CHAPTER II

THEORY

2.1 Zeolites

Zeolites™ are group I and group II elements,

in particular, sodiun, um and barium. Structurally
the zeolites are “fra e based on an infinitely extending
three-dimensional ne d to each other by sharing all of

the oxygens.

Figure 2.1 The structure g zeolites.
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Zeolitemmy be represented b)I"the formula
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Where M is the cation of valence n, w is the number of water molecules.



2.2 Zeolite Structures

Zeolites**** have a common subunit of structure so called primary building units of
(A1,Si)O; tetrahedra, therein the Si or Al distribution is neglected. 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 the known zeolite structures. The

secondary building units (SBU’s) consist of 4, 6 and 8-member single rings, 4-4, 6-6 and

8-8-member double rings, and 4-1 ,. 1 and 1 branched rings as illustrated in Figure 2.2.

In some cases, the zeolite framework cz d in terms of polyhedral units, such as

connecting the metal ection of these building units in various ways results

in different structuresygi.e. YPES, zeolites; for example, zeolite A and faujasite-

rings or double 6 rings ‘ _ A new larger cage is formed at the center which
is called supercage (o ¢ ot both type: re. The supercage type I belongs to

zeolite A structure and supercage type 11 it : e and both are shown in Figure 2.3.

o & o

4-1 5-1 4-4-1

Figure 2.2 Secondary building units found in zeolite structures.
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2.3 Acid Form of Zeolites

exchanged for protons by

Only the silica-riched sodium-form zeolite can-be reddily

/| '

direct reaction with Wi e ydroxy roups the Bronsted acid sites.
The usual method for‘preparmg hydrogen form zeolites is the thermal treatment of

ammonium ﬁ%ﬂ ’} ‘H\E} Pﬂr%#w Btfﬂ) ﬂ ﬁzeonte framework. The

hydrogen forh?"l(amd form) can be generated mdlrecg by replacing Modlum ions of the
zeolﬂ b%ﬁoaﬁaoﬂ@mq%%q ’r})%&'f}a E or ammonium
nitrate and heating above 300°C under vacuum. The bridged OH group across a pair of Si
and Al atoms behaves as a classical Bronsted acid. Further thermal treatment at higher
temperature results in a loss of water from two nea{rby hydroxyl groups. This process is
called dehydroxylation. The dehydroxylation causes the loss of one oxygen from zeolite

framework per water molecule removed, exposing a tricoordinated Al ion, which is an
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electron-pair acceptor, i.e. a Lewis acid site. The formation of these sites is shown in Figure

2.4.

Sodium form of zeolite

Bronsted acid form of zeolite

O\ /OH OF
P ' gl ¢ ewis acid form of zeolite
2 -

Figure 2.4 Generatgl of acid sites in zeohte
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Dealummatlon, the removal of the almnnum from thequttlce is believed to
occﬂ dﬁ&aﬁxﬁ]tﬁ mulMQnQewaEllr\]ia\ E zeolite pores.
Dealu‘rlnination was claimed to produce a “nest” of four Si-O-H silanols. The mechanism of
the framework dealumination® is illustrated by Figure 2.5. The framework tetrahedral sites
of aluminum are hydrolyzed by steam at elevated te;rlperatures giving aluminum hydroxide
phase on the zeolite surface. The hydroxyl groups produced on the tetrahedra, are

subsequently removed during the final calcination procedure and new Si-O-Si linkages are
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formed. The loss of aluminum from the tetrahedral positions results in the contraction of the

unit cell.

O\/"\ /O\S/O\/‘\/O
S L S S

“,
”,
v

+ Al(OH);

Dealumination ﬁ,-' ent of zeolites. Steaming of

the zeolites has beerﬁwnd to produce a variety o catior@nd neutral species that occupy

the pores and active sités ofithe molecular siéue cataléslt) It has been proposed’ that some of

msm’iﬁ T aﬁ’ﬂ‘:‘: i‘:;;‘;i::i

the steaming process causes the decrease of the number of strong acid sites. If a steam
treatment is used for dealumination, the extraframework Al generated stays in the channels.
This causes blocking of the channels and increasing the diffusional problems. Meanwhile,
the steam treatment produces mesopores, which somehow allows connection between

channels, forming, limitedly a pseudo tridirectional network.
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H+
(\SI/O\SI/O\AI/O\SI/() + AI(OH),
/ . -,.,", / -.,”’, / ',,,",

Direét acid tre onty-dealumina jon b 50 removes the extraframework
ZSM-5 results in a material that
shares some properties/wi 1 sulting from dehydroxylation. In
general, chemical treatments, i1 cluding ac ction of aluminum from the framework,
usually affect the external surfaees of the cr " drochloric acid treatment; for example,

e
removes aluminum t ﬂ'-“
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and re ha structures ar ong the principal features that zeollte used as catalysts

offer over other materials. Shape selectivity are divided into 3 types: reactant shape
selectivity, product shape selectivity or transition-state shape selectivity. These types of
selectivities are depicted in Figure 2.7. Reactant shape selectivity results from the limited
diffusivity of some of the reactant, which cannot effectively enter and diffuse inside the

crystal. Product shape selectivity occurs when slowly diffusing product molecules cannot
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rapidly escape from the crystal, and undergo secondary reactions. Restricted transition-state
shape selectivity is kinetic effect arising from the local environment around the active site.
The rate constant for a certain reaction mechanism is reduced if the necessary transition-state

is too bulky to form readily.

Reactant Selectivity

77
cH,oH + ) !fl

®
772>

Figure 2.7 Three typesiofselectivity in zeolites: reactant, product and transition-state shape
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implieg that monomolecular rather than bimolecular transition states are favored in small
pore: thus, this steric effect and/or diffusional effects may operate to produce shape
selectivity. The methanol to gasoline (MTG) conversion process is a good example of
transition-state shape selectivity, where the available space in the cavities of zeolite ZSM-5
determines the largest bimolecular reaction complexes that can form. Hence, all products

have fewer than 11 carbon atoms, with xylenes predominating.
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The critical diameter (as opposed to the length) of the molecules and the pore channel
diameter of zeolites are important in predicting shape selectivity effects. However,
molecules are deformable and can pass through openings that are smaller than their critical
diameters. Hence, not only size but also the dynamics and structure of the molecules must

be taken into account.

2.5 Structure and Chemical eolite Mordenite

Mordenite,**>® wi ) ﬁof 5, is the most siliceous zeolite

mineral. This constant rati rder: ‘-’ ution of Si and Al in the tetrahedral

thermal stability of mordenite is probably dueto the large number of 5-member rings, which
are energetically favored in terms of stability. For the diffusion of small molecules, the
. Y |

mordenite zeolite is cQ tonal channel system. For practical

applications to larger molecules it is con51dered to be a unidimensional, large-pore molecular

o v 4 R LN )y e i o

diffusion. THeé main cage has tw% exits, through two elght-member rings. The main

Bl S [T YC T

small ghannels parallel to b axis with 2.9 x 5.7 A (8-member ring) as shown in Figure 2.8.
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Zeolites are generally synthesifed by the hydrethermal method fii.d closed cyclindrical
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in a gel, four-component system Na,0-Al,0;-Si0,-H,0.3**"  The gel is crystallized in an

autogenic pressure autoclave at temperatures varying, generally, from room temperature to
about 200°C. The pressure is generally the autogenous pressure approximately equivalent to
the saturated vapor pressure of water at temperature crystallized. - The time required for

crystallization varies from a few hours to several days. The alkali metals form soluble
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hydroxides, aluminates, and silicates. These materials are well suited for the preparation of
homogeneous mixtures. The aluminosilicate gel is formed by a process of copolymerization
of the silicate and aluminate species that takes place via a condensation mechanism. The gel

composition and structure appear to be controlled by size and structure of the polymerizing

species.

NaOH (aq) + NaAl(OH), + Na,SiO; (aq)

LINA,

A schematic re amorphous aluminosilicate gel

toa zeolite35 is depicted in F epresented in two diamensions, is

depolymerlzed by the hyd .‘*'f".{ which soluble aluminosilicate species that may

. Y Ik ;
regroup to form the nuclei of !5%’4-', ire. In this case the hydrated cation

acts as a template. (7 J;;"
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2.7 Factors Influencing Zeolite Formation

Three variables have a major influence on the zeolite structure crystallized: the gross
composition of the reaction mixture, time, and temperature. There are also history-
dependent factors such as digestion or aging period, stirring, nature (either physical or

chemical) of the reaction mixture, and order of mixing.

Table 2.1  Factors influencing

e Gross composition..
1. SiOY/ALO
2. [OH]
3. Cation

a. Inor

4. Anions ( ot
5. [H,0]
e Time

e Temperature

1. Ambient .‘ﬂ" )
2. Low - ¢aj 90 to 120 fﬂ
3. Moderate ca, 120 to 200°C

ABENEN TNYINT

o Hisy-dependent Bistors ¢
RMINTUNMININD

4. Order of mixing
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2.7.1 Reaction Mixture Components

Each component in the reactant mixture contributes to specific characteristic of
the gel and to the final material obtained. Table 2.2 provides a broad listing of individual
components of the mixture and the primary influence each component has within that

reactant mixture.

Table 2.2 The effects of selected variables on the final crystalline product in zeolite
synthesis

A NN y
Variables T '{..-ﬂ' €

Si0,/AlLO4 ; F amew .omposition

H,0/Si0, : \\\ 0 mechanism
OH/SiO, v v t" \' oht, OH™ concentration

Organic additives rusture, framework aluminum content

% vod
QF'A’"
el

The SiOy/AlLC -‘g;rgi % ide content of the gel, and the presence of

ich structure(s) would finally crystallize.

inorganic cations also contribute. 0 dete ;.&'

For example, at the 20 enite phase i§ fo appear, no matter with or
;'

without the presencﬂ ' nﬁ crystallization of a particular

zeolite structure from th,e gl system contain@; these four components strongly depends on

e sioyaf0] b Brkie 4 PTG MR horkifit 5 orean stions ot oniy

influence thqutructure crystallized but also other ﬁgtures of the ﬁr&,crystallme products
wobbel ol b balobdaad 4413 VI E11 6 2

2.7.2 Time

Time, as a parameter, can be optimized in the synthesis of many zeolites. In
systems which produce only one zeolite phase, optimizing maximum crystallization over a

short span of time is important. Crystallization parameters must be adjusted to minimize the
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production of the other phase while also minimizing the time needed to obtain the desired

crystalline phase.
2.7.3 Temperature

Temperature influences several factors in zeolite synthesis; it can alter the
zeolite phase obtained as well as change the induction period before the start of

crystallization. This induction period decreases with increasing temperature. Also, for any

mixture as the temperature incre ”/ stallization increases. As the temperature
is changed, conditions m aﬁoxi ases. As the temperature increases,
the solubilities of alu ausing a shift in the concentration
of the liquid phase. ower temperature while denser

zeolites do at high t

2.8 Methanol to Ole

gasoline, MTG) or.0 _7 ng on the catalyst and/or the

process operation comition. Although methanol itself im potential motor fuel or can be
blended wi ﬁv i overcome the technical
problems COE ﬁﬂ th ?: ﬂﬂﬁn ﬂ‘ﬁ iTﬁuﬁ There was a report of a
A WTANT s NS g

Ojand at a methanol partial pressure of several bars. Under such a condition, the

intermediate olefins that form within the catalyst channels can convert to paraffins and
aromatics. However, at one point in the MTG reaction, the product mixture consist of about
40% light olefins. The importance of light olefins as intermediates in the conversion of
methanol to gasoline was recognized early. Consequeﬁily, a number of attempts were made

to selective preparation of light olefins from methanol, not only on medium-pore zeolites but
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also on small-pore zeolites, SAPO type molecular sieves and large-pore zeolites (to a much
less extent). If one interrupted the reaction at the point of about 40% light olefin formation,
one could harvest these C,-C4 olefins. By adjusting the reaction conditions (such as, for

example, raising the temperature to 500°C) as well as the catalyst applied, one could increase

drastically the olefin yield.

The main reaction steps of methanol conversion to olefins can be summarized as

follows:
Paraffins
2 MeOH ofing — Higherolefins (5 1
' Aromatics
Naphthenes
NE
il i \
There is general consens the ediate in the dehydration of methanol to
8 Bgu o y

. Ty .
dimethyl ether (DME) [step'1 in Bq.(2.1)] over solid acid catalysts is a protonated surface

methoxyl, which is subject to a nue ck by methanol. The subsequent conversion

of light olefins c:,; : 'naphthe ighr olefins [step 3 in Eq.(2.1)]

I

. f\‘ hydrogen transfer, which

C

proceeds via classh

is well known in hydm:arbon chemistry.

AN NENT
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dimetﬂyl ether, (2) the initial C-C bond formation resulting in light olefins, and (3) the

subsequent conversion of the primary products (light olefins) into higher olefins. Bronsted
acidity is known to be the main source of catalyst activity for the MTO products, while the

conjugate Lewis basic site would be responsible for the initial C-C bond formation.
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2.8.1.1 Formation of Dimethyl Ether

Park et al*®

studied a reaction for the formation of dimethyl ether
which is shown in Scheme 2.1. The magic-angle-spinning (MAS) NMR data showed that
the methanol was reversibly adsorbed through hydrogen to the bridged hydroxyl on Brensted
acid sites. The protonation took place very fast on strong acidic sites and reached
equilibrium finally. The protonated methanol transformed via dehydration to a surface

methoxy species, which was covalently bonded to the lattice oxygen of ZSM-5 and reacted

in turn with methanol to forp thylox (DMO"). Deprotonation of the latter
— S -. j

yielded dimethyl ethe -—
: ‘\\ 'H3

P . rface methyoxy
acidic site of ZSM 4 R+)
. H3 or Ky

e

1 7/~ CH3;0H
CH;0CL ;

fa O~ > 1 JJ
@,ummﬁﬁﬂmm

ethyloxonium i

RN saliETIngnat

Scheme 2.1 Formation of dimethyl ether during the course of MTO process.
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2.8.1.2 Formation of Primary Hydrocarbon Products

The mechanism of initial C-C bond formation has been proposed to
account for the conversion of methanol to olefins. There are several patterns of this kind of
mechanism. Although, there is little experimental evidence, the C-C formation is presently
the most promising mechanism to express the formation of light olefins from the equilibrium

system of methanol, dimethyl ether and water.

d that dimethyl ether interacted with

a Bronsted acid site o yl oxonium ion, which reacted

further with another dime oxonium ion. This trimethyl

oxonium ion was sbs‘ -ty ds " onated by a te to form a surface associated
dimethy!l oxonium methylylide specics Che xt st \ either an intramolecular Stevens
rearrangement, leading /fe matior (4 hyl ether, or an intermolecular
methylation, leading to the formatits “of' ¢ yldimethyl oxonium ion. In both cases

i ot
ethylene was formed via ,B-ehm nation as sl

== Jh-'

the dimethyl oxonitin yl_oxonium ion, rather than an

ods A

intramolecular Steve of other investigators favor this

in Scheme 2.2. Bimolecular methylation of

mechanism as a rest of the linear dependence of hyﬂcarhon formation and zeolite

B"""““““FTUEI’J‘VIEI“/I‘?WEIWﬂ‘i
AN ANNIUNRIINYIAY
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‘ CH2=CH2
+ CH;0CH;

Scheme 2.2 A proposed T yhde med nism e MTO process.

In summary,-the oxon ); wlide mechanism involves the formation of
a surface-bound in SR ' eolite surface OH-group is

methylated to for 14l ch-gives rise to a surface-bound
Rl ||

methylene-oxonium ylide due to deprotonaﬁon.

ylide is isoelﬁlxﬂ ﬁ%\ﬂﬁﬂl&iﬂﬁﬂlnﬂ?n Scheme 2.3.
QRAANBIANBAINEAY

Z-O-CH; —» Z-0O-CH, surface-incorporated ylide

Ly
The surface-bound methylene oxonium

Z-0: :CH, surface-associated carbene

Scheme 2.3 A proposed oxonium ylide mechanism applied to the zeolite surface.
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Hutchings et al”’ proposed a mechanism for the formation of the
nucleophilic carbon atom in the form of a surface ylide species. An adsorbed methanol
molecule was dehydrated to form a surface-bound methoxy species of which a proton was
then transferred to a neighboring bridged oxygen to form a charged surface ylide nearby a
Bronsted acide site. The formation of the surface methoxy in which the surface oxygen,
methyl carbon and the leaving OH group were roughly colinear follows a classic Sy2

mechanism (Eq. 2.2 in Scheme 2.4). initial C-C bond should then be formed in a more

facile reaction between a methan her) and the surface ylide (Eq. 2.3 in

'rcﬂ&ace ethoxy group. Ethylene was able

Scheme 2.4) which would Tead: th ‘for‘liatl

he Bronsted acid site. Alternatively, the

a .s
surface ethoxy species ¢ % olecules to form a surface iso-
propoxy group and subs / \, ese surface species undergoing

p-elimination would lead 1 o-butylene, respectively.

P:C\O/H T

|
/o\ / \ \ / \ (2.2)
CH, H\O/ m H2C

” | JRCE)
O O

”Jr
ﬁuﬁﬁwwswzﬁﬁﬁ

Scheme 2.4 Aq[lroposed mechanism for the formatlcm)f surface ylide wcxes
RN IUNRINYIAY

Sanchez del Campo et al.*’ supported the oxonium ylide mechanism
for methanol transformation into olefins on SAPO-34. The oxonium ions were successively
methylized by propagation reaction in solid phase resulting in the formation of ethyloxonium
and propyloxonium. The oxonium ions formed were decomposed to give ethylene and

propylene, as shown in Scheme 2.5.
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/O\A /0\ CH;0H /O\A/I-Igg{3 -Hzo 1/0\5-
1
lcn,ou

HQ_5CHs

+H
o
i P Al Si
+ CH,=CH,
+ Hzo
. CH;CHCH;
_—
3 Al Si
: + CH,=CHCH;
I"“ ‘ + H;O

i i

Scheme 2.5 Another proposed mechanism of surface oxonium ions.
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. Carbene mechamsm
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methanol followed by either polymerization of the resultant cerbene to olefins or by
concurrent sp’ insertion of carbene into methanol or dimethyl ether. The formation of the
carbene by the cooperative action of acid and basic sites in mordenite was suggested by

Swabb and Gates and can be summarized in Scheme 2.6.
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mo /N

oo H2 &/ -
H—C—OH + H—Q)—Zeo —_— HT'C OH* O ZeO
1 H
:CH2 + HO—ZeO + Hzo
n CH; ——> (CH); - n=2, 3, 4;..
Scheme 2.6 The carbene form ol adsorbed on the zeolite surface

formation of a surfac d i 1 e in on step, the carbene mechanism
involves only surfice asSoci crmediates. - As previous mentioned the surfaced-

associated carbene i with the face-bound methylene oxonium ylide species.

apparently result from the direct

transformation of dimeth not the case for ethylene, even during

the initial stages. ".;"—- S (400-450° thanol pressure (107 bar) the

reaction does not @or the sec

oligomerization and cracking of higher olefins) and the size of molecules seems to be over

e B UBARININENT
AR AT AN TR e oo

quasiComplete conversion (90%) of the dimethyl ether-water mixture into hydrocarbons. It

ation olefin (repeated methylation,

should be emphasized that Cs-C; olefin are mainly transformed by cracking with the
formation of the products expected from an acid mechanism (with carbenium ion
intermediates), i.e. propylene from hexenes and, to a smaller extent, butylenes/ethylene

mixture, and essentially propylene and butylenes from n-heptenes. Propylene, butylenes and
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pentenes are mainly transformed through successive oligomerization and cracking steps as

shown in Scheme 2.7.

Scheme 2.7 Possible produets-froin A sécﬁ olefin.

lormation of ethylene require very

g of iso-hexenes resulting from

is why the formation of other

products that involve m f S 1S e favored.

C—¢=c—Cc—C c—c=Cc .
; I + C—C
C
]
c—c—c=C
& U ic . o=

ﬂ‘LJEl’JVIEWIiWEI’mi

Scheme 2.8 Crackmg of iso-hexenesio ethylene andsgther products via.¢arbenium jon

QW] SO NATINEARE

It was proposed that the formation of the ethyldimethyloxonium
ion, the Stevens rearrangement and the formation of an isopropyl carbenium ion were much

faster than the formation of the very unstable ethyl carbenium ion (see Scheme 2.9).
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* +
H:C—O—CH;, H;C—O—C,H H:C H H,C—O—C;H
| Stevens Hs —?—Cz s DME 3 —CoHs Stevens Hs gkl

CH, H -CH;0H H; H
- CH;0H - CH;0H
- CH;OH|+H"
2 DME CoHs' CH,'

Scheme 2.9  The formation of the isopropyl carbenium ion via carbenium ion and

.Z"_,
however, wd that the Stevens rearrangement

occurs through ylide in An' the * angemeit of the ethyldimethyloxonium ion,
the ylide intermediat: { ( »€H; whi \« ) an unstable propyl carbenium

_ _ AT o
which leads to the isopropyl-carbenium ion, use of the higher acidity of the hydrogens

of the methyl group

0

A
ﬂ u ET Tﬁ' Wﬂiﬂ{rwgqmcam from methanol

adding during®ach step, addition of methanol and cracking of olefin intermediates may take
B ¢ o Y
ERIRINTUUNRTINETNE
5 I

2Cl —— C2H4 + Hzo

C2H4 + Cl —_— C3H6
CHg + C; — CHy

Scheme 2.10 The consecutive-type mechanism of the hydrocarbon chain reactions.
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A parallel type mechanism, known as “hydrocarbon pool mechanism”
was suggested by Dahl e al.,*** who studied the methanol conversion to hydrocarbon using
SAPO-34 as catalyst, *C-labeled methanol as feed and 'C-ethylene made in situ from

ethanol (Scheme 2.11).

C,H,

Scheme 2.11 The p

{ra \. hain reaction.

= (CH presents an adsorbate which may

ll

have characteristic in co ke, and which might easily contain less

hydrogen than indicated “represented by (CH,), with 0< x < 2.

Using SAPO-34 9?—— hanol conversior I';i;( t pattern is thus simpler than

the case using ZSM-SB/here a mu g€ 0 produ@was found. Therefore, it might

be easier to obtain a pictirezf the reaction pathway using SAPO-34, and the authors showed

that the con%ltuﬂhgsmﬁrnﬁ)n Hnaxmvj concerned, did not turn
outto b id. Only | inor pa (ﬁ' e propylen ules migh been formed by
additi ﬁnﬁﬁlﬁ nimem:ﬁ:j ﬁﬁ'ﬂﬁrﬁaer than one. In
fact, the ratio seemed to be lower, thus the majority of the propylene molecules should be

formed directly from methanol.
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