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develop uniform porg mum channel diameter of
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Zeolites providé hiehl Activity Aa -sual selectivity in a
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variety of acid-¢ats of the reactions are

------- consists of a three-dimentional

framework of Si0, gdch of which contains a

silicon or al W ~“The oxygen atoms are
‘I Ti
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ad nining tetrahedra., whi can be present in

shared between

s g 1g) wmmwmﬂ?“ B, s

thus obtaiféd contains ‘pures, channels, cages, or

’“"“"'“ﬁ‘ﬁ“’lﬂ‘ﬂﬂ‘iﬁ”ﬂﬂﬂﬂmaﬂ

%eolites may be represented by the general formular,
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where the term in brackets is the crystallographic unit cell. The

metal cation of valence n is present to produce electrical
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neutrality since for each aluminum tetrahedron in the lattice
there is an overall charge of -1 [58]. M is a proton, the zeolite
becomes a strong Brons-ted acid. As catalysts, zeolites are unique in
their ability to discriminate between reactant mlecules.and to
control product selectivity, depending on molecular size and shape

[60].

The catalytical ly mos 'wmaﬂt zeolites are those having
ﬁ ],ﬂ-, and 12- rings of oxygen
: in Figure 3.1 [59].

atoms. Some typical g -Ome

¥ Zeotia 12 Ring

sresgeopetries [59].

0 ]

The framéwork of zeolites wused most frequently as
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topologically related to the mineral faujasite and frequently

refered to as faujasite-type zeolites. The two materials differ
chemically by their Si/Al ratios, which are 1-1.5 and 1.5-3.0 for
% and Y zeolite, respectively. In faujasites, large cavities of

1.3 nm in diameter (supercages) are connected to each other
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Figure 3.4 Skeletal diagram of the (001) face of mordenite [58].
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Figure 3.5 Etruct(" M a elel: iagram of the (010)

[58].

"!‘ ge cavities are connected

through apertures ofg 0 mined by eight-membered rings
(Figure 3.1a). '

The mordend pore. ; g? 3.4) consists of

elliptical 'if sarallel to the c-axis

)
of the orthorhomb ‘I

membered rﬂgu ﬁﬁ?ﬂrﬂﬂ!ﬁfwﬂm mS zeolite (Figure

3.5) shows ajlinique pore structure that consists of two intersecting

) YR AR 49 QI R o o

diculaf to the former (Figure 3.5). Both channel systems have ten-

| | T _
structure. Their -_“J- are limited by twelve-

membered-rings elliptical openings (ca. 0.55 A in diameter) (Figure

3.1b) [58].
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3.2 Acidity of Zeolite

Classical Bronsted and Lewis acid models of acidity have
been used to classify the active sites on zeolites. Bronsted acidity

is proton donor acidity; a trigonally coordinated alumina. atom is an

J”f an electron pair, therefore
- wm will increase acidic

_.'3ﬂi::(m“1‘-2]. Since the number of
o “\.L\ aluminum in zeolite's

framework, decreasgf i confent \is expeeted to reduce catalytic

electron deficient and
behaves as a Lewis aci

In general,
strength and thermal
acidic OH groups
activity of zeolite. se in the acidic centers,

decrease in Al congenf (1L “¥esult, in enhancement of catalytic

activity.

Based on eiect 7 o ation, the charge density at
a cation site ~~ with iner ,.,..'-;..r‘ ratio. It was
conceived that eted to reduction of

electrostatic interaptmn between fra.memrk sites, and possibly to

ortemes 441604 5 OB e e - o

location of ﬁ in crystal strpcture [51
RBEARIRITANAAINYAEE e s
was shifted regularly towards higher values as the Al content
decreased [60]. Biml}:mmnus!;r the total number of acidic hydroxyls,
governed by the Al atoms, were decreased. This evidence emphasized
that the entire acid strength distribution (weak, nﬂdium, strong)
was shifted towards stronger values. That is, weaker acid sites

become stronger with the decrease in Al content.
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) An improvement in thermal or hydrothermal stability has been
ascribed to the lower density of hydroxyls groups which parallel to
that of Al content [58]. A longer distance between hydroxyl groups
decreases the probability of dehydroxylation that generates defects

on structure of zeolites.

te are generated invarious
ways. Figure 3.6 omposition of ammonium
exchanged zen[ites [EJ]
ionization on polyvalent
cations, described be e 3.7 (58].
(n=x)+ 4 xyt (3.1)

The excha il by polyvalent cations could
: ¥
improve the c&tal:.rt}c property. Thnse highly charged cations create

vry it EHLEH RN HE 7] 3

Bruns%&d acid sitesgare also Egperated by ﬁyﬁ reduction of

miaoma odidns b dntinckadi ] 97 o ot of zeorive

u:nntainmg transition metals was noted to increase by reduction with .
hydrogen at 250-450 ©°C at to increase with the rise of the

reduction temperature [63].

cuZts Hy — cu® + 20t (3.2)

Agt + 1/2 Hy ——> Ag® + HY (3.3)
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Figure 3.6 Diagram of t 1 a zeolite flamework [63].

a) Iy orm I 5 either an urgaqic
oh.

l ium in axt:ha.nge. pmdu ' the NH4+ exchanged

"111 ?Y‘ﬂ"l NN, i
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d) The acid form in (¢) is in equilibrium with the form
shown in (d), where there is a silanol group adjacent

to a tricoordinate aluminum.
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Figure 3.7 Water molecule inated to polyvalent cation are

dissociate j““spt yielding Bronsted acidity

The formatd et frmn Brunsted sites is

on reaction decreases the

\

)

zeolite at high temperature.

depicted

Bronsted

sites can be present
simultaneously in
ﬁehydroxylntiun is thought in ZSM-5 zeolite above 500°C
and calcinatiﬁd,.> 900 produces \isyeversible dehydroxyla-
tion which cause ] x
Dealumin 1on is belxeved to ncéir during dehydroxylation

which mﬂ'ﬂﬂ daoﬂnﬁmw\ﬁqmmn the sample. The

dealuminatidh is mdmai‘;pd by &n increase m the surface
= QRARIFALINY Fif = e
is ex resse& in Figure 3.9 [58]. The extent of dealumination
monotonously increases with the partial pressure of steam.

The enhancement of the acid -strength of OH groups is
recently proposed to be pertinent to their interaction with those
aluminum species sites are tentatively expressed in Figure 3.10 [58].

Partial dealumination mighi, therefore, yield a catalyst of higher
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Figure 3.9 Steam dealumination process in zeolite [58].



23

o+
H Al(OH)
I ,’J 2
UHSIXUMN e
iR o/ SN Cila "
o M o \o\ o 6. 670
s
S Nsi s’ sl A
Figure 3.10 The enhancemen e acid strength of OH groups by

3.4

u\wi-- ions intermediates are
catalyzed by acidic s34 = e 2ct to a chemical standpoint
the reaction mechani S—Are = fundamentally different with

zeolites or wi zeolite add is shape

selectivity ef harhcteristics of zeolites

_;l

influence their tal}*tm phenumena by th e modes; reactants shapa

seiecnntﬂ ﬂcﬂcﬁa ﬂaﬁ wwﬂn‘dn.?mt ion states shape

selectwityq.’l[ﬁii -65]. These type nf selennvlt}' are depicted in
= AARIN TN INYA Y

" Reactant or charge selectivity results from the'limited
diffusibility of some of reactants, which cannot effectively enter
and diffuse inside crystal pore structures of the zeolites.

Product shape selectivity occurs as slowly diffusing product
molecules cannot escape from the crystal and undergo secondary

reactions.
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Restricted transition state shape Iselecti‘vit_? is a kinetic
effect arising from local environment aruupd the active site, the
rate constant for a certain reaction mechanism is_ reduced if the
space required for formation of necessary transition state is
restricted.

The critical diametas opposed to the length) of the

mle;ules and the pore ehannel'diafete f zeolites are important in
predicting shape selecy é Hnweve;', molecules are
deformable and c(' oug s which are smaller than
\\.\ ize but also the dynamics

"S12

and structure of t nfl e Stil A "‘:. into account.

Table 3.1 elected critical molecular
diameters and Tablg 3 -; 1ue  of the effective pore size
of various zeolites ‘een pore size(s) of zeolites
and kinetic diameter of > : H.:I;'E. depicted in Figure 3.12.

3.5 Reaction u;i-_ﬁj.?’h

o B R AN T e =

mvestigate by Chang and Sllvestm [5]. The reactmn can be

QPR H QRIS 15 ¢

-H,0 ~Hy0 paraffins

2CH;0H === CH30CH; —> Cp2"-C52~ —— aromatics

+H,0 cycloparaffins

Scheme A Cﬁ"' olefins
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Table 3.1 Kinetic diameters of various molecules based on the

Lenard-Jones relationship [67].

KINETIC DIAMETER (ANGSTROMS)

He 2.6
Hy 2.89
0o 3.46
N 3.64
N 3.17
co 3.76
co 3.3
2.65

N 2.6
3.8

3.3

. B

4.3

4.3
4.23

i-C,4H 5.0
g
SFg 5.5
6.2

10.2
Banz;ra .85
Cyclg 46.0
m-xylepe Y'Y .1
p-xyl ﬁ*‘ - 6.75
1,3,5 trimethylbenzene I} 8.5
3:,3r5 r;ethylhanzane 9.2

EI.'I.ZEII.B

i BRI NN

AN ANNINURIINEIA L

This reaction path is established by monitoring changes in product
distribution as a function of varying contact time, shows in Figure .
3.13. An essgntially identical reaction path is obtained with DME as
feed, Figure 3.14, confirming its intermediacy in the reaction

sequence.



27

Table 3.2 Shape of the pore mouth openings of known zeulite'struc—
tures. The dimensions are based on two parameters, the T
atoms forming the chennel! 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

1-MEMEER RING 11-MEMBER RING

Bikitaite
Brewsterite

6.2[001)
Ediﬂs‘
Epistilbite
Erionite,
Faujasite T4<lll>
Ferrierite
Gismondine
Gmelinite 7.0[001]
Heulandite 7.2[001]
ZK-5 e R 00
Laumeonlite S ] ]
Tpe A e Y]
Type L2 g 7.1{001]
Mazzite B - 7.4[001]
Z5M-11 5.1x5.5(1o0]
Meclinoite ¢ .~ 3.1x3.5[100] g ,
4% 5.6[010]
9 ‘m ﬁ;ﬁ ] iﬁg&iﬂm %WET“] B\ &heroin
Matr
Offretite 3.6 5.2[001) 6.4[001]
Paulingite 3.9<100>
Phillipsite 4.2x4.4[100]
2.8x4.5(010]
3.3[001) )
Rho 3.9=5.1<100>
Stilbite 2.7 x5.7[101] 4.1x62(1C0]
Thomsonits 2.6 x3.9[101)
2.6 x3.9[010]
Yugawaralite X1 =3.5[100]

3.2 3.3[c0t]
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=
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Figure 3.14 Reaction path for dimethyl ether conversion to hydro-

carbons over H-ZSM-5 (3719C) [5].



The reaction 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 olefin condensation, cyclization and H-transfer over
acidic catalysts, have been well studied and proceed via classical

carbenium mechanisms [68-70] .

The mechanism enes formation will, however,

be discussed since™ po&oe peculiar to the methanol
: E——

\ from alcohols over
oxide cata.lysts, has been extensively
investigated. concentrated on alcohols having

Y-hydrogens. " have been published

[71-73].
um contrast, the li teratu:m on methanol deh]fdrat ion

is re.lat1 v; W 3 is similar in many
respects tcﬂ that the higher alm hnwever, since methanol

T A S i e =

warrant its discussion here.

The dehydration of methanol on alumina and amorphous
silica—alumina monitors the effect of a series of nitrogenous
poisons (various amines and N-heterocycles) or dimethyl ether
formation. Silica-alumina is irreversibly poisoned, while alumina is

reversibly poisoned. This is taken as evidence that the reaction
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over alumina involved surface methoxy groups:

MO

I
(] 0 (s Q
| | |
Al Al

7R /N x’ “\ A

This interpretation is based on the assumption that bases such as

diethaylamine dissociative :

reversibly chemisorb on alumina.

i
Et—N Q
/\ PR

Because of the gués :" .:f;\ t’x;; 0! N vs 0, the nitrogenous
base competes witt ‘é "’yﬁ £ tl \\3\\\

ting methnxylati- e reaction over silica-
alumina involves FEgo 53~  $1k which are strongly poisoned by
nitrogen base, form 'E,s;ffe‘; erflary ions. According to these
investigators ether fn;n- _;an ; ica—alumina may be represented
by the fol lowi i
Y,

!

]ﬂ Cﬁaﬁﬂ + HY ——> CH30H3

ﬂwﬁ Wﬁf'mw
oG ARG 914V BB B4 over it

aluul at 160-200 °C and the rate expression can derive as follow:
v = kafP,/(1+afF,)

where P, is the alcohol partial pressure. It was concluded that

the rate-limiting step cannot be the interaction of two surface
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alcoholate groups, which would lead to a rate equation of the form
r = ko2 = kap/(1+aP)?

At low pressures the reaction order would be unity, which is not in
agreement with the observed half-order. Figueras et al. proposed two

modes of chemisorptio _ #/Ech assumed the concerted action

ilic attack on carbon by the
E ;
wltieh.Lhen interacts with an acid-

,I+

iy ﬂ\;"
5 o
| R
-
- B

basic site woul

generated surf =ther. The cobserved half-

-9 I\

therefore equilibrium with

order was rati wone of the species, CH;0

or CHj, must be g carbonium ions are much
less stable than

the undissociated established:

)
S TR

U

&phermal dec sition of methanol adsorbed on

: _
wuee W TG TSRS e o
T A

dominant while CHy was significant. Coadsorption of CD30D and CH30H
was carried out. Under desorption at T < 2379C, the ether contained
only CH30CH3, CH30CD3, and CD30CD3, while at higher temperatures

deuterium distribut ion became random. Thermal decomposition of

CH3OHgq in the presence of gaseous CD30CD; gave only [.Hgbﬂig,
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indicating that ether is formed by a bimolecular reaction between
adjacent surface methoxides.

Schmitz [74] studied the dehydration of methanol over
silica-—alumina at 289-418 ©9C and found that. the reaction becomes

first-order in methanol at the higher temperatures. Interestingly,

ate groups, which, though not

Schmitz observed an inductien period, possibly the result of the
initial formation of '

intermediates,” id neve: _influence the initial rate

of dehydration b g _ ..
‘.\\\\

of steady-state withf rgEpest Lo su

. Another explanation might
er prior to establishment

oxyl concentration.
\

\ estigated the dehydration

& ed spectroscopy. Methanol

ite at various temperatures.

of methanol ovel clfin %E'_, by inf:

(6 torr) was adsorbgt

At 259C the 3620 _ lacidic OH on clinoptilolite)

disappears -___, 40 em~ 1 (CH stretching)

4

appear. Upon V, jon ‘fecreased significantly;

however.

OH hand did not reappear his indicated that unl}f

weakly WWHﬂwaTmt 160°C followed by

evacuation @gaused only n partial d:sappearanc:e of the 3620 cm™!
s QA Y S TSP B o
methanBl can be completely removed and the CH bands are shifted to
2860 and 2960 cm~!, indicating the presence of surface methoxyls.
Detrekoy and Kallo found that methanol dehydration
also occurs on dehydroxylated (at T > 400°C) clinoptilolite. They
attribute this to the formation of Bronsted sites from Lewis sites

by hydration during reaction with methanol. The following mechanism



34

was proposed:
0 o
.Si/ \.u/ \si M/ SHOR
AN R SN
/ \ / \ /mﬂ: / CH,OH
/ \/ \/ \/’ \
Z
! + (CH,),0
——
Further reaction W , C8 ;.~w~ ; e acidic OH groups thus
generated.

eaction on synthetic

germanic near-fauj Derouane et al. [76]

observed partial face at 300°C, with ether

formation. Surface met ox ‘be hydrolyzed with water back to

RECEnGL. et — 8 of dimethyl ether and
surface formate Fi .

ﬂ evidence favors the

::::::“:W“m Elmiwzﬁﬂ R
s LA AIELUTUNIE) 1A R

is attacked by another molecule, either from the gas phase or from a

weakly adsorbed state. Arguments in support of this mechanism were

summarized as follows:

1. "Similar products are ubtaine;i by the decomposition of metal
alkoxides c;:-ntaining no B-hydrogens and by the reaction of

corresponding alcohols on alumina at lower temperatures'.
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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 by the

surface of alumina", “‘f
4, "Correlation betwee =) . r@her formation from ethanol

and the surfac®Conefatrati lu*_ de species determined by

te Carlo simulation of the hydrated

IR spectroscopy’
5. "The positive action parameter for the
formation of ‘et > values for the olefin

‘formation on

alecohols.

3.5.2 Rydr

J

Y e aiek aﬁmf]‘i‘i;;““p;;‘:‘iiiiii
RGN Iy T e

free radical schemes. As of this writing, however, little supporting
experimental evidence has appeared. It seems appropriate,
nevertheless, to survey and discuss the diverse entries in this

"mechanism sweepstakes."

L 17044 X
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3.5.2.1 Via Surface Alkoxyls

Among contemporary investigators, the first
to consider this question were Topchieva and collaborators in
connection with a study of the adsorption of methanol vapor on Si0,,
5i09-Al705, and Al,04 surfaces. It was found that a portion of the
e on Si0y-Al,03 and Al,05, which

oo es CpHy, CpHg, CO, and Cﬁz.
—
The formation of SuefA€c-wethoxy grovps.jes regarded as the primary

methanol was irreversi

upon heating and

step. Hydrocarbef [T /@5 cons ideréd to occur by condensation
of methoxy grolips ion and H-transfer. The

mechanistic de re not specified. Subse-

guently, Heiba ar hat the thermolysis products
of aluminum alkeXi ¥ Vi ,al identical to the products of
alumina-catalyzed ‘alcohols or ethers, as shown in

Table 3.3. 1 n products are CHy, Hy, CO,

(CH3)20, and siad ‘-}J Based on the observa-

tion that AI(OCENJ decomposed more readﬂy than Al1(OCH3)3, it was
conc luded t ﬂﬁﬁ ﬂijlﬁw ﬂ'ﬁﬁ eterolytic process,
with the@u f¥e t rection of Al, leaving a

AN IS A A TR

nega activation entropy was nbaervemugge
transition state. A free radical mechanism was rejected on the basis
of negligible reactivity over nonacidic solids, e.g., quartz, at
temperatures up ta.;: 450°C.

In a later study the thermal decomposition

of methoxides of Na, Mg, and Al and the compound Na[Al(OMe)4] was
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Table 3.3 Decomposition of Methyl Derivatives [78].

CH,0H over (CH,),;0 over
AlL{OCH,;), at Al,0, at 450°C, Al;0, at 450°C,
Product 85°C (mol%) 0.5 LHSV 0.5 LHSV
CH, 22.5 Major Major
H; 35.2 Major Major
co 1.1 Hajw Major
C,H, 1.3 Minor
C,H, Minor
(CH,) ;0 Major
Other Minor

reported by Pfe/ _' sthene was the only hydrocarbon

product observ

andis proposed an «-elimi-nation
mechanism to ACEO ,' methanol dehydration
Bkded by Mattox [80], and

™
a¥ 330-390 ©C, as observed

oo {1 ik 111 e .
~TRTRINI AT N

I't'jmz"g —_— H20 + :mz

to dimethyl et ‘F

from methanol ctmn over ReX and Zn]{

I'IH:HZ —_— {mzjnj L= 2, 3, 4, 5

Swabb and Gates studied the dehydration of methanol over H-
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mordenite at 155-240 ©C. Traces of olefin were detected at 240°C. It
was speculated that the olefins were formed by an «-elimination
mechanism. where bond scission is facilitated by cooperative action

of acidic and basic sites in the zeolite lattice:

a H @ :"i
- =
Basie = * 3 Bronsted
site = CH, Q B ﬂ:“:: scid site
3 ‘:c.
= =
S S

admg [82] investigated the
surface reaction : : and NaY at 20-350 °C using IR,
GLC, adsorptio Akl kQ‘ ues. At room temperature,
5. With HY, methoxylation
of surface hy -' , reaching a maximum at
130°C. At 12 'thyd “@ther \formation begins and reaches a
maximum at 21 = . econdary cracking reactions
occur forming predomin d propene. This was accompanied
by darkening of, thescéatalyst ing which was enhanced with a

further temper

elimination mﬂmsm a

with the a r adesmechanism of@Swabb and Gates, proposing that the

U T ATINEIN NS sercrortrton of e
Waéﬁim NN Y

38iOCHy —> =SiOH + :CHjp

#- Kladnig favored an «-

olaf@ formation. They differed

generati

Condensation of the carbene would give olefin. Alkanes were assumed
to arise via H-transfer reactions.

An o-elimination mechanism involving a
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carbenoid interugdiafe was also proposed by Chang and Silvestri
for methanol reaction over 2ZSM-5. However, it was considered
unlikely the olefins were formed by polymerization of the diradical
intermediate. On view of the high reactivity of carbenes, the
probability of such an event would be low, as (emonstrated

in studies on ketene

sis. By the same taken, the presence

of free carbenes wou Rather, a concerted reaction

between methylene A was proposed involving
simultaneois a—e : p?. inSertion into methanol or
dimethyl ether as t ,

H

\’:\}3 : T % | R'=H or alkyl

Hf—:——

e

An ionic mechanism in ’i ‘et ns was rejected since these

species would be expe. methane readily via hydride

abstraction ftol or hydrocarbons. The

T ]

reaction - @
fl 179173 Wﬁ‘ﬂ‘m En T

- QRGN TN 1IN TG

acmun s for < 1% of the hydrocarbuns formed over ZSM-5. Note
also- that C"‘HZUH could deprotonate to formaldehyde which is nnt.
observed over ZSM-5.

The presence of small amounts of methyl
ethyl ether in the products of methanol conversion over ZSM-5 was

reported by Chang and Silvestri. Cormerais et al. l't;u.nd MeOEt among
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the pruduafs of dimethyl ether decomposition over silica-alumina at
423 K. This compound could either be a key reaction intermediate or
simply a secondary product of the methanol-to-ethene reaction. From
kinetic evidence, Cormerais et al. deduced that this compound was
not formed via reaction of MepO with ethene. It was determined that

in the presence of excess

products from Mey0,

hene, amounting to 30X that of the
’] Et formation frnn Me,0 was

increased by only’ 1gn1f1cant1y, the formation

of propene from \ s faster than from Me,0.

In view of theé \\\\\\ =thene, it was concluded

that prupene. \ 15 insertions into Me,0,
leading to Me(l opene. Another set of experi-
ments gave anal®g otarbons. Cormerais et al.
[83,84] proposed ‘ chai "raké mechanism," Figure 3.15, to
explain their resuita ;-'; f cche;e, chain growth occurs by

carbene insertiop ieg, which are transformed

into olefins viadc

f aﬁ%ﬂmﬁ‘wﬂw il
QP eilaglsighdh EE@

\\!-cn;! 5 [~ CHy) "}7

Figure 3.15 "Rake" mechanism for dimethyl ether conversion to

hydrocarbons [83].
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Chang and Chu [85] reported that when
methanol is reacted over ZSM-5 in the presence of propane, the
usual high iso—tn—nufmal ratio of product butanés is significantly
lowered. This is shown in Table 3.4 where the butane i/n is seen to

be 3.8 for the control %xp&rim&nt and 1.1 when propane is added. The

However, under the same 1 £ Fropane and isobutane were vir-
tually inert in the 0 m@n the presence -of 131:!130'}1
(90% 13c, 10% W46 | fonnd that the selectivity to singly-
labeled butanes Y _ than that expected from

random distributian. propane methylation had

» \ reased with increasing 13¢

Table 3.4 Effect of Topam E% '!E ol Conversion over H-ZSM-52[85]

{3'?0“0, 1 at ‘{9?:;]

occurred. Further

(CH30H) )

-
=3
L)

. T"'-'-f-.

Ly ) cnonrc,

T oes |
ﬂﬁmwﬂmwkiwm ?EZ
am@“ﬁmmumgymagn

Erhree poles CH,0H /1 mole diluent,
bNormalized on & propane-free basis.
Cpctual C," = 25.36% of hydrocarbon.
d¥et conversion of C,* ~5%,



substitution. The i/n of 'the l3c4Hg is 2.8, and reflects the fact
that they arise primarily from self-reaction of 130H30H. The singly-
substituted butanes, mostly the product of methylation, have i/n 1,
close to the equilibrium value. From these considerations it was

deduced that the reactive Cy intermediate is carbene-like, and the

an sp3 C-H bonds of the substrate
@;bahility:

—

mode of attack is inserti

being subject to att

c

e (25%)
although for a homog€ngt :*;f'“l,al eaction there is some evidence
of discrimination i Mavoe of hdecandary over primary C-H bonds.
In the CH30H/CjHg ; insertion will lead

statistically to highe —eoncentrations of n-butane relative to i-
butane. m:ta ' ,_.__.__ such as C:i3+ or
methyloxonium fdn,a fiechanism (vide infra),

B )

on the other he 'd, will Yield high i

stability ﬂtﬁmﬁﬂﬁwmt”“ state. In the

methylation Qof propane m‘;h the CH F'-SIJFS mnplex in S0,CIF, for

Wﬂ URG ﬁ%ﬁl’d‘ﬂ%ﬂ@%&l e i 1 mor

alkyla ion product. The following pathway has been proposed to

butane ratios due to

account for i-butane formation:

CH, %

e

CH,F-5bF, + C,H, —— CH-+ SbF,

CH, CH

= i-C\H,, + H'SbE,
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The alternative to sp’ C-H insertion, namely C; addition to the
double bond of propene generated from propane via dehydrogenation,
also received consideration. Although propane itself is largely
unreactive, it was  believed possible that the unfavorable

dehydrogenation equilibrium could be displaced by a "drain-off"

ment gives prefer - butyi cat:un, which will
either yield 2- FoOpene-41a S& proton, or i-butane via

yere cationic, branched

#“ c—é—c-rn*

Another thway involving propylium ion as

. “‘“‘mﬂ%&i %B%EH‘I%W UINT
AW AININURE N8 Y

C3llg == CzH;* —— icyHg*

but leads to the same conclusion. This alternative was therefore
rejected as an explanation of the observed results. However, in the

case of reaction of methanol alone, these mechanisms, with propene
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as. an inte_rmdiate, can be invoked to explain the characteristic
high i/n butane selectivity.

In.. another attempt at ="trap§ing" the
reactive C; intermediate. Chang and Lang reacted methanol over
H-ZSM-5 in the presence of acetonitrile. It was reasoned that a

carbene would insert m&inl: into the C-H bonds and to a lesser

extent, add to the C N ¢ j fopic intermediate, on the other

hand, would attack® N el tem exclusively, forming a

Upon hydrolys N-subst 2d acetamides would result. This

is a Ritter-type Se ST :f e addition to the C-N group would

» |
result in a highly reaclive azirine intermediate, which would yield
_.f"—-'-‘ﬂ—_— e

the same nitri 1

c catalysts. Thus the
sole presence i ‘f‘ uted acetamides wnul:".

.be evidence of nmatmmc intermediacy (although the alternative nf
acetamide h acetic acid from
acetumtnlﬁu;a’sm cannut Iﬂ mnn the other hand, the
presﬂwqm ﬂﬁlgu umrnwmagides, must be
taken 9as a strong indication of carbene involvement. It was also
found that acetonitrile, itself stable over the temperature range of
interest, served to moderate the reaction by competing strongly for
the acid sites.

At 454°C an eqguimolar mixture of methanol

and acetonitrile gave mostly acetic acid and methylamines (36%
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methanol conversion). This is the result of acetonitrile hydrolysis
and methanol amination. At 496°C (79% methanol conversion), hydro-
carbons, CH3CH,CN, and N-substituted acetamides were in evidence, as
well as CH3COOH + Cy3CO0CH;, and methylamines.Upon raising the tem-
perature to 538°C, the reactor effluent contained 16.3% hydrocarbons

and 7.0% 0- and N-compounds

lusive of unreacted acetonitrile).
These ©O- and

46.6% CHCH,CN, 37a0%N-meth) 1mnitnlea, and 3.4% higher

esters, p}rrrnlesy

carbene insertion

' ’ taken as evidence of
-aminnni triles may result
from an analogous the nitrenium ion

is generated from a

RIRZN!B: - m;m — R1R2N"'

ﬂUH’mEWﬁWEJ*’lﬂ‘E

The reaction of methanol 1n the presence of

o G B LAPIRBIA } B ies s

brancﬂed hydrocarbons. Particularly high selectivity to triptane was

2{‘4‘1 —_ R lﬂzhH'IZm

observed. They postulated that the intermediate is a carbene
complexed with the salt, similar to the Simmons-Smith reagent (CH;I,
+ Zn(Cu)), which reacts with alkenes to form cyclopropane

derivatives via carbene addition to the double bond.
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3.5.2.3 Oxonium Ions and Yields

In their mechanism Chang and Silvestri left
open the question of stabilization of the intermediate carbene in

the transition state. A plausible resolution of this gquestion may be
N :

den Barg et al. [86]. In their view,

1/

found in the mechanism of

dimethyl ether from me

-EH,DH

\_/‘\ 7

ﬂuﬂ}ﬂﬂﬂiwﬂﬁﬂi
ARIAINITU UM INYIAY

the cr‘tical step in their proposal is a Stevens-type intramolecular

Ll

rearrangement of the trimethyloxonium ion III to a methyl ethyloxo-

nium ion V:
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?H. i Oy 2 ' f“’ o
0 + 0 - 0 CH
3 8 ?
“19/ \C“: H;‘{: \cn;\ “/ ~~~~‘h'ti.‘rll/:
o 0o — 0 FB,  raus
-~ ~ o . -
\\‘if’# \N“if,f \\“if’f i
111 v
‘/i'

Structure VI, whicil' i »xonium ylid (CHj)o07CHy™,

is seen to conta & stabiliz [ carbenoid species. Cis-

insertion of the eTIo] " the adjacent C-0 leads to C-C

bond formation. The for ?_,W depends on the assumption that

the conjugate hagic sites in ZSM-3 are Suftuc ,ntly strong to induce

p— H
N

polarization ol =a petlyl” group. As indicated

!q

xJ
1n1t10 field calculnt1ons of Beran and Jiru [87]

“ﬁ“ﬁ’ﬂ%ﬁﬂ%ﬁﬁﬂ%ﬂﬂ‘i

An ‘nlternate cationic meﬁhan:sm involving

b&ma&ﬂfjmmmq 4243 floRe] (881, 10 this

variat1un the carboxonium ion is generated by hydride abstraction.

previously, the ab

Van den Berg presented the following scheme comparing the steps in

the alkoxonium Route (A) and the carboxonium Route (B).
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CHy,— 0—CH
+CH,0CH, - -

Al PN n+ Bl

H,c\
HC ra

A2 B2

E, i
ﬂ—ﬂ“. +* EH,UH GH;—-O—CH: + Hl

found between Steps A2
and B2. However, ab indicate that although the
1-hydroxyethyl cation | tha methoxymethyl cation,
the energy barrier separs : = “IWe. is on the order of 260 kJ/mole,
assuming that _the ,Hn" gh the O-protonated

oxirane:

'
mew—iwmﬂﬁ

o QAN RN TN I ES = =

A3 is? highly exothermic and, in view of the behavior of the N-
ana.‘logue. is expected to have a low activation energy. Figure 3 16
is an energy diagram comparing Routes A and B. It was concluded that
Route A, involving the trimethyloxonium ion, is favored.

According to van der Berg, kinetics of dime-

thyl ether reaction over H-ZSM-5 is zero-order at 227-300 °C. Chang
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and Lang found the rem;:tion order of methanol decomposition over
H-ZSM-5 at 371°C to be z.eru—urder up to about 60% conversion, and
increasing in orde‘r at higher conversions, suggestive of Langmuir-
Hinshe lwood hehavior.‘ This is consistent with van den Berg's
pi-up;:sal that the formation of adsorbed alkoxyoxonium species is
mation as the most demanding step.
/ omalous temperature effect,

 pL igure 3.17. To explain this

favored, with the C-C bond
However, van den Beng
illustrated in the “AFths

phenomenon it :~ '

the 4 / dlar rea igement of trimethyloxonium

£ 227-260 °C, C-C bond formation

proceeds via

reaction enthalpy klfimol, —
.
L
2
T

Figure 3.16 Energy diagram for Routes A and B [88].

ions while at higher temperatures a concerted reaction between

dimethyl ether and alkyl cations, with the oxonium ion as the tran-
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sition state, becomes significant;

'
L3

W, il

Figure 3.17 Arrhe r o t 1 ether conversion on

- kPa; WHSV = 0.72 h™1,

zeol TBS o

d. . that ylid mechanisms have

been earlier pro ormation from organic N

W
N
and S compounds es. One such example is the

formation of stilbege f beh ..\ aptan over Nal3X reported by

Venuto and Landis these workers preferred an o-

elimination m : iction, .. they recognized that a
A%
|

the thermal decd pcsitmn of methyla.mom i cation exchanged Y-type

asatt=p 44 E]"J’Vl BT ey emce e proect

of decompofition. To accuunt for this result, a mechamsm imrulvmg

QG DA HHA AR o oo

(CHy);~N-CH; —— (CH,);N CH,CH, + H 8-Zeol

!

(CH,) ;NHCH,CH, 0-Zeol

sulfonium -"y—'i'ﬂn wt al. [90] studied

H,C
]
H O-Zeol

h -]
(CH,),NH + CHy=CH, + H O-Zeal

In another example (not involving zeolites)

reported by Lepley and Giumanini [91], the thermolysis of N,N-
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dimethylpyrrolidinium bromide gives N-ethylpyrrolidine by carbene

insertion:

rearrangement of  oxonium

J/) to this time. However, the

insertion of CHy, 4 ed, byﬁmml}rsm, into C-H bonds

of alkyl ethars

\\ -
No insertion into81ky &1 ‘f-\-uﬁ rved when the methylene is

compounds has not
v.m an ylid intermediate.
generated by merg indicating that singlet
methylene is invo e W Phel At te ethylene generated from
diazomethane by cuprglis fhaljde~-cs : decomposition was similarly
ineffectual. However !‘r 1o Sthate contains ‘an electron-
withdrawing group, diazomethane occures, as in the

following reactiok [92]:

.. -n~cu,+ ciy - n—EcH.
AU 3NN WE] 79

hie.thgnoi mnversmn over phas horus-modif 1ed

e T S P e

me::ham m based also on oxonium intermediates:

X
_— u‘

R—-C—0C,Hy

-]
CH,OCH, + HZeol == CH,—0 + Zeol®

“cH,
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=+ CH,0H + CH,CH,~0CH, + HZeol
Zeol 2 CH,-0~CH, 3 i-Hy 3

. CH,=CH, + HZeol
The key step in . the"abilization of a C-H bond,
assisted by anion e resultant nucleophilic
species then attg thyl carbonium ion" from

protonated met
d Superacid Chemistry

gfi | electrophilic attack

bymethyl catiSuld NEE AW

Such reactions wete first observed insuperacid media by Olah and co-

workers uﬁﬂﬁﬁﬂﬂmﬁmﬂ Tﬂtim of methane:
A AR

avored by some workers.

+
CyH, —/——— C,H, [clu'ﬂ* CH, + u*
N
ete. Im:li,+
*
c‘l“l [
elc.



- 1< P

The transition state is believed to be a pentacoordinate carbonium
ion, typified by the CHs* methanonium ion shown above, and in

the following substitution reaction:

+

R,C-~< —— R,C-CH, +H*
"

5
cu

gupused this as a possible

mechanism of C mat ion., IT hanol demmpusitmn by

R,C—H + CH,* —

converts to opolyacids and Nafion-H

(perfluorinated are Bronsted acids, Ono

and Mori [94] concludgt t £ fgchani s involves methy!l cations:

| T
Generation of J- methyl cation was <¢onsidered to occur by

g uﬂﬁm‘*ﬁ%’ﬁ 5NT
R mmmwnmmm

Autocatalysis involving condensation of methanol and olefins was
cited as the reason why little methane is produced via hydride
abstraction.

Ono et al. rejected the possibility of
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carbene involvement. They found that HCl did not poison the methanol
reaction over H-ZSM-5. They reasoned that since HCl poisons base-
catalyzed reactions, basic sites do not participate in the reaction.
They assert that these results "plead against the carbene mechanism,
in which the abstraction of a proton from a methyl group by basic

sites is essential.”

%

uperacid mechanism was also

favored b:} Kagi series of oxonium interme-

diates, e.g., , ——

\\ tiu:H. i

="\'6H,~-C~H | +CH,0H

However, _' ion states arising from
| 5 ,‘._ [

such reactions i comfit of limitations due to

I'I [

channel size. l “

ﬂ u H ’J WEJ ﬁmﬂtﬂ ?hat neither CHj* nor

CH5"" haveq|thus far been d:ract ly ohserved in superamd solutions.
* ATRIRIOLUR VI AL B s
speci®s and could generate carbenium ions ‘from alkanes by oxidation,
although 0Olah points out that similar carbocation transformations
are abserved in systems such as HF-TaF5 and HF-BF3, which have high
redox potentials, and therefore would not be potent oxidizing media.

Salem [96] has reported the conversion of

methanol and dimethyl ether to hydrocarbons over TaFs and NbFs.



33

At 300°C in an autoclave, a twofold excess of methanol was
c-::mverte& to a mixture of paraffins and aromatics. The NbFs-
catalyzed reaction gave more light hydrocarbons (>81% C;-Cs)
than the TaFg reaction (53% C;-Cs). It was not clear w.hether
the TaFs and NbF5 were stable to hydrolysis under the reaction

conditions or deactivated dugi the course of reaction.

ion of methanol over the

: éted by Spencer and Whittam
//¢ \\\ dity is needed for the fast

EN

al., using deuterium labeling,

alkylammonium zeol
[97]. They concludl
initial step and tes are involved. However,

neither CH3* nor o ed to be plausible.

found that in M

".'ﬂ" methanol over H-ZSM-35
o I\..H"
at 207°C, ther&fis i iethyl hydrogens. From this

it was inferred that in themathannl-tcﬂwdrmarbnn reaction, the

niiad g A YPEI ] B ) Py vt prior 0

bond formdtion, and that I:hr.-refure the react we intermediates are

S LN IRk A

:‘.‘1 ehtity of the type (CH3)RO*H (R = H or CH;) was proposed, which

participates in a chain propagation mechanism
active Cy + reactive C, —> reactive Cpy

where C, is an olefin. This is a highly attractive scheme in that
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it is consistent with the ubsarve& autocatalysis of the reaction.
In such a scheme, moreover, the precise nature of the Cy species
becomes somewhat of a moot question. However, as has been noted, the
temperature at which these D-labeling experiments were carried out
was below the threshold for hydrocarbon formation from methanol in

the presence of ZSM-5. Thus) their beq;ring on the mechanistic

alumina have alr t ioned -1t w 11_ be recalled that these

authors found lit : ange 1 =g but complete scrambling

of

methanol to C;-Cs
hydrocarbons ___,_ 11 morden te W ,.:’;-s- by Zatorski and

Krzyzanowski , v.h : aechanism:

J

ﬂW’ﬁTﬁJWﬁWEﬂﬂ‘i

2cH; ——> CyHg
I GRAPESAA TR

CH3EHE — C2H4 + H

No supporting evidence was given. In this context it may be relevant

that the Stevens rearrangement has been known to give rise to CIDNP
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spectra, indicating some degree of radical involvement. A possible

mechanism is dissociation into a radical pair within a solvent cage:

over tungsten oxide

1] vppnrts including zeolite A,

mordenite, and chabazite. Aynectian involving the formation of a

"HyC-0 site" ' o AN \--u olling step was proposed.

TR

te \\L\- ere the external bonding
\\ trnnger than the internal

"These species ™

bonding betweed Cf #0FApivalent \ specie CH, is then formed
‘ the olefins." (It was not

specified how chargefconservatignhis (b be preserved). The tungsten

Y o5ed the following imagi-
&= )

native mechanismt
g | b ) rm,mt H ‘c—{—u + CHO

ﬂuﬂm&wwm

ama\mmmﬂ@ﬂmaﬂ
W O™ vomon 0 o o (s

CHy
- O,cﬂa CHyOH a““: *2CH,0H CHy
=Ha0 CHy -zn,_o CHy
CH, th*) (H) CHy
CHy -
&) M) o SOBUTENE, ISOPENTENE, PROPYLENE
CHy + CYCLOOLEFIN
CHy

{7 3 PROPYLENE b2 .o O + PROPANE
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The critical steps are H-transfer from methanol to double bonds,
producing formaldehyde (Steps 1, 4, 5); the Prins condensation of
formaldehyde and cycluolefinl (Steps 2, 5); dehydration of the
hydroxymethyl substituent, fnliuﬁed by double-bond isomerization to
the methyl derivative {4 c and generation of olefins from
the polymethyl cyglies5 term&ia the "paring reaction"

—

. :EEE\;;Ed according to Step 7.

(Step 6). The ini
al., the formation of
methane, CO, an hoxy species may proceed
by a "methyl

hyde as an i

onwhich produces formalde-

envisioned:

4

Dl et
ARFITINMING 18 Y

Venuto and Landis considered methane to be

formed from methanol via radical pathways.
Finally, hydride abstraction by the reactive
C; species cannot be discounted as a source of at least some of

the methane, usually present in minor amounts. As pointed out by Ono

lar hydride transfer is
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et al., autocatalysis will minimize this reaction. However, hydride
abstraction could be significant during the induction period of such

autocatalysis and account for methane at low conversions.

3.6 Deactivation of i by Coke Fo i

Carbonaceous residies ' #he inevitable by-products of most

heterogeneously catal ni ions [101]. The term "coke"
, E

-5

LN "encompass mixture of hydrogen-

Vilroge o carbon atomic ratio of

designates such
difficient mol
0.4-0.7. The f catalytic activity and
selectivity (d st often acid catalyzed
[102]. It is, sern when using solid acid
The model a m-izif_ s catalysts considers that coke

deposits affe atalytic acti twe different ways, site

e 1

coverage or pdiFONINE(A) and po (B) [102]. Situation A is
that of a pﬂiﬂl&d s il open m:res whereas situation B

corresponds , to mf “inaccessiblefdctive site in a blocked pore. The
kinetics @ﬂu&-ﬂyg uﬂgﬂﬁtﬂ ﬂajjlied as a function of
two _Rr il ities; . . g ,11 ‘ ita to be accessible
at Mﬁ}ﬁﬁmj.m pro ﬂﬂjﬁa is particular

site is not poisoned (covered) at the same time. P(t) depends on the
structure of the zeolite pore network which controls the access to
the active sites. .S5(t) is essentially related to the zeolite pore.

size which may impose constraints on the deposition of coke.
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Recently, by quantitative approach, the deactivation of
zeolites by coke formation is proposed to occur mainly through
limitation or blockage of the access of the reactant to the active
sites, not sites poisoning [103]. By their solubility in organic-
solvents, coke deposits can be categorized into soluble and

%

insoluble coke. Since the maj ponents of the soluble coke found

were those polyaromati ing points were well below the

reaction temperatur _molecules were mecessarily

located in the 5

be quite compalil

molicules were found to
cavities, or channel

intersections or g pluble coke was cumpbaed of

NEY
highly polyaromé rtl; \ ed in the micropores of

crystal. The higher § cok B Cont yialded the higher polyaromatic
; w

#
o

molecules or the insolug

zeolite and partly {grm -- =lope around the zeolite

It was \c j e components were too

weakly basic Vf i ’i\ active sites at high

reaction temperm.\re The deactivation trﬂeﬂ:re should not result

“‘Sﬂﬁﬂ’?ﬂﬁﬁ?ﬂi@”fﬁ“ﬁ i s

blockage of §fhe access of reactants to these s1tes

AR RINTR U I e
zeolit® pore structures are schematized in Figure 3.18 [101,102].
When the pore system is constituted of non interconnecting channels
(A), deactivation occurs through pore blockage, Existence of cages
along the channels (B) enhances coke formation, and therefore the
zeolite is more rapidly deactivated.

when the pore system .is constituted of interconnecting
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channels without cavity (C) deactivation occurs initially through
(i) limitation of the accessibility to active sites, then (ii)
blockage of the sites at the channel intersection in which the coke
molecules, are situated. Lastly at high coke content, (iii) coke
molecules, located on the outer surface of the crystallite, block

the access to the site els in which there are no coke

‘molecules.

When the e SVS Cﬁd of interconnecting cages

:t ‘_ ‘t ion by coke is almost the
éxce 1\- rate of coke i‘urmatmn

\‘ on the reaction(s).

with large apertur
same with those wi
is higher because

When the pg t1ea with small apertures
(E), molecules of}J S8, to the active sites of the
cavities where thesgfn ped. The deactivation effect

of coke of these pore —ﬂ" ,.t same as those mono-dimensional

pore structure Ao :‘
In the TI ; @ interconnecting pore

structure with IJI'}IEF_V (larger) channels or cages, P, and secondary

(smaller) ﬁ%ﬂ?mwﬁm w E{}’]pﬂ@ will be resemble to

those of %ﬂ-mtercm'mecténg clmnne:ls when S 15 uch less than P.

N N [ C R a——

3.7 ne tio

Coke originates mainly from either olefinic [104,105] or

aromatic [102] compounds, Coke from different origins has neither
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Figure 3. IEﬂCWﬁfTWHWTWW 3::1;3 in zeolites

qiot].

Qmﬂﬁ‘ﬂ“ﬁﬁ”ﬂ%ﬁ’% BHIR

Non-interconnecting channels with cages (e.g. Offretite)
c¢) Interconnecting channels without cavities (e.g. ZSM-5)
d) Interconnecting cages with small aperture (e.g. Erionite)

e) Interconnecting cages with large apertures (e.g. Y type)
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the same efficiency _fm:‘ its formation nor leading to the same type
of deposit. Figure 3.19 depicts the general scheme for the mechanism
of coke formation which shows the shape selective constraints in
zeolite coking. In small and medium pore zeolites, deposition of
pseudo-aromatic coke cannot occur internally. Deactivation may

result from deposition of molecular weight (nearly) linear

oligomers if the reacti is too low to induce cracking.

Aromatic coke is é&gﬂ pore zeolites or at the
surface of all zy — !
Figure 3. iblé. reaction path ways for

consecutive coking ' ompét it parallel coking (B) [101].

\
\ with higher contact time
on of active sites, etc.)

i
and decreases wh A" : "v constraints are operative

(dashed area). When Bﬂk "is parallel to the main reaction

sequence, decrégsi tact tim ways reduces coke and
product yields fi | t 1tuatiuns are met when

coking is consm.\tive. Raducing tﬁe cﬁtact time at high space

velocity mt vields whereas at
low space v ncxty [A mke is reﬂuced prod ts are enhanced.

""“ﬂsﬁ'fﬁ'ﬁﬂ“’i‘fﬂ'ﬂ VLT Ty v

the product to coke yield ratio.

A remain mechanistic question concerns the nature of the
active sites involving in coke formation. It was proposed that the
formation of carbonaceous residues proceeded on multi-points
adsorption centers, containing more than ;'me Al atom. Coking of high

Al content zeolites such as type X or type Y involves with both
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§ 0
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Qfor the furmat:un of carbcnaceous ﬂepaslts [101].

q WARGRT 0] L HPIEE R

¢ = Cracking P = Polymerization

D = Dehydrogenation R = Cyclization
H = Hydrogen transfer T = Transalkylation

M = Miscellaneous W = Dehydration
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dtion of products and

Bronsted i %’ﬁrgleﬁlﬁ play the essential
role in tn&‘ﬂ gEf uﬂma zeoli ﬁ

m tEIe. increasing
the ber of acid sites enhancesﬁjl paraffin cracking reaction

producing a larger numbel: of olefins and carbonium ions which can
eventually contribute to coke. It was expected that aging should
increase with Al content. Also, it was found that catalytic sites on
coke itself can lead to growth of external coke or reorganization of

surface coke deposits.
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