figure 3.2 [27].

SECONDARY BUILDING UNITS

ZEOLITE 4 6 8 4-4 6-6 8-8 4-1 5-1 4-4-1
Bikitaite X

~ Li-A (BW) X X X
Analcime X X
Yugawaralite
Episitbite
ZSM-5
ZSM-11

Ferrierite

X X X X X

Dachiardite
Brewsterite
Laumonite
Mordenite
Sodalite
Henulandite
Stibite
Natrolite
Thomsonite -
Edingtonite
Cancrinite
Zeolite L
Mazzite

Merlinoite

EZ'EEZ:sﬁ‘H&I’J%’IEJMWEHﬂ‘i

mmmmmymmmaa

Levyne
ZK-5
Chabazite
Gmelinite
Rho

Type A

X o

x

X X X X X X
X X X X X X
xX X

b2
x

Faujasite
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3.1.1.1 Small pore zeolites

Structures of some of small pore zeolite are illustrated in Figure 3.4.
The erionite structure, Figure 3.4(a), is hexagonal containing “supercage”

- supported by columns of cancrinite units linked through double 6 rings. Access to,

and between, the supercages i&j #}ough 8 rings.

In the c meﬂork:@qb) the double 6 rings layer

sequence is ABCA'VO/_ le in linked together through titled

4 ring units. The f

channels parallel The channels are eﬁ%soidal with 10 oxygen ring

opening, rﬁxruhﬁja;!‘:joﬂ’ﬁ]ﬁfﬁ %ﬁﬁ S'Tm (straight channel) and

5154 A° wnusondal channel) gased on oxygen radii 1.35 A°

AR1ANN 30N UR1INYIA Y

3.1.1.3 Large pore zeolites

o [100].
¢

The faujasite structure, Figure 3.6(a), is built up of truncated octahedra
interconnected via double 6 ring units Faujasite contains extremely large

supercages (~13 A° diameter) entered through 12 oxygen ring.



Mordinite, Figure 3.6(b), is characterized by a one dimensional system of

parallel elliptical channels, defined by 12 oxygen ring.
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Figure 3.43‘Small pore ieolites (a) Erionite_{ffgamework (b) Chabazite

';{ggmework (c) Chabazite caviti\f%ﬂ-

23M-11

-

l"Ellliptic.:‘xl straight ':Ncar circular

‘channels (5.1 x “‘channels (5.4 x
5.6 A) 5.6 A)
(a) (b)

Figure 3.5 ZSM-5 and ZSM-11 channel system [31].
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Figure 3.6 Largg‘ pare zeolites 7y, 4

(a) Mo;:ﬁinite f'fémew‘dtf{-_-.
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(b) Fau1_?1_§|_t§ ﬁamewﬁ_.f;_?;}_].'_
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3.1.2 Silicalite and ZSM-5 ¥

In silicalite and+ZSM-5, the tetrahedra are linked to form the chain-type
building block in‘Figure 3.7.7 The-chain can be connected t6 form a layer, as shown
in FEigure.3.8. Rings consisting of.five. © .atoms .are .evident-in this structure; the
name pentasil is therefore used to describe it. Also evident in Figure 3.8 are rings
consisting of 10 oxygen atoms; these are important because they provide opening
in the structure large enough for passage of even rather large molecules. The
layers can be linked in two ways, the neighboring layers being related either by the
operation of a mirror or an inversion. The former pertains to the zeolite ZSM-11, the

later to silicalite or ZSM-5, intermediate structures constitute the pentasil series.



Figure 3.7 The i
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Figure 3.8 Schematic diagram of silicalite layers [32].



Figure 3.9 Three dimensioﬂﬁl structure of silicalite (ZSM-5)[32].

T
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The three cynén/si(mal struc\\iure of silicalite (and ZSM-5) is presented in

o

Figure 3.9. The 1 brovide access to a network of intersecting

i
i

emMbéred ‘Vrtng;s

pores within the cry 3 Eore st%:ct'i}re is depicted schematically in Figure 3.5;

there is a set of straight, /f aﬁa}fej poré:}f}iﬁiersected by set of perpendicular zigzag
;‘ 4-:"7 ‘:rj'if‘
pores. Many molecules are small enough to penetrate into this intracrytalline pore

structure, where they may;ge;;étalytica_w\@nverted.
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3.2 Zeolites as"cjaxalysts [26] =2

The first use|of zeblitetasicatalysts| bécurredsin 4955 when zeolite Y was
used as an.isomerization catalyst by Union Carbide. More important was the first
useyof ' Zeolite )X as & cracking catalyst'in 1962, based upomearlier work by Plank
and Rosinski. They noted that relatively small amounts of zeolites could usefully be
incorporated into the then-standard silica/alumina or silica/clay catalysts. The use
of zeolite in this way as promoters for petroleum cracking greatly improved their

performance.



3.2.1 Potential versatility of zeolites as catalysts

Vaughan has graphically described zeolites as ‘molecules boxes’ which
have variable dimensions suited to the encouragement of molecular
_rearrangements inside their confined geometry. The conditions inside the ‘box’,
and of the 'box' itself, can be controlf%d /n a vanety of ways based upon the unique
properties of zeolite frameworks as summ/f anized in Table 3.2 and described below.

~

— ;

Table 3.2 Correlatigmbf/len zeol'ﬁe properties and catalytic functionality [26].

Property / f}{ :tvi‘c_fur;'_c_;i.onality

Crystal voidage and nSiv__e infyrﬁ'al surface to encourage catalytic processes
i
4

channels -

Variable pore size reate;s'both'-@gctant and product selectivity via molecules

Sigying= - 2o

lon exchange (;gtié% () c@@j;‘pore size, (ii) create high potential
\ energy( fields within voidage (fctive sites) and (iii) enable
| S -l
Yy distribution of catalytically Tactive metals on the zeolite
N substrate 1
i L
Salt occlusion Controls pore size, provide another method of metal

incorporation ~and’ 'can “improve thermal stability and
poisoning resistance
Framewofk Varies lattice charge” (by synthesis“or modification) to
modification enhance (active site production and thermal stability

3.2.1.1 Crystal voidage and channels

Although some heterogeneous reactions will take place at the external
crystal surfaces, most practical zeolite catalysis takes place inside the framework.

Here zeolites have the advantage of a very large internal surface, about 20 times
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larger than their external surface for the more open framework (e.g. zeolites X and
Y). This internal capacity provides the appropriate surfaces at which catalytic
transformations can take place. In the faujasite zeolites this is typically in the series

of large cavities easily available via three-dimensional open-pore networks.

f
Further flexibility which is ué/;ﬁl for planned catalytic uses arises in the

more recently produced zeolites with su@ﬂerant cavity and channel systems.
, o el

ZSM-5, for instance, has'a three-dimensional sysiem linked via intersections rather

than cavities and }é/rl}'té catal%sis seems to take place only in the largest

channels. T PERTY
f — B
“4 | 3 v
3.2.1.2 Mari pore sizes
“a. #ddd Sy 4t
# “ ofF
tagert N

Given that cat.g}tyéis take}_‘g?'aj;e largely within zeolite framesworks,

access to this e__nvironmeht-'is':'_'patent&'fﬂédri’trolled by oxygen windows. This is

4
diffusion  limitee €SS, i ';feﬁ product molecules after
- [ ] s

transformations haz/_.é taken place. This means thg! zeolites have very special
practical advantages ever the more traditional catalysts, in that they will admit
only certain' reactant inoletdles fandC that! this ¢an ! bé potentially tailored to
produced. selected products, , This . selectivity., is . known. ‘as , ‘shape-selective
catalysis’ and controlled by ‘configurational diffusion’ -this phrase was coined
by' Weiss to express a diffusion regime in which useful catalytic reactions
and promoted by virtue of a matching of size, shape and orientation of the

reactant product molecules to the geometry of zeolitic framework.



3.2.1.3 lon exchange

Perhaps more relevant is the way in which ion exchange can be
employed to place cations into very specific framework sites so as to create
small volumes of high electrostatic field. These fields are ‘active sites’ to
Which an organic reactant molecuie 4 can be attracted thus promoting the

bond distortion and rupture essential .t6.molecular rearrangements.
"

Another.featuse of ion| exchange is that it provides a route for the
)
introduction of metal cations with & view to their subsequent reduction to metal

particles. These eist ift the so-ealled ‘bifunctional’ zeolite catalysts used to effect

L #

both hydrogenation‘@and dehydrogenation reactions.

£y
F I

3.2.1.4 Salff ogplusion - .

- o . Sy
- - I

The, if_ntroduction of a salt molecule ing_é a zeolite can be the first

stage in the ihé;)rporation of a metal for subsedﬁéint reduction as mentioned
above. It can alsg be used to enhance thermal "Stability. Yet another purpose
is to ‘pacify’ zeolite cracking catalysts. The problem here is that crude oils
contain metal cations (Ni, Cu, V Fe) originating from the metal porphyrins
thought to play an 'inherent part! in [ the geological formation of oil. These
metals create unwanted reactivity causing carbon (coke) formation and
subsequent loss of catalytic properties. The occlusive introduction of stannates,
bismuthates, or antimonates pacifies these metals to extend useful catalyst

bed life. It enables the refinery to cope with a variety of crude oils from

21
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different oil fields and illustrates the flexible technology which can be

achieved in zeolite catalysis.

Other salt treatments, via phosphates or fluorides, have been used

to improve performance.

charge and hence hi

position and cation type): i this v

other paramete

in which the theava]"_wa d cher S ies otﬁe synthetic faujasites can
be critically altered ®by=aluminium removal.

AUYINEININEING

, [ S 5

Framework substitution also can=be created by.the introduction of
atoﬂwi wrg ag nliamm mllglmral ’;lﬁ EJ synthesis or
quification. ZSM-5 can accept B and Ga into tetrahedral sites by simple
salt treatment as mentioned earlier, although a similar reaction in other

frameworks is by no means as facile.



3.3 Zeolite Active Sites
3.3.1 Acid Sites

Classical Bronsted and Lewis acid models of acidity have been

atom is an electron deficient and

used to classify the active site zeolites. Bronsted acidity is proton donor
acidity; a tridiagonaily co- ij

can accept an electm;‘thegfore‘:@ as a Lewis acid [30, 33].

In general, /Al Mncrease acidic strength and

thermal stability of 34,Lq§h, the number of acidic OH groups
depend on thenu ’ if ? framework, decrease in Al
content is expected fto uce > ' ty of zeolite. If the effect of

in Al content, shall result in

arge density at a cation
v | .
site increases w:tl\ increasing Si/Al ratio. It J-hvas conceived that these

phenomerﬁ ﬁ ﬁafj: qna Emni‘f w Ejlearrﬁa: interaction between

framework fsites, and possnbly to dlfference in the order of aluminum in

"ERIRS ﬁﬁnmwmwma t

Recently it has been reported the mean chérge on the proton was
shifted regularly towards higher values as the Al content decreased [30].
Simultaneously the total number of acidic hydroxyls, governed by the Al

atoms, were decreased. This evidence emphasized that the entire acid

23



strength distribution (weak, medium, strong) was shifted towards stronger
values. That is, weaker acid sites become stronger with the decrease in Al

content.

An improvement in thermal or hydrothermal stability has been ascribed

to the lower density of hy oups which is parallel to that of Al

content [30]. A long hydroxyl groups decreases the

probability of dehy
3.3.2 Gen

Protonic aci 5" of zep e generated in various ways. Figure

3.10 depicts the th ion of ammonium exchanged zeolites

AT T
i

The Bntéd acidity due ization on polyvalent cations,

Algamvdnyhy o
ARy o

by hydrolysis phenomena.

Bronsted acid sites are also generated by the reduction of transition metal

cations. The concentration of OH groups of zeolite containing transition metals

24
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Figure 3.10 f the surface of & zeolte framework [27].

m M’ is either an organic cation or

nge produces the NH," exchanged form.
sed to remove ammonia, producing the
Y]
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Figure 3.11 Water molecules co-ordinated to polyvalent cation are

dissociated

’ treatment yielding Bronsted acidity [28].

°C to increase with the rise of the

(3.2)
(3.3)
t:.emsg g onsted sites is depicted in
Figure 3.12 [28]. The dehydration react creases the number of protons

e present simultaneously in the
xmtion is thought to occur in

ZSM-5 zemﬁ 5?/1 Eﬂ%" le}oj ﬁ %OO to 900 °C produces
Xyi i ection

irreversible qfhy roxyiation which causes de in crystal structure of zeolite.

AN A MAANEIR L v o

from the sfeam generation within the sample. The dealumination is indicated by an

structure of zeolitﬂt high temperature. Dehydro

increase in the surface concentration of aluminum on the crystal. The
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dealumination process is expressed in Figure 3.12. The extent of dealumination

monotonously increases with the partial pressure of steam.

H H

Figure 3.12 Lewi ite :‘:;: ; ehydroxylation of Bronsted acid

site [28].

ﬁuﬁrﬁl oy %fwmﬁ*ﬁ‘“’b :
ammmmummmaﬂ

/\ °\ x\:

"ooo/o’ +~{omso\c/u

¥ \SI+A|(0H)2+ HO ()

Figure 3.13 Steam dealumination process in zeolite [28]
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Figure 3.14 The enhan jt f the acid strength of OH groups by their
l& minum species [28].

ﬁ?of OH groups is recently proposed

luminum species sites tentatively

——
The emm'——‘ ,

to be pertinent to
expressed in Figur i ‘é{e,n might therefore yield a catalyst

of higher activity whi ‘ catalytlc activity.

3.3.3 Basic

In certaﬂ mstances q?éethfﬁs Deen sg?wn to be catalyzed at basic

ﬁm acid sites. The best

-Y which @its n-hexane isomers at 500°C.
The potassjum cat 5 ﬁgjﬁfﬂﬂ fT lmolecular cracking (B -
scission). @ radica also contribute to surface catalytlc reactions in
"N 1Y

%i aﬂﬂm RN

3.4 Shape-SeIectlve Catalysis

(cation) sites | i

characterized exagple of thi

Many reactions involving carbonium ions intermediates are catalyzed by
acidic zeolites. With respect to a chemical standpoint the reaction mechanisms are

not fundamentally different with zeolites or with any other acidic oxides. What zeolite
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add is shape selectivity effect. The shape selective characteristics of zeolites
influence their catalytic phenomena by three modes; reactants shape selectivity,
products shape selectivity and transition states shape selectivity [27,35,36]. These

type of selectivity are predicted in Figure 3.15[27].

e -

G
2":*.31";?:?7‘1{1;"*55_

a) Reactants selectivity

L

J 'qfr ‘;ij. * ‘,_, N
f f%;wll“‘ ///1? %

L Ly

T rsewi

=) s
4’, / ~ %‘%

Figure 3.15 Diagram depicting the three type of selectivity[27].
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Table 3.3 Kinetic diameters of various molecules based on the Lennard-Jones

relationship [35].

KINETIC DIAMETER (ANGSTROMS)
He 2.60
PR 2.89
0, 3.46
N2 3.43
| 3.17
3.76

n-C4H1o
Cyclopropane
i-CaH10
n-CsHi2

SFS
Neopentane
(C4Fg)aN
Benzene .-

1.3,5 trlmethylbeﬁ'zﬂ

ﬁ@ﬁ?ﬂﬁﬂﬁﬂﬂ%ﬂi

-methylnapthalene ] 7.90

q #12ANEA 8

Reactant or charge selectivity results from the limited diffusibility of some of

the reactants, which cannot effectively enter and diffuse inside crystal pore

structures of the zeolites.
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Product shape selectivity occurs as slowly diffusing product molecules cannot
escape from the crystal and undergo secondary reactions. This reaction path is
established by monitoring changes in product distribution as a function of varying

contact time.
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Restricted transition state shape selectivity is a kinetic effect arising
from local’ environment around the active site, the rate constant for a certain
reaction mechanism is reduced if the.space required for formation of

necessary fransition state is restricted.

The critical diameter (as opposed to the length) of the molecules and
the pore channel diameter of zeolites are important in predicting shape
selective effects. However, molecules are deformable and can pass through

openings which are smaller than their critical diameters. Hence, not only size



32

but also the dynamics and structure of the molecules must be taken into

account.

Table 3.3 [37] presents values of selected critical molecular diameters and

Table 3.4 [27] presents values of the effective pore size of various zeolites.

I
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Table 3.4 Shape of the pore mouth opening of known zeolite structures. The
dimensions are based on two parameters, the T atom forming the
channel opening (8, 10, 12 rings) and the crystallographic free

diameters of the channels. The channels are parallel to the crystallographic

axis shown in brackets (e.g. <100>) [49].

STRUCTURE = 4-MEMBER RING 10-MEMBER RING 12-MEMBER RING
Bikitaite 3.2x4.9[001]
Brewsterite

Cancrinite
Chabazite
Dachiardite
TMA-E
Edingtonite
Epistibite
Erionite
Faujasite
Ferrierite
Gismondine

6.2[001]

7.4<111>

Gmelinite
Heulandite

7.0[001]

ZK-5
Laumontite
Levyne 3.3x5.3[0C
Type A 44<1
Type L
Mazzite
ZSM-11
Merlinoite

7.1[001]
7.4[001]

-

Ds.h'{é? ]

3 5x3.5[010]
4%5.1[001]

mﬂuﬂﬁwmmiw&Wﬂﬁ

5.1x5.5[100]

Mordenlte 2.9x5.7 Ofu 001]
PWE NN INY TAE,
Paulmglte 3.9<100>
Phillipsite 4.2x4.4[100]
2.3x4.8[010]
3.3[001]
Rho 3.9x5.1<100>
Stibite 2.7x5.7[101) 4.1x6.2[100]
Thomsonite 2.6x3.9[101]
2.6x3.9[010]

Yugawaralite 3.1x3.5[100]
3.2x3.3[001]




3.5 Non - aluminosilicate Molecular Sieves

Advances in the area of new molecular sieve materials have come in
the preparation of zeolite - like structure containing framework components
other than aluminum and silicon exclusively. The aluminosilicate zeolites offer
the ion exchange properties, hlgher’ )hermal stability, high acidity and shape-
selective structural features desired. by*“those working in the areas of

J :

adsorption and catalx;;& However, modlﬁcatlon and subsequent improvement of

these properties 7erved as? driving force for changing the composition of
m

7

It is well agtepted’ that gatlk;m can easily be substituted for aluminum

these microporou

i‘a-l '

and germanium for lc% in alumlrmjmcate system, as these elements are in

il

the same family of "fthe-rpenodlc 'tai'i[e Gallos:llcate gallogerminate and

—

germanium aluminate analégs “of the- JféhoWn zeoht%s have been hydrothermally

synthesized un‘ﬁ -

ﬁ_‘yte molecular sieves. Other
elements were f(‘)zl_:l’ld not to substitute so easily.jn the crystallization of many
zeolite structures, thecrelative amount§.of silicon and ‘aluminum in the reacting
gel strongly' influenced” the ‘ciystallization’ of a particuldr structure. Attempts to
substitute, vastly different. elements for either .aluminum .or silicon resulted in
suppression - of " crystallization. "It” was the discovery of the strong structure -
directing properties of the cation organic amine additives that fuelled new
discoveries of different chemical compositions with zeolite - like structures. The
graph in Figure 3.17 [27] show this explosion in new (non-zeolitic) molecular

sieves patented relative to the reported new zeolite materials synthesized and

the natural zeolite minerals known. The number of non - zeolite molecular
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sieves reported is far greater than the number of microporous aluminosilicate

zeolite materials as shown in the graph.

In addition to the gallosilicates, germanium aluminates, and gallogerminates
synthesized prior to the use .of organic additives, materials containing zeolite -

type structures crystallized i; ‘l‘ resence of organic cation have been

claimed to contain boron, i | cobalt, titanium, zirconium, zinc,
beryllium, hafmuwseﬂ maq vanadium, and tin. Little

characterization of t

these materials. claims to incorporate such

the presence of the : easily crystallize in the pure silica form
Jaris. -
(silicate). Therefore, the posﬁjﬂy%wﬁthout sufficient characterization to

..-.-‘_-_,F____,,_

confirm mcorpotl_aﬁon thatthxs e

ajaon mixture, gi
: 2

without |ncorporat|n%, the desired met I component into the structure. Boron,

gallium, .rcﬂ u gn’} W%% @%tﬂﬂﬂaﬁed to confirm structure

mcorporatlo

awm\mm URIINYAY

ively silica - containing structure could form

metallosilicate re ¢ cﬁitic X-ray diffraction pattern

T164a5664



36

NO. NEPOATES
® * % L e 10 e
MATURAL /73 i
2eoLIrEE
oh sy g 77 77 7 T 7T TR T
:?l‘mt #’/ L ‘flféﬂf I IRT LSS 777 T77} ._I
SiEve | f }j :
/77
i = ; :
J -
— !

Figure 3.17 A gofmpafison oXhe natural zeolites known and the number of
Zeoli é..-syr_tthe's zed within the last 30 years with the number of

The synthesis of zeort_ conta#!mg various elements such as B, P, or Ge

P L o

has been carned aut for along tlme Slnce the dlscoviag of ZSM-5 (aluminosilicate)

and silicalite, majny attempts have been made to.synthes:ze the metallosilicate
with the ZSM-5 stFucture. The isomorphous substi_tution of aluminum with other
elements greatly madifies' the. acidic “properties of " the' silicate. The elements
introduced include, Be, B, Ti, .Cr, Fe, Zn, Ga, and V. These elements were
usually Jintroduced, by ‘adding metal salts |as. one of thel starting materials for
the synthesis of the metallosilicate. Itis also known that boron can be directly
introduced by reacting ZSM-5 with boron trichloride. Metallosilicate with a ZSM-
5 structure having metal M as a component will be denoted [M]-ZSM-5,

hereafter. Silicate Il (the framework topology of which is structurally identical to



is structurally identical to that of ZSM-11) can be transformed into gallosilicate

with its reaction with NaGaO2 in an aqueous solution.

Figure 3.18 eratiir | ; o lesorption of ammonia from
th permission by C. T - W. Chuy, C.

Chem., 89, 1571(1985) ) [28].

of ammonia adsorbed on

various metallosmca}e The acid strength of metallosilicate changes in

decfeas'"ﬁ’%%}ﬁ] i EJ NINYINT
AN TG A A 4 s

The band position of OH groups changes in conformity With TPD
spectra. Thus, the OH band appears at 3610, 3620, 3630, and 3725 cm-1

for [All-, [Ga]-, [Fe], and [B]-ZSM-5, respectively. The fact that the acid



strength of [B]-ZSM-5 is much weaker than that of [Al]-ZSM-5 has been

reported by several authors.

Table 3.5 Product distribution of the conversion of 1-butene over H-ZSM-5, H-[B]-

ZSM-5 and Zn-[B]-ZSM-5[28].

Zn-[B]-ZSM-5

conversion/% 81.2

Products/%'' ’—gﬂ i
/ TN 6.3

Catalyst

CoH4+CaHs 211
CaHg® SR2IT
Cs' 7.0
aromatics 38.0

d-also by catalytic reactions.
oﬂ1-butene reaction over [B] -

Table 3.5 [28] sné‘B)é

ZSM-5 and [Al]-ZSM-S at 773 K. It i Iear that there is a great difference in

the prodlﬂ %&I ’@d%m ﬁwwc@ ’zeﬂsﬁ 5, lower alkenes are

the main products This indicates that the, hydride tramsfer reactions from

AN AN UGN

R+ ; RH (alkane) alkanes

:

+ . (3.4)

C-C=C-C-C-C C-C=C=C-C-C aromatics
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For the same reasons, alkenes are the main products in the
conversion of methanol over [B]-ZSM-5, while [Al-ZSM-5 is a unique catalyst

for gasoline production.

The yield of aromatic hydrocarbons greatly increases by introducing

In this case, however, the yield of

& atics are formed by the direct

species. As exemplified by

zinc cations into [B]—ZSM-& '
alkanes remains low. T

dehydrogenation of
metal cations at the same

this case, it is

time suppressin

R1 stQccH'é" — 1R2CHdijz (3.5)

ueineningns
QA P IR A g o e e

amotint of aluminium impurity may not be negligible in their catalysts. Chu et
al. examined the catalytic activities of [B]-ZSM-5 containing varying amounts
of %ramework B for a number of acid - catalyzed reactions and concluded that
the catalytic activity was due, if not entirely, to trace amounts (80-580 ppm)

of framework aluminium [28].
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3.7 Aromatic Hydrocarbons

Aromatic chemicals represent about 30% of the total of some 8 million
known organic compounds[29]; the percentage of aromatic chemicals

produced by the entire organic chemical industry is of the same order.
f /, P
The importance of aromatics in 'fhyd?gcarbon technology is, however,

o
greater than the pereentage figureés -indicate. Quantitatively, the most

important process?-i/ﬁydrocartion technology are catalytic reforming to
product gasoline;“whi f‘_ﬂhas a, wo}ld}«/ide capacity of around 350 Mtpa, and

the carbonization §:r f goal fo "'roguce metallurgical coke, on roughly the
‘;i # : .
ra

)

'y 8 ' : ; ;
same scale. A characiérigtic of Doth' processes is the formation of aromatics.

A X A A
iy !‘

f - :
The third most imp’or;;'nt pfocess‘_f_jﬁihydrqcarbon technology in terms of

40

VAT Rl
quantity is catalytic cracking, which i@a}éo accompanied by an aromatization,

J A il i -
et o S el S
as is the important petrochemical process, steam cracking of hydrocarbon
. 1y —
fractions. i et

The _recovery and_further_refining of aromatics_was the basis of the
industrial organic “chemistry’ in” the middle "of the last century. In the early
1920's paromatie, chemistry was gcomplementedy by pthe- chemistry of aliphatics
and ©lefins, which today, in terms of quantity, has surpassed the industrial
chemistry of aromatics. From the beginning of industrial aromatic chemistry
the're have been fundamental new developments in the production of
aromatics. Until the 1920's, coal tar and coke-oven benzole were virtually the
sole sources of aromatics available on an industrial scale. Coal tar contains a

host of widely used aromatic compounds, such as benzene, toluene,
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naphthalene, anthracene and pyrene, as well as styrene and indene. In
addition coal tar contains some important recoverable aromatic compounds

with hetero-atoms, such as phenols, anilines, pyridines and quinoline.

As the growing demand for some coal-tar constituents for the development
of mass-produced plastics, sucﬁ f phenolic resins and polystyrene, and the
increasing productiop of explosives '@ot be met by coal tar alone, new
sources of aronf_‘figs.;"_wgre ﬁ?develop:e'd,w'garting from petroleum. The

development of)ﬂ(/

petroleum fracti

clion ‘of reformate-gasoline and steam cracking of

) e two further feedstock sources for the production

of aromatics ay:‘rengvable raw materials are also used for the
oy

, albeit oﬁ a much smaller scale.

i r i ..-‘."-:,* L

* 7
PG N
t‘tile-.-J:eﬁnmg;.*y;f;d crude aromatics, in common with

—

manufacture of

Processes f

Eaginaie. fUrthe'fé*p"'rébessjng;:fé‘fééubomplica}ed by the occurrence of by-
-

products; indi\‘/ji Ja

— o 4

ﬂgied by associated products,

and must be lsoiated Dy subsequent separation processes. Aromatic chemistry
is characterized by the hlgh reactwlty of the n-electron, system, which enables
substitutions 'to ‘take place not only “at "one™position in the aromatic ring, but
also gspecnally ~for polynuclear aromatics;, @t several dlﬁerent sites, thus
leadl_mg »to isomers as well as multiple substitution. Reﬁning processes have,
therefore, to be optimized to produce the desired compounds in pure form

from the crude products. Thus, industrial aromatic chemistry involves close

collaboration between chemists and process engineers.



The present applications and future developments of aromatic
chemicals are characterized by a number of inherent properties. These are in

particular:

1. the facile substitution and high reactivity, which can be further

suited to the pr carbon products, such as
premium coke, gra
5. the affinity an*d-:tenq‘ _ assocnatlon which make aromatic

Juid-crystal line phases.

molecules suntgﬂe mesogens for the fo

sy

Approximately B(HOOO tpé of organic dyestuffsudyes, pigments and optical

1321 1 e
TR AN

3.7.1 Aromatic Character. The Huckel 4n + 2 rule

We have defined aromatics compounds as those that resemble
benzene. But just which properties of benzene must a compound possess

before we speak of it as being aromatic? Besides the compounds that
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contain benzene rings there many other substances that are called
aromatic; yet some of these superficially bear little resemblance to

benzene.

What properties do all aromatic compounds have in common?

\_k\{[ f

N TR

; atic compounds are compounds

whose molecular NJNOUE Iemexpect a high degree of

unsaturation, and '*s‘tantatd addition reactions generally
A

Instead of addition reactions, we

characteristic of
often find that undergo electrophilic substitution
reactions like tho

presumably the cau

#

hydrogenation and lo heﬂ;ﬁ-f to@. "Aromatic compounds are cyclic-

- j

- i
NN S

generally containing fives, six-, ‘or seven-men red rings - and when examined

kA

e ——

i

protons oﬁﬁe‘aj( ﬁ %dgirvt}[e‘?

| INEINT

Y

: From a theoretical standpoint, to b ic a compol ust have a

mc:%:}g tﬂt@rﬂinygcgﬁaﬂm:laﬁzﬂ gﬁ)ﬁeﬂ and below
the plane of the molecule; furthermore, the n clouds must contain a total of (4
n+é) n electrons. That is to say, for the particular degree of stability that
characterizes an aromatic compound, delocalization alone is not enough. There

must be a particular number of = electrons: 2 or 6 or 10, etc. This requirement,

called the 4n+2 rule or Huckel rule (after Erich Huckel, of the Institut fur



Theoretische Physik, Stuttgart), is based on quantum mechanics, and has to do
with the filling up of the various orbitals that make up the = cloud. The Huckel

rule is strongly supported by the facts.

3.7.2 Production of Aromatic Hydrocarbons with Zeolites

from natural gas.

Q)

poration with Mobil QOil and

e B HHINBNINGINT
QW YRR TR o e =

on ctude oil, Mobil Oil developed the Methanol to Gasoline (MTG) process to

5 t/d in West Germany, to

convert methanol to gasoline. Since methanol can be produced not only from
crude oil but also from natural gas and coal by currently available
technology, the MTG process is not dependent on crude oil as a raw

material.



Figure 3.19 shows the flow diagram for the two stage Mobil Qil

fixed - bed process.

. g A 'ga‘ "
Figure 3.19 diagrain obil il fixed - bed process [29]

The rea , - at a pressure of 20 bar and a
temperature of 380 °C....:’ﬁ§g? 3IC uces 44% of hydrocarbons along
with 56% of _-.ff_. ' Z ‘.' d characteristics, such as
octane rating boﬂg rang |t|ﬁs the gasoline corresponds

to currently - used miotor gasolines.

ﬂ‘UEJ’WlEJWWEJ’]ﬂ‘i

entasnl zeolites gare used as catalysts, gsince their shape-

soiedit] 14494 6 tedroutn VBHVNA Yerom v

below 11; in terms of boiling point, this corresponds to conventional gasoline.
3.7.2.2 Aromatics from short-chain alkanes [38]

Naphtha feedstock currently represent about 80% of the production

cost of BTX. It is therefore attractive to substitute a less expensive material for
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naphtha. This is the case for liquefied petroleum gas (LPG) mainly composed of
propane and butane, which is overproduced and costly to transport. There exist

three main processes for conversion of LPG into BTX
1. The M2-forming process

17T
With the My-formi m{é{ d by Mobil, a | iety of
ith the My-forming p ‘proposed by Mobil, a large variety o

feedstocks such as_pyrolysis gasoline, Qnégt;ated gases from catalytic cracking,

e -
paraffinic naphthing? _can be converted into aromatics. Depending on the

r

reactivity of the fegdst ‘ihe operating temperature varies significantly, ranging

ol £ : J‘;
from below 370 °C.for s 16 538 °C for propane. H-ZSM-5 was chosen as a

catalysf. Although sremar ably.wstaél'e' in. comparison with conventional acidic

eagtivates by coke' deposition and the aromatic production
Ptarers ' /N

. /This purely acidicatalyst (hence My-forming) seems to be

catalysts, H-ZSM-5
requires a cyclic proce

interesting only for thewgre_,dpctiqn gh'l:ugh octane compounds from pyrolysis
A4
Y

convert LPG into'q'romatics and hydrogen. Using ;ure butane as a feed leads to

3

gasoline or p , Dbifun ‘ y catalysts are necessary to
P

o

65.9 wt.-% of aromatics, 5.2% of hydrogen and 28.9% of fuel gas. The aromatic cut

contains about 82 wt.-% BTX.

The Grangemouth ur;it has é 1000 bbl/d.capacity. The following yields
weré obtained from the conversion of LPGs: Aromatics 65 wt.-% (benzene 9.5 wt.-
%; ioluene 27.3 %; xylenes 13 %, others 5.2 %), hydrogen 6 %; fuel gas 29 %.
The catalyst Iifé is expected to be about two years. In addition a slightly modified
catalyst has been announced. The demonstration unit closed down at the end of

1991.



2. Cyclar process

The Cyclar process has been jointly developed by BP and UOP.
The process based on UOP continuous catalyst regeneration technology, (CCR)
‘uses a catalyst formulation established by BP (“a gallium - doped zeolite catalyst
the hole shape of which is an ff ormer for the aromatic ring”.) A large scale

pilot plant was built in 1989 }etroleum Grangemouth Refinery in

Scotland.

Figure 3.20 UOP/BP Cyclar Process for LPG aromatization [38].
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When propane is used as a feedstock, the aromatic yield announced is
63.1 wt.-% and the hydrogen vyield is 5.9 wt.-%. Fuel gas (31 wt-%) is also

produced.

3. The Aroforming process
It is also

: ‘ ” ight naphtha feedstocks (especially Cs

and C; alkanes) % for peﬁnl purposes. The Cyclar process is

o 'kv G'Q the aroforming process, developed
ned to atlze a large range of aliphatic

’I;Ee catalyst is a shape selective

not supposed to ¢

some of which run reacpon—mpde} whil

et "*

ology is convenie ot only for Iz ﬁ capacity units but also for low

aroforming te%&:
ones. _'j o

6 TEP T BT P ronte + comece

through the aroforming process Aromatics 54 9 wt.-% (benzene 12.2 %, toluene

’Q%"rﬁﬁﬂ?fﬁ ST AN forcr- e

%. For LPG conversion, the results are close to those obtained with the Cyclar

process.



3.8 Reaction Mechanism of Methanol to Aromatics

49

The reaction of methanol to hydrocarbon products is vigorously exothermic,

with a theoretical adiabatic temperature rise of about 600 °C. The reaction path is

believed to pass through a number of series and parallel steps. The mechanism is

complex and is discussed elsewhere. A simplified path is given below[31,39].

2 CHyOHamz==> 3

CHSQB’HQ, =i, 1

Light Olefins + CH;08Hy £s==5

F
r

Heavy Olefing ==2=>

Aromatics + CHyOCH; ====>

\
-

CH:,OCH:,, +H,0
Light Olefins + H,O

* Heawy Olefins + H,O
"l:"th-..Aromatics + Paraffins

' Higher.aromatics + H,0
£)

k J
r

(3.6)

(3.7)

(3.8)

(3.9)

(3.10)

The fi rst step in the reaction sequence is the dehydration of methanol to an

equilibrium mlxture of dimethylether (PME), methanol and water. The DME then

reacts further to form @ mixture of light olefins. As thecconcentration of DME is

depleted, the equilibrium of reaction 3.4 is=disturbed and further dehydration of

methanol takes place. ‘The 'DME ‘“alkylates' tHe light “olefins“(mostly propylene and

butenes) to higher olefins, which can then further react with one another to form

aromatics and paraffins. If any residual DME remains at the point where aromatics

form, those aromatics are readily alkylated to higher carbon number of C,,. The

heaviest component is durene (1,2,4,5-tetramethylbenzene),which lies near the high



end of the gasoline boiling range. No components with normal boiling points above

the gasoline boiling range are produced[36].

The early work of Chang [30] showed that, high temperature favours
selectivity to light olefins. Mobil found that by combining the factors of reduced
catalyst activity with high operatmg /temperatures, it was possible to switch the
Methanol to Gasoline (MTG) selecti / tol‘ﬁ_ards an olefin rich spectrum. This route

was named the Methanol To Olefm's (MTO) process, and gives a product that is rich

g—

in propylene and bu ,tanés, gether leth a good aromatic rich Cs+gasoline fraction.

Voltz and se ]] ’has proposed scheme A to contain a direct path to

olefins from methan

.-,,

__{f;.f CHs OCH + H,0 (3.11)
el _
\ OLEFINS i /.,
Yy SchemeA

The reacti_c;n path formation may be viewed essentially as composed of three
key steps ether formation, initial C-C bond formation, and aromatization with H-
transfer. The final stages, comprising olefins condensation; cyclization and H-
transfer ‘over ‘acidic catalysts,thave been wéll studied and proceed via classical

carbenium mechanisms [40-42).

The mechanism of polymethylbenzenes formation will, however, be
discussed since these éompounds are peculiar to the methanol transformation

reaction.
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3.8.1. Ether formation

The mechanism of ether formation from alcohols over oxide catalysts,
particularly Al,Os;,has been extensively investigated. The bulk of work has
concentrated on alcohols having B-hydrogens. Several comprehensive surveys have

been published [43-46]. I Y
7

In contrast,.the Iiteratuse onvgfﬁfthanol dehydration is relatively sparse.

Methanol etherification is ,similar in - many respects to that of the higher alcohols;

however, since"methanal lacks %parent olefin, sufficient differences may be found

as to warrant ifs digéuséion here. * ©
| —
e | ] :
The dehydraiion of me)%anol on alumina and amorphous silica-alumina

. b GG . . |
monitors the effe a series. of jnltrogenous poisons (various amines and N-
dia

Y

heterocycles) or di etbj&iétﬁer fo:%?@n. Silica-alumina is irreversibly poisoned,

while alumina is reversibty‘ip'éisonedifﬁﬁ%'is taken as evidence that there action over

b £

. . . —  ————
alumina invol: T
“:j: \-.

e

| TSR T |
- | | ! S
el e ¢ ¢
n [ | |
AFLEAT] ai 7Y

2~ \O/ \O/ \O/ X

This interpretation is based on the assumption that bases such as

diethalamine dissociatively but reversibly chemisorb on alumina.

Et Et H

| l |

o) Et-N-H-O AR

P DN I |
Al Al +EtLNH == Al CAEER AL Al (3.12)

PN CSEON I e M N
o 0 0
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Because of the greater nucleophilicity of N vs O, the nitrogenous base
competes with methanol for the surface oxygen, thereby inhibiting methoxylation. On
the otherhand, the reaction over silica-alumina involves Bronsted sites, which are
strongly poisoned by nitrogen base, forming stable quaternary ions. According to

these investigators ether formation over silica-alumina may be represented by the

following scheme: 4
CHOM¥H=" - <CHOM' (3.13)
“-__,.\"N. s .-“l” "I
CHsoHyC/bhOH* L ' (CHa),0%H;0+H" (3.14)

4 * 2
¢ i
=

-— —

The kinetics / n;ethanol deh&dr’éﬁon over silica-alumina at 160-200° C and

-'J
the rate expression ¢ ddnv‘e as folIoW: 4

._—_'u' J’J_

F = =7

4.‘.

-v ka#F/(l+J—) (3.15)

where Pa is the,@lcohol partlal pressure. It was concﬂ;ded that the rate-limiting step
x)

s 7 :
cannot be the interaction of two surface alooholate-groups, which would lead to a

rate equation of the form
r= k&® = kaP/(1+aP)? (3.16)

| At low pressures the reaction order would be unity, which is not is agreement
with the observed half-order. Figueras et al. proposed two moedes of
chemisorption,both of which assumed the concerted action of acidic and basic
centers. Nucleophilic attack on carbon by the basic site would generate CH;',which
then interacts with an acid-generated surface methoxy group to give ether. The

observed half-order was rationalized on the ground that one of the species, CH;0 or
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CHa;,must be reversibly adsorbed. Primary carbonium ions are much less stable than
alkoxide structures, and therefore equilibrium with the undissociated species would

be readily established:

H H
I I H o
B G H%/ O~ H (3.17)
HI1H I ,f
=B ==A+ {/ B@Amﬁx

- - —
The thermal _deeomposition of methagol adsorbed on alumina was

investigated by using{/

T > 77°C, signifie

um labeling,Desorption of methanol started at 77°C. At
rtion's of CH,0,H;0, and CH;0CH; were observed,
and above 427° redc')mfién'g while CH, was significant. Coadsorption of

a carﬁed o{;‘t Under desorption at T<237°C, the ether

-"-"-} 7

CD3OD and CHs;
contained on CH;OCH CH;O_QDg a‘ﬁt}__CD;,OCDa, while at higher temperatures

deuterium distribution became_rand i

T ermal decomposition of CH;0H,4 in the

"1.

'-;;; -

only CH30CH; gindication that ether is formed
e

by a blmolecula:r jt-:-actlon between adjacent surface melhox:des

presence of gas%ous CD3(50D3 gave

[ )

Schmitx [46]‘studied the dehydration of methanol over silica-alumina at 289-
418°C and fourid that (the reaction 'beécomes!first-order in methanol at the higher
temperatures. Interestingly, Schmitz observed-an.induction period, possibly the result
of .:;f.he initial formation of surface carboxylate groﬁps, which, though not ether
intermediates, could nevertheless influence the initial rate of dehydration by
occupying active sites. Another explanation might involve competitive sorption of

product water prior to establishment of steady-state with respect to surface hydroxyl

concentration.



Detrekoy and Kallo [47] investigated the dehydration of methanol over
clinoptilolite at various temperatures. At 25° C the 3620 cm™ band (acidic OH on
clinoptilolite) disappears and two bands at 2950 and 2840 cm™ (CH stretching)
appear. Upon evacuation, the CH bands decreased significantly; however, the OH
band did not reappear. This indicated that only weakly adsorbed methanol is

‘u#/ gy evacuation caused only a partial

disappearance of the 5&; bagj mtensnty of the 2950 and 2840 cm’
! bands. At 400° G

removed. Absorption at

le moved and the CH bands are

shifted to 2860 an

Detrekoy

Saw
I AR
PRADE LN

Si €A

awmmwmaﬂ

/\/\./ /
/\/\/\/\

Further reaction would be catalyzed by the acidic OH groups thus generated.
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In a study of methanol reaction on synthetic germanic near-faujasite using *
C-NMR, Derouane et.al. [48] observed partial methoxylation of the surface at 300°C,
with ether formation. Surface methoxyls could be hydrolyzed with water back vto
methanol at 25°. Additional small amounts of dimethyl ether and surface formate

were also found after hydrolysis.
.'! ¥
/)

In summary, the weight of el _uggerfavors the intermediacy of surface

alkoxyls in ether formation from alc':ﬁhols. Beranek and Kraus [49] conclude that the

— i

mechanism involvii.-e‘?ﬂfially a | nucleophilic substitution whereby the surface
alkoxide is attackediby 6ther_}molequl.e, either from the gas phase or from a weakly
umen

H fj“h sup;eft

S

adsorbed state. of this mechanism were summarized as

4
]

follows: ' Ao
y ‘ & _;-:d #
;- -"'-/J"

1. "Similar products are‘»ébgqi_ﬁéd_ by the decomposition of metal alkoxides containing

non-hydrogens and by the-_._re_;gtion of?fgrjgsponding alcohols on alumina at liwer

A £
temperatures”. = = =
V' A

2. "Acetic acid and pyridine are poisons for the formation of ethers".

3. "The different degrees of water inhibition on the ether and olefin formation from
ethanol on alumina, 'and the agreement of ether/ethylene selectivity ratios found
experimentally with those calculated b); the Mente Carlo simulation of the hydrated
surfag;eof alumina™

4. "Correlation between the rate of ether formation from methanol and the surface
concentrafion of ethoxide species determined by IR spectroscopy".

5. "The positive value of the Taft reaction parameter for the formation of ether

incontrast to negative values for the olefin formation on the same catalyst".
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The second part of Statement 5 applies only to C," alcohols.
3.8.2 Hydrocarbon Formation

The mechanism of initial C-C bond formation from methanol is an unresolved
question at present. Hypothetical mechanlsms abound in the literature, and run the
gamut from carbene to free mdlcalf{@njs As of this writing, however, little

supporting experimeinital ewdence has appeafed +it seems appropriate, nevertheless,

to survey and discwc“ iV

erse e&ﬂnes in the "mechanlsm sweepstakes".

38214 ?be Alkexy|s

. .
NE ¥
. -

Among cont mpoféry i’f{?estigators the first to consider this question

were Topchieva and cg aborators m~1$onnection with a study of the adsorption of
— e f L
methanol vapor on SiO,, SIO::A!zOs anEﬁéTzoa surfaces. It was found that a portion of
“\-4-—-

the methanol wa§ lrreverSIny adsorbed on SlOz-AIZO_f and Al,Os5, which upon heating

——

and pumping teJ400° C evolves CzH4, CzHe, CO andJCOZ the formation of surface
methoxy groups ‘was regarded as the primary step. Hydrocarbon formation was
considered to |ogcur-\by rcendensation) \of o hethoxy <groups, accompanied by
dehydration'and H-transfer. the mechanistic details of this condensation were not
specified. 'Subsequently, Heiba and Landis [50] showed that tiie thermolysis products
of alufninum alkoxides aré virtually identical to the products of alumina-catalyzed
decomposition of alcohols or ethers, as shown in Table 3.2. It is seen that the main
products are CH,, H,, CO, (CHa)ZO, and smaller amounts of C,H, and C;Hg Based
on the observation that Al(OCH,®); decomposed more readily than Al(OCHs,)s, it was

concluded that cleavage of the C-O bond is a heterolytic process, with the flow of
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electrons in the direction of Al, leaving a positively charged carbon moiety as the
reactive intermediate. A negative activation entropy was observed, suggesting a
cyclic transition state. A free radical mechanism was rejected on the basis of

negligible reactivity over nonacidic solids, e.g., quartx, at temperatures up to 450°C.

Table 3.6 Decomposition of Mel{v)‘ ':r/f;tives [50].

=

S——— . ~CH.OHover  *(CH);0 over

. -\mso% Al,O; at 450°C
0.5 0.5 LHSV

A\ Maj-,c')‘f"-ei Major
i Major

Major
Minor
Minor
Major
Major

n of methoxides of Na, Mg, and Al

In a later {tjdy the thermal de:
and the compound h*a[Al(OMe)d was rqurted by Pfeifer and Flora [51]. Ethene was

e bbb NN T
QT SR EAA) 11816

Venuto and Landis proposed an a-elimination mechanism to account for
olefins formed during methanol dehydration to dimethyl ether over NaX at 260° C, as
reported by Mattox [52], and from methanol reaction over ReX and ZnX at 330-390°

C, as Observed by Schwartz and Ciric [53]. According to this view, methanol
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adsorbed on the zeolite surface loses water to form a divalent carbenoid species,

which then polymerize to form olefins:

7%
H-\(}IHz- OH —s H.O + :CH, (3.19)
n:CH, n=23,4,5 (3.20)

Swabb and Gates studied the dehyd: aﬁuthanol over H-mordenite at 155-240°

C. Traces of olefi

methanol on H adsorption isotherm, and TGA

techniques. At rdUJm temperature physwal adsorption occurs on both zeolites. With

HY, metl'ﬁngfgg%m wﬁQﬁ‘% C, reaching a maximum

at 130° C."AT 120°C, dlmethyl ether formatlon begins and &fches a maximum at

o8 B o T 94 e b cxr e

precﬂ)mlnantly butane and propene. This was accompanied by darkening of the
catalyst due to coking which was enhanced with a further temperature increase.
Salvador and Kladnig favored an a-elimination mechanism to explain olefin

formation. They differed with the acid-base mechanism of Swabb and Gates,
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proposing that the generation of carbenoid species occurs by decomposition of the

methoxylated surface:

= SiOCH, —> >SiOH + :CH, (3.21)

Condensation of the carbene _o‘lr fi e olefin. Alkanes were assumed to arise via
H-transfer reactions. N \x ///
W

An am—‘ﬂ . a"ma carbenoid intermediate was
| \

estri for mMaction over ZSM-5. However, it

éd"by polymerization of the diradical
-

also proposed by C
was considered unlj
intermediate. On vi
event would be low, monstrate ' s on ketene photolysis. By the same

token, the presence of

p— =

between methylene donor and acc: ;‘_V-’

- f:f

R 3
elimination andtsaa-.f 0 metha methyl ether as the primary step.

T

AR AYTEVAS e Ty o

U

¢ o o/
AR i g iohing ] celfons s]fideled e fabse species wou
be eipected to form methane readily via hydride abstraction from methanol, dimethyl

ether, or hydrocarbons. The reaction

CHs;" + CH30H -—> C"H,OH + CH, (3.23)
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is extremely rapid in the gas phase. However, methane normally accounts for < 1%
of the hydrocarbons formed over ZSM-5. Note also that C'H,OH could deprotonate

to formaldehyde which is not observed over ZSM-5.

The presence of small amounts of methyl ethyl in the products of

methanol conversion over Z

al. found MeOEt amoQ )

23 K ? ' mm
alumina at 4 : e a key reaction intermediate or
simply a second ' f \the. thene reaction. From kinetic

d was not formed via reaction

eported by Chang and Silvestri. Cormerais et

thyl ether decomposition over silica-

evidence, Come

of Me,O with et ii%;\e presence of excess ethene
amounting to 30X that e rate of MeOEt formation from
Me,O was increas J re significantly, the formation of
propene from MeOEt as':ﬁz es faster than from Me,O. In view of the
observed unreactivity of"‘e"g{é‘é'féii';ff ded that propene is formed by two

Another set of e&rin{én s gave ana : results@r C,4 hydrocarbons.

ﬂum‘nﬂmwmm
awm\mmum’mmaa
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“ezo === MeCEL ‘__—‘ C,Hg Meopr = C 1, e Y
Figure 3
Cormerais et aI [ {2 chai th "rake mechanism," Figure 3.8, to
explain their results/In this s .Chain h occurs by carbene insertion into
surface alkoxy species, which.are transforfned into olefins via carbenium ions.

r;llr mechanlsm Chang and Silvestri left open the question of

stabﬂmﬂﬁﬂeﬂe‘?%tﬁ%j wm ﬂ\ﬁate A plausible resolution

of the question may be found ln the mechamsm of van den Berg et al. [57]. In their

& Wﬁ‘&ﬂ‘ﬁﬂﬂ afiol %Q@%ﬂiﬂtﬂ Brbnsted acid site to

form a dimethyloxonium ion |, which reacts with another molecule of dimethyl ether

to form, via Il, and after elimination of methanol, a trimethyloxonium ion Ill:
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Structure VI, which is equivalent to the oxonium ylid (CHz),0*CH,, is seen to contain

the stabilized C, carbenoid species. Cis-insertion of the carbenoid into the adjacent
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C-O leads to C-C bond formation. The formation of ylid depends on the assumption
that the conjugate basic sites in ZSM-5 are sufficiently strong to induce polariztion of
a C-H bond on a methyl group. As indicated previously, the ab initio field calculations

of Bern and Juries [58] lend support to this assumption.

nism involving carboxoniumions was
t n the scaboxoniumion is generated

following scheme comparing the

An alternate

considered by van den

by hydride abstraction -

steps in the alko uté/{A) and the carboxonium Route(B).

+
§,CHOH

E B2{+ CH,OCE,

CH cﬁgga, + CH,0H," cu,cu,oa - c‘z,facnz
CH,oH," +czz:., +cn oH C,H, + H,0 + ca,oca,

’QW’]a\ﬂﬂ'ﬁm URNANTRY.

A major difference is found between Steps A2 and B2. However, ab
initio calculations indicate that although the 1-hydroxyethyl cation is more stable that
the methoxymethyl cation, the energy barrier separating the two is on the order of
260 kj/mole, assuming that the rearrangement proceeds through the O-protonated

oxirane:
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H
<=  CHsCH™-OH (3.24)

=
({ /
Hs CH: H.C—CH,

this is comparable to the expected energy barrier of Step A2. Step A3 is highly

exothermic and, in view of the behavior of the N-analogue, is expected to have a

&

,\‘H /}r y diagram comparing Routes A and B.

olvin g_thyloxonium ion, is favored.

low activation energy. Figure\ﬂ__ :
It was concluded that R in

| '4_ .:i

Q.N‘--:o-

7, a-c.,ocuzeu‘

resctlion enthalpy kd/mol, ———a

306

-00

£00

»
*

Figure 3.22 Energy diagram for Routes A and B [59].

According to van der Berg, kinetics of dimethyl ether reaction over

HZSM-5 is zero-order at 227-300° C. Chang and Lang found the reaction order of
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methanol decomposition over HZSM-5 at 350° C to be zero-order up to about 60%
conversion, and increasing in order at higher cciversions, suggestive of Langmuir-
Hinshelwood behavior. This is consistent with van den Berg's proposal that the
formation of adsorbed alkoxyoxonium species is favored, with the C-C bond of
formation as the most demanding step. However, van den Berg observed an
anomalous temperature effect, illuétw in the Affhenius plot of Figure 3.10. To
explain this phenomenon it was propo§ed"ﬁgi at 227-260° C, C-C bond formation
proceeds via the mﬁamolecular 7earrangem;n; of trimethyloxonium ions while at

higher temperat oncerted r&actlon between dimethyl ether and alkyl cations,

with the oxoniumion eAransdlon state, becomes significant.

4
AL
T
by &
. .
a
.

Figure 3.23 Arrhenius plot'of the dimethyl ether conversion on zeolite H-

ZSM-5 [59]. P, = 50.7 kPa: WHSV = 0.72 h"

It should be noted that ylid mechanisms have been earlier proposed to.
explain C-C bond formation from organic N and S compounds in the presence of
zeolites. One such example is the formation of stilbenefrom benzyl mercaptan over
Na13X reported by Venuto and Landis [60]. Although these workers preferred an o-

elimination mechanism for this reaction, they recognized that a sulfonium ylid
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mechanism is also possible. Wu et al. [61] studied the thermal decomposition of
methylammonium cation exchanged Y-type faujasites. At 275-450° C, ethene was
observed among the products of decomposition. To account for this result, a
mechanism involving a Stevens rearrangement followed by hofmann elimination

was proposed

e s
H C-Zaol (3.25)

= 8 /ai CH ) ‘iHCH Ciiy
H O-1e
F . : e . v_ 3
'y _(C!iztzNH £ W8 ,=C:H, + § 0-Zeo
/ /445 _

W
& «f,j

N

xa‘rﬁfb[e (nof Jln'volvmg zeolites) reported by Lepley and

o

Giumanini [62], the ernpoiysrs of Wﬂlmethylpyrrohdmlum bromide gives N-

ethylpyrrolidine by carbene msemon L7 ;_,_

A

;L
PO,

HQ A ()* + H (3.26)

A

P\ |
CHa~CHi GH2GHs

The Stevens. rearrangement, of. oxonium ,compounds has not been
reperted up to this time. However, the insertion of CH,, generated by ketene
photolysis, into C-H bonds of alkyl ethers is believed to occur via an ylid
intermediate. No insertion into alkyl ether is observed when the methylene is
generated by mercury photosensitization, indicating that singlet methylene is
involved in the attack. Methylene generated from diazomethane by cuprous halide-

catalyzed decomposition was similarly ineffectual. However, when the substrate
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contains an electron-withdrawing group, reaction with diazomethane occurs, as in

the following reaction reported by Mzerwein et al. [63]:

o} 0
I Il
R-C-O-CH; + :CH; —> R-C-O+-CH; —> R-C-OC,Hs (3.27)
|

Methanol co ' s-modified ZSM-5 was studied by
Kaeding and Butter chanism based also on oxonium

intermediates:

CH;OCH; + (3.28)

CHsOH + CH:CH5-0CH; + HZeol (3.29)

- ﬂuﬂﬂﬂﬂﬂﬁ‘ﬂﬂ’]ﬂi

CH30CH,CH; + Hzeol == CHs CHZCH;,ZeoI (3.30)

AR)ANN I mn'nwma 4

CHsé)-CHzCHz—HZeoI —> CH30H + CH,=CH, + HZeol (3.31)

The key step in this mechanism is the labilization of a C-H bond, assisted by anionic
sites in the zeolite. The resultant nucleophilic species then attacks the "incipient

methyl carbonium ion" from protonated methyl ether (or methanol).
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3.8.2.4 Carbenium lons and Superacid Chemistry

Mechanisms based on electrophilic attack by methyl cations at
saturated carbon are favored by some workers. Such reactions were first observed
insuperacid media by Olah and co-workers and are exemplified by the remarkable

reaction of methane:

£R30-Ca +H" (3.33)
Peagun [64] pro-posed this as a pouible mechanism of C-C bond

[ ]
e Y T ST
U : :
Based on their observation thatsmethanol conerts to hydrocarbons

AMSASUTENTEIAT . oo

Bronsted acids, Ono and More [65] concluded that the mechanism involves methyl

cations:

Y +
CH;" + CH;OR —> 77" CH30OR | =2 CH;CH,0OR + H*(3.34)
CHs
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Generation of the methyl cation was considered to occur by polarization of surface

methoxyl species:

CH3 CH3+

S RN VR S
T N Y

perai '_i" favored by Kagi [66], who
proposed a seriesﬁ[ ium intermec o
‘a L

CHscHZQHy}CLEcZ] E‘m‘{zi ﬁ? +§CH3OH (3.36)
ARIAINTUURTINYA Y

i OCH; |+ OCH;
CH;,-EI;- H i = CHs-G-H + HZ (3.37)

CHs H CHs

However, Chang considered the bulky transition states arising from such reactions

improbable in ZSM-5 on account of limitations due to channel size.
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It should be noted that neither CH3+ nor CH%+ have thus far been
directly observed in superacid solutions. It has also been pointed out that SbF5 and
SO3 are strong oxidizing species and could generate carbeniumions from alkanes
by oxidation, although Olah points out that similar cabocation transformation are
observed in systems such as HF-TaFs and HF-BF; which have high redox

17
potentials, and therefore would not be nt oxidizing media.
72

S 2 s
SalemLG_ﬂ_has repon‘fd the conversion of methanol and dimethyl ether
to hydrocarbons ovef‘{

methanol was

F |
§and Ndfs At 300° C inan autoclave, a twofold excess of
to 'a mrxtpre of paraffins and aromatics. The NbF5-

catalyzed reacti ore hgT hydrocarbons (>81% c¢4-Cs) than the TaFs

s no‘t cle@r whether the TaFs and NbFs were stable to

. J- 1
actrqg contﬁjlgns or deactivated during the course of
_-:.* oy eﬂ 1

reaction (563% C-

hydrolysis under the

reaction.

-

- : — 5 2
The ethanol over the alkylammonium zeolite Nu-1 was

investigated by S}encer and Whittam [68]. They concluded that strong acidity is
needed for the fast<initial step and“that cationic_intermediates are involved.

However, ‘neither €H;" nor oxonium fons were ‘considered to be plausible.
3/8.2.85 Chaif Mechanisms

Anderson et al., using deuterium labeling, found that in the methylation
of benzene with methanol over HZSM-5 at 207° C, there is no exchange involving
methyl hydrogens. From this it was inferred that in the methanol-to hydrocarbon

reaction, the initial step does not involve lability of the C-H bond prior to C-C bond
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formation, and that therefore the reactive intermediates are not carbine, carbonic, or
oxymethylene species. Instead, a active C, entity of the type (CH3;)RO'H(R = H or

CHs) was proposed, which participates in a chain propagation mechanism

active C; + reactive C, > reactive Cps (3.38)

the observed auto a scheme, moreover, the precise

nature of the C; s oot question. However, as has

been noted, the t ‘experiments were carried out

was below the th m methanol in the presence

question may be somewhat

CH;OH and CD;OD over alumi

- i )
P o

that these authols found little D-exchange | sefi CH;OH and CD:OD over

alumina have alre:
| ' — d
little D-exchange below 237° C but complete scramb

o AUHINYNTNYING
AMIANTUNNIINYIAY

ing at higher temperature (T >
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