CHAPTER I

THEORY
§ =
2.1 Molecular Sieves / ——
With the recent disc ’\1 ¢ i ierials™ containing other elements in
addition to, or in lieu of, silico mifitim, the casu: lerchange of the terms “molecular

sieve” and “zeolite” mu cred.di )32 MeBain, proposed the term “molecular
sieve” to describe a cla ials _7 “exhibite ective adsorption properties. He
proposed that for a materia ecutar sigve, it must separate components of a mixture
o classes of molecular sieves were

known when McBain put forth his-definition: 1 es and certain microporous charcoals.

'J the metalloaluminates, the

aluminophosphates EAIPO4 ! falloalur mopho@mtes (MeAPO), the
silicoaluminoph. t ?ﬁﬁ d o%t inophosphates (MeSAPO), as well as
the zeolites. Th ﬂ las eslzjlﬂz ular iﬂﬂgsﬁﬁted in Figure 2.1. All are
molecuiq Wl:rsaeﬁﬂljﬁtﬁuﬁ ﬁm]rfﬁwv]ﬂa] ﬁpgnts of a mixture
on the baSis of size and shape differences. The difference lies not within the structure of these
materials, as many are structurally analogous, but in their elemental composition. Therefore,

all are molecular sieves though none but the aluminosilicates should carry the classical name

zeolites.
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2.2 Zeolites

Zeolites™* are crystalline, hydrated aluminosilicates of group I and group Il elements,
in particular, sodium, potassium, magnesium, calcium, strontium and barium. Structurally the
zeolites are “framework” aluminosilicates, which are based on an infinitely extending three-

dimensional network of AlO, and SiO, tetrahedra linked to each other by sharing all of the

oxygens as shown in Figure 2.2.

O

Figure 2.2  The structuf€ of

The AlO, tetrahedrd il the sfiuciure fete ipethe framework charge. This is
balanced by cations that occ'upy‘I positions. The general formula for the

composition of zeolites-
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Where M is the szm of valence n, generally from (m group I or II ions, although

other metals, noﬂeﬂ, ﬁiﬁg?rﬂtwifwogfqlm the number of water

molecules. Water fmolecules presented are located in the channels and cavities, as are the

cations ﬂ Wqﬁﬁ'ﬂtﬁ ﬁ;ﬂﬂmﬁeﬁﬁqatﬂoz tetrahedral

unit in the gtructure.

2.3 Structures of Zeolites
Zeolites™* have a common subunit of structure so called primary building units of

(ALS1)Oy tetrahedra as revealed in Figure 2.3.



Silicon or
aluminium

Figure 2.3 ing units of zegliies_Two SiO,/AlO, tetrahedra are linked by

Many zeolite structur cbased o \\x bui ng unit (SBU) which consists of
selected geometric grouping® ofithésé teirahedr: .'\ re are nine such building units, which

can be used to describe allfof ghef ki - zgolite stri f€s. The secondary building units

consist of 4, 6 and 8-membeusi \ 8 member double rings, and 4-1, 5-1

and 4-4-1 branched rings as il

Figure 2.4  Secondary building units found in zeolite structures.®*
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In some cases, the zeolite framework can be considered in terms of polyhedral units,
such as the truncated octahedron (sodalite cage or f cage) as shown in Figure 2.5. Several of
the most important zeolite structures are based on the sodalite unit, for example zeolite A. The
sodalite units are stacked in primitive packed array and they are linked by oxygen bridges
between the 4-rings. A three-dimensional network of linked cavities forming channels is thus

formed which are an 8-ring window. Moreover, faujasite-type zeolite is formed by the sodalite

Zeolite A Faujasite

Figure 2.5  The sodalite unit and the structures of zeolite A and faujasite-type zeolites.”
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The secondary building unit does provides a convenient method for topologically
describing and relating different zeolites. The use of the extended chain composed of the
secondary building unit also simplifies visualization of certain aspects of the zeolite structure.
An example of such structural mixing within a zeolite framework is the intergrowth of zeolite
ZSM-5 and ZSM-11. The chain-building unit of both ZSM-5 and ZSM-11 is shown in Figure
2.6. The difference between these two zeolite structures is the way the chain-building units

link to generate the structure. ZSM- rating such that the chains forming sheets are

related through a center of in : is' generated through linkage such that

the sheets are related throu

(b
g INENINAINS
Figure 2.6 ﬂ y seco&w buéjing unit (ﬂo orm the chain units (b) found in the
¢ o o/
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2.4  Acid Sites of Zeolites

Most industrial application of zeolites are based upon technology adapted from the acid
silica/alumina catalysts originally developed for the cracking reaction.”® This means that the
activity required is based upon the production of Brensted acid sites arising from the creating
‘hydroxyls’ within the zeolites pore structure. These hydroxyls are formed by ammonium

exchange followed by a calcination step. Zeolites as normally synthesized usually have Na*
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balancing the framework charges, but these can be readily exchanged for protons by direct
reaction with an acid, giving hydroxyl groups, the Bronsted acid sites. Alternatively, if the
zeolite is not stable in acid solution, it is common to use the ammonium, NH,", salt, and then
heat it so that ammonia is driven off, leaving a proton. Further heating removes water from
Bronsted site, exposing a tricoordinated Al ion, which has electron-pair acceptor properties;

this is identified as a Lewis acid site. A scheme for the formation of these sites is shown in

Zeolite as-synthesized

(or ammonium ion exchange
‘ followed by heating)

T o 0 o
Bronsted acid form Y vl \S/
of zeolite B / A N\
O 0

ﬂuﬂﬂﬂﬂﬂﬁwqxﬁ%mwm
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of zeo

Figure 2.7  The generation of Brensted and Lewis acid sites in zeolite.*®



2.5 Shape Selectivity of Zeolites

Shape selectivity™ plays a very important role in zeolite catalysis. Highly crystalline
and regular channel structures are among the principal features that zeolites used as catalysts
offer over other materials. Shape selectivity is divided into 3 types: reactant shape selectivity,
product shape selectivity, and transition-state shape selectivity. These types of selectivities are

depicted in Figure 2.8.

ARARLATT

Figure 2.8  Three types of selectivity in zeolites: reactant, product and transition-state

shape selectivity.”
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Reactant selectivity™ is observed when only a fraction of the reactant has access to the
active sites because of molecular sieving effects, while product selectivity occurs when only
some product species with proper dimensions (or shape) can diffuse out of the zeolite
intracrystalline volume. Restricted transition-state selectivity will take place when certain
reactions will be prevented as the transition-state necessary for them to proceed will not be
reached due to steric and space restrictions.

Diffusion will of course play a amount importance. Those molecules with

high diffusivity will react pre while molecules which are excluded

from the zeolite will onlw e We surface of zeolite only, due to
their diffusivity is zero.% ' diffusitivity will.be preferentially desorbed while
the bulkier molecules maller molecules, which will
diffuse out, or eventual species, which will block the
pores. The later will lei the catalysts by carbonaceous

residues laydown (i.e. cok

2.6 Zeolite Syntheﬁ
L

Zeolites are genel | 1 | hethod in a closed cyclindrical

vessel, so called an autgelave. Mixing sources of élumimm, sodium, and silicon in water

results in gel oﬁ ﬁ a %‘ he gel is crystallized in
an autogeneous pressure autoclave at mperatures varymg, generally, from room temperature

M LALLM

to the satlirated vapor pressure of water at the temperature crystallized. The time required for
crystallization varies from a few hours to several days. The alkali metals from the source of
sodium form soluble hydroxides, aluminates, and silicates. These species are well suited for
the preparation of homogeneous mixture. 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 zeolites structure appear to be controlled by size and

structure of the polymerizing species.
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NaOH (aq) + NaAl(OH), (aq) + Na,SiOs (aq)

l T;~25°C

[Na, (AlO,), (SiO,). NaOH H,0] gel

l T, ~2510 175°C

A schematic repre% \ ;__::' \n orphous aluminosilicate gel to

a zeolite® is depicted i sented in two dimensions, is

depolymerized by the h \ \ aluminosilicate species that may
regroup to form the nuclei @ \ is case the hydrated cation acts

as a template.

2.7 Factors Influeneing

Three variablesiha St ture crystallized: the gross
| e

composition of the reaction mixture, temperature, and time.”’ There are also history-

dependent facuﬂ ;u. Esl ﬁeﬂnﬂ' ,ﬁqi,wctlg-] ﬂ nﬁure (either physical or

chemical) of the féaction mixture, and order of mxxmg

ammnimumqwmaa
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Figure2.9  Schematic representation of the formation of zeolite crystal nuclei in a

hydrous gel.**



Table 2.1 Factors influencing zeolite crystallization®

. Gross composition

[ Si0,/AL,04
2 [OH]
3. Cations

(a) Inorganic
(b) Organic

4. Anions (other than [OHY)

5. [H)O]

= Time

= Temperature
1. Ambient
2 Low - ca.
3 Moderate -

4. High - ca 250
n History-dependent factors
1.  Aging | )

| 4
2. Stirring

.|| IFI'
| J |
3. Nature of i ture

© oFUBINENINYINT

¢ o , v
sy ek Gmpomenk V1) VI 217161 B
9 :
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.
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Table 2.2 The effects of selected variables of gross composition on the final crystalline

product in zeolite synthesis™

Variables Primary influence

Si0,/ALLO5 Framework composition

H,0/Si0, Rate, crystallization mechanism

OH'/Si0, Silicate molecular weight, OH" concentration

Inorganic cation(s)/SiO,

e, cation distribution
& work aluminum content

The SiOy/Al tha hydro Xide Contes of the gel, and the presence of

Organic additives/SiO,

neture(s) would finally crystallize

besides the organic addj 3 d Hr eti 0 agen : 3 For example, zeolite

components  str lﬁﬁnﬁmWWﬁl ﬁﬁ iijning gel mixture. The

inorganic or organic cations influence not only the structure crystallized but also other
¢ o s

= WIRIA IR T TR B

2.7.2 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. Conditions may
favor formation of other phases when the temperature is changed. For any mixture as the

temperature increases, the rate of crystallization increases. The solubilities of aluminate and
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silicate species also increase, causing a shift in the concentration of the liquid phase. Loosen

zeolites prefer crystallization at lower temperature while denser zeolites do at higher

temperatu re.

2.7.3 Time

Time,” as a parameter, can be optimized in the synthesis of many zeolites. In

systems, which produce only one zeoli timizing maximum crystallization over a

short span of time is importants rs must be adjusted to minimize the

_‘,_

production of the other pha o minimiziag the time needed to obtain the desired

crystalline phase.

2.8 Zeolite ZSM-5

The oil company ite Socony Mobil-five, in 1972
and its structure code is M d to form the chain-type building
block as shown in Figure 2.6. ive oxygen atoms are evident in this
structure; the name pentasi erefore uséd | -5 is a medium-pore zeolite

having an orthorhom, 1B.i6 composed of a 10-member

ring. The ZSM-5 framevmrk contains two types of intersectim channels: one type is straight,

has elliptical (Oﬁ(ﬂ Effg'ewﬁ\wa%{wﬁm] TT.jof the orthorhombic unit

cell, while the ofhler has near-circular éO .54-0.56 nm) opemngs is smusondal (zigzag) and

S LA L s s L

d1mensnox$al channel.
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Straight channel (0.51-0.58 nm)

!
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(b) a [+

Figure 2.10

LMY

The acce%bility to the cataiytic ZSM-5 is best viewed by considering its
5

of ZSM-5 result from thﬂonjugatin of

(a) ﬁ @ﬁ) w ?Wrgj)f,‘o- lir oxygen rings which is

intermediate between that of classnc:ﬂ:hape-selective zeoli efTsu as Erionite, Ferrierite,
. . ¢ o Y .-

R WIARANTORUNRVIVETRES = ™

Mordenit8, and Fault-free Offretite) as shown in Figure 2.11. ZSM-5 accepts, by decreasing

lly interrelated features:

order of preference, normal paraffins, isoparaffins, other monomethyl-substituted paraffins,
monocyclic aromatic hydrocarbons (eventually substituted by no more than three methyl
groups), and to a much smaller extent dimethyl-substituted paraffins.

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
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determines the largest bimolecular reaction complexes that can form. Hence, all products have

fewer than 11 carbon atoms, with xylenes predominating.

benzen
toluene J
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Figure 2.11  Corre Ei&) and kinetic diameter of some

moleculg

Iy
(b)HWﬁﬁmﬁwSﬁ‘ng elements) which offer

a free space of ldrger dimensions (about 0.9 nm); the letter may play a distinct role in the
o PSP Y BRI B vt
Valyon e, al*® have shown that two n-C; to Cs aliphatic molecules can be adsorbed
simultaneously at each intersecting element compared to only one for the isoparaffins and
n-hexane.

(c) The absence of cages along the channels; such cages which offer a larger
available space may be detrimental to catalytic activity, as shown in the case of Erionite,

being the preferential locus for the formation of carbonaceous residues.
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(d) The occurrence of slightly differentiated channel networks. Aromatics and

branched paraffins were indeed found to preferentially adsorb in the linear channels which are
elliptical. This may be lead to preferential diffusion paths and eventually prevent major
counter diffusion effects.

2.8.2 Chemical Composition of Zeolite ZSM-5

The chemical formula of a typical unit cell of hydrated Na-ZSM-5 is

Nan[AlnSi%-

There seems to be a limit on framework. The lowest Si/Al ratio

—
known in the ZSM-5 lattice 1s 10.. ' 7 7
Zeolite ZSl\/ A \k&; atalytic processes and had been
the subject of extensive s \\\ f the material was inextricably
ﬁ\\ o modify these properties by
)

‘ into the framework. For example,
A

Fe-ZSM-5 has been prepar arying cof

linked to its compositio
introducing heteroatoms,
ysitions, having typical SiO,/Fe,O; ratios of

the order of 20 to 200. Indeed, it showathat all ron is incorporated in the framework sites

in materials with a SiO3(Fe . greater than at ghie average iron content is 0.7
5 e L)
Fe per unit cell. \7 ¥

7 2
2.9 Fe-MFIﬂ”ﬁg?Jw EJV]%UW eN?

Fe-MFI is alferrisilicate of whnc} Fe is lsomorphously substltuted for Si in the MFI

e AT SR SN P o o

catalytic actlvmes Figure 2.12 reveals Si and Fe in the MFI structure. Like Al, Fe atoms in

the zeolitic framework cause the appearance of negative charge in the framework, which must

be compensated by cations or protons in the form of bridged hydroxyls (Brensted acid site).
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Figure 2.12  The structure of Fe-MFI.*

| framework sites of a MFI structure

during the ferrisilicate syn of wn substitution is generally very

low, it is dependent o

Iron cations can be inco

exclusively the frame
charge balancing cation the small iron oxide particles.
Some of techniques su R, Uv®and EXAFS” are

commonly used to charact

2.9.1 Factors far S
There a V O Eg ining molecular sieves. The

difference between twomethods is the addition step of mmsource The first one is direct

synthesis. Snllcﬂ()ﬁET

other one is postisynthesis. ;;mallte-l which is the pur silica form of ZSM-5 zeolite, was

o YRR TR I o =

temperatt’re. Nevertheless, direct synthesis is more useful compared to post synthesis because

wT to crystallization. The

the former has more iron in the framework position than the latter.” Thus, direct synthesis
was used to synthesize ferrisilicate molecular sieves in this work.

During synthesis of ferrisilicate molecular sieves the objective is to incorporate
Fe’" ions into the growing lattice framework made up of silica tetrahedral. To achieve this, the
reaction leading to the formation of ferrisilicate complex as shown in equation (2.1)" should

be favored:
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Fe''  + Si(OH), FeH,Si0,™ " + (4-mH" @.1)
The ferrisilicate complex has to be enhanced, while that leading to the formation

of hydroxides of iron, equation (2.2), has to be suppressed.

Fe" + H,0 Fe©OH?* + H' )
This can be accomplished by complexing the iron with silica at low pH using an
aluminum-free source of Si and choosing the raw material and reaction condition to maximize

7 'Wc te species. As seen early, above pH of 4,

it is not easy to incorporate these

the concentrations of monomeric/sho
insoluble iron hydroxide speci

polymeric species of iron i S wce the monomeric/short chain

silicate species is usually 4) containing the Fe** ions in
order to form the ferrisili

to form the ferrisilicate ) saction mixture. can be safely increased to values

successful in preparatlonjf ferrisilicate molecular sieves ovet.a wide range of Si/Fe ratios as

R INEN SN INg
AR NERTRIIMAARHAN

Iron tends to precipitate as rust-red colloidal ferric hydroxide at pH
value above 4.*' Once formed, ferric hydroxide is almost completely insoluble, hence
limiting the availability of FeO, species for being incorporated into silica units during crystal
growth. This problem is not encountered in zeolite synthesis, since any colloidal aluminum
hydroxide formed redissolves more readily at the pH necessary for zeolite crystallization. The
ability of Fe’* to precipitate silica species through complex formation was reported in early

studies of silicate and soil chemistry. Complex was formed between the two species at pH
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values of 3 and 4. Therefore, initial formation of a ferrisilicate complex at low pH avoids

precipitation of rust-red iron hydroxide. Once the iron is complexed in this manner, the
formation of ferric hydroxide at elevate pH appears to be suppressed. The pH is then adjusted
with OH™ (as NaOH) to the conditions necessary to promote molecular sieve crystallization.
Upon addition of the silica-containing solution to the acidic Fe** solution, distinct color

changes are observed with changing pH. Below pH 3, the solution is bright yellow, turning

turbid and peach color around pH #rapldly increases in opacity with this

appearance of colored when ab sed in this synthesis is between 8-11.

Within this range the opaque i ow, depending on the amount of

final pH of the final syntli€si yu \ van et al. - studied the pH effect (pH of 8 to 11) on

the preparation of MFI isilicate: zeolites. y found that the optimum pH for

synthesis gel at 7 or b?’lgv, the crys ,; ; 7 ‘ sindtion for 5 h at 500°C.

|| ﬂ’v
29.1.2 Théqecessity of Using Low Molecular Weight Silica Source

ﬂ ﬁﬁ‘ﬁt VT‘EI’W%J Wﬂ\ﬁ]hﬂ ﬂj irons depended on the

extent of polym@fization within that snllca source. Sodlum metasnllcate and N-brand
i GG A TR FRIEUNE P s ani v
to pale yeﬂow gels with SiO,/Fe,O; as low as 5 to 8 in the preparation of Fe-MFI. On the
other hand, Ludox and Cab-O-sil,**" containing 200 A particles of high-molecular-weight
polymeric silica beads, are not found to be effective. A rust-red gel indicative of the presence
of hydroxide of iron was obtained in these cases. When this gel was crystallized, under
conditions suitable for the synthesis of the ZSM-5 structure, a brown solid was obtained,
which contained significant quantities of occluded iron oxide. The lattice framework

consisted essentially of silicate wherein only a limited amount of iron was incorporated in
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tetrahedral, framework sites. The majority of the iron was in octahedral (non-framework)
sites. Prolonged digestion of the silica particles in NaOH, which breaks the silica polymers
into smaller units, increased iron incorporation. Tetraethyl orthosilicate (TEOS) is another
preferred source of Si. A major advantage in the use of TEOS as the source of Si is that
impurities can be excluded. Other sources of Si (like sodium silicate, silica gel, silica sol ezc.)

invariably contain trace quantities of Al and lead to ferrialumino-silicate compositions during

synthesis.

2.9.1.3 The : %ﬂon of Iron Complexes With
Organi . Lo

crystal-directing agent, which
binds strongly the Fe g the ferrisilicate gel ' For
example, a strongly coor as, pyridine is found to limit
incorporation of the iron in molecular sieves structure. Non-
coordinating tetrapropylammoniumi bromide, free ¢ neutral amine impurity, does not
appear to impede mcl(ﬂ)_ m ice. in crystallizing the ZSM-5

structure.

o Thﬂngﬂ ﬁw W‘ﬁ w }T;J.gsﬂs?eries crystal stability to

For gili a pure Sl lca analogue o
oo PP T ATy o it
mamtamlﬂg crystal integrity and porosity with increasing temperature. However, some iron
was lost from the framework sites upon mild (500°C) thermal treatment. The ferrisilicate, as-
synthesized, contains the organic TPA" cations trapped within a pore system. To study this
material further it was necessary to remove the organic cations by thermal decomposition.
The ferrisilicate was subjected to a two-step decomposition procedure, where it was first
heated slowly in flowing N, to 550°C and maintained at that temperature for 8 h. This was

followed by air calcination for 4 h, similar to the procedure for the aluminosilicate. This total
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calcination procedure, reproduced in the thermal gravimetric balance, showed a major weight
loss on the first step equivalent above 9 h for removal of the organic cations from the
molecular sieve. Air calcination following, the residues in only a 4-5% further weight loss.
Differential thermal analysis of the organic decomposition process shows that organic cations
break down around 450°C. In air the reaction is strongly exothermic, resulting in

indeterminate sample temperatures within the crystal. Direct air calcination, not preceded by

thermal treatment under nitrogen als if quantities of water, which may result in

mework. Thermal treatment under
_.J

@0] over the sample temperature

ir to remove the carbonaceous

hydrothermal removal of som
nitrogen is mildly endothermic
as the template decomposiéi
residue causes minim w . By this two-step method
excessive temperature led and the possibility of
hydrothermal reactions wi reover, Fejes et al.*® supported
the caring calcination. Unli ' rd? galcination where the as-synthesized zeolite
samples were heated at about 500° _ calcination means heating (3°C/min) in

...-_';..—'re‘;-”" &

pure nitrogen up to S%C in order to ¢ decon nove about 90-92% of organics,

followed by cooling n to 400°C the/ nitrogen flow. Thereafter,
I aai "
disconnecting the nitrogj from oven, the sample was he : up under the conditions of

increasing oxygﬁ(urzj wn (Wﬂ)ﬂ ?Wrﬂmrﬂeﬁs rest of template.

Furthéimore, Perez—Ramlez et al’ studled the effect of calcmatlon and steam
i G T D A T B s
leads to co?nplete removal of the template. During this process a significant fraction of iron is
dislodged to extra-framework positions (ca. 50%), while Al is hardly affected. Steam
treatment leads to the significant dealumination of the zeolite structure, the complete
extraction of isomorphously substituted iron, and the clustering of extra-framework iron
species into highly dispersed oxide nanoparticle of 1-2 nanometers, containing Fe and
probably Al. Steam treatment of Fe, AI-ZSM-5 decreases the density and strength of acid sites

and leads to mesopore formation (around 11 nanometers), whereas the apparent crystalline
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struéture and morphology are not altered. Figure 2.13 shows different forms of iron in Fe, Al-

ZSM-5.
- 1 ‘ L‘-}_‘\_,,
" ///\\\m\ ~
Figure 2.13  Schematigifepresenta en \ ies identified in Fe-ZSM-5.”*
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(¢) Alarge iron oxide particles (Fe,O;) in a wide distribution (upto 25
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In addition, effect of template burning at 500 and 700°C on the local Fe**

environment was investigated.* The production associated water from the burning of

template in Fe-silicate is sufficient to cause the partial rupture of some bonds connecting iron

with the oxygens of the framework and to induce migration of the iron into extra-framework

positions. Because of this, a decrease of the framework iron species and the simultaneous

appearance of oxidic microaggregates were observed after calcination. For calcination at
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500°C, a high concentration of Fe* was still present in the zeolitic framework. On the other

hand, calcination in air at 700°C caused a dramatic removal Fe’* form framework towards
extra-framework positions. The amount of Fe’* anchored to the zeolitic framework was small
and that the majority of Fe’” was now in extra-framework positions, possibly in the form of
oxidic microaggregates.

Therefore, the two-step calcination at 500°C was used to remove the organic

template from Fe-MFI catalysts in yyt these procedure produced high Fe’" in
framework positions.

293 Acidity ofn/

The stren

1 framework topology can be
modified by isomorpho amework topology of zeolite

ZSM-5 (MFI structure), i beii an be eonveniently achieved by replacing
& FRTRE

modification of the acidi
f - LY
Figure 2. 'v""‘ 0 ‘ etallosilicates having MFI
structure.”’ The acid stre gth of metallosilicates, md1catmg py the temperature of desorped

e "‘a""““ﬂ“ﬁ SN TNEN T

-MFI < Fe-MFI < C&a -MFI < Al- MFI
Q RARIDIUNBIIA B AR s
conformxty with NH;-TPD result.** Based on the observed OH frequencies, the Bronsted

acidity of the bridging hydroxyls was therefore ordered as follows:

SiOH < B(OH)Si << Fe(OH)Si < Ga(OH)Si < Al(OH)Si
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Figure 2.14 NH;-TPD#pro

A variety of etz s' ‘ p { aining different’kinds of transition metals were
synthesized by adopting fthe stallization method, and performance of those
metallosilicates for methanol conve; ’ : sompared with that of protonated Al-silicate,

ie., H-ZSM-5.° NH TPy for 1 pical iticates showed that the high

temperature peaks COwES g/ were responsible for the

| B
hydrocarbon conversionjhe order of the strength was as fol :

ﬂ”‘ﬁ‘ﬂ‘“’m HSIEINT

As a'tesult, significant dlﬂ}rence in the cata]ytlc performance of these catalysts
o o8 LIS B AN HAEIRE i
acid strength of H-Ga-silicate was rather weaker than on H-ZSM-5 as mention above,
aromatization progressed more and still the formation of light paraffinic hydrocarbons were
much less than those on H-ZSM-5. On the other hand, H-Fe-silicate exhibited its performance
that selective formation of ethylene and propylene from methanol. Thus, Fe-silicate was an

attractive MTO catalyst.
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2.9.4 Characterization of Iron in Ferrisilicates by ESR Spectroscopy

Since Fe’" ions is paramagnetic in both the low-spin and high-spin electronic
configurations,’® ESR spectroscopy should be a good method for characterizing the iron sites
in zeolites where the weak ligand field of the possible ligands (water, hydroxide, framework
oxygen) results in high-spin ferric states. In this case, the interpretation of the ESR spectra is

difficuit due to complications associated with inhomogeneous broadening arising from the

39,45-68

interstitial oxide or hy ange sites, respectively.

The appearance of a d as evidence for framework

substitution in zeolites

In contrast the spin Ha " high-sy ) include the ZSF interaction as

well as the electron Ze€ma racti egiidtion (2.3):%%
=gfB.S + D[S2 < TS{E(E T B ?) 2.3)

Wﬂ s E’}‘Qhw &}W@ she Sctormimaigitic fields vector, S s the

spin vector of Fe ions, and D and Edre the axial and rhombic distogtion parameters of the

75¢ it TOL bkt i Tl YTV TR

from the 1deal tetrahedral or octahedral symmetry, i.e. “cubic” fields, for which both D = 0
and E = 0. When D = 0 and E = 0, an isotropic signal of g ~ 2.0 or slightly greater value is
observed. If the symmetry of the field is lower, say axil, with D # 0 and large and E = 0, an
anisotropic signal is observed with 2.0 < g < 6.0. If the symmetry is reduced further to fully

rhombic with D = 0 and E # 0, this results in a seemingly “isotropic” signal at g ~ 4.3. This
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signal corresponds to Fe'" in tetrahedral coordination MA,B, (C,,), distorted octahedral MA,

(D2n) or MA;3B; where M = metal ion and A and B = ligands.”

2.10 Methanol to Olefins (MTO) Process
To begin with, the methanol to hydrocarbons technology was primarily regarded as a
powerful method to convert coal into high-octane gasoline.® This concept has been expanded

since, not only with respect to the fo of other fuels, but also to chemicals in general

can be synthesized. Light olefi e ents for the petrochemical industry,

crude oil. Methanol is thesis | gas e of carbon monoxide and

hydrogen), which is fo or gasification of coal. It is

then converted to an equili | ether and water, which can be

processed catalytically to ei fins (called MTO), depending on

the catalyst and/or the process Opetatiot: e commercial MTG reaction runs at the
;,.; .l‘:.-

temperature around 40&C and ﬁlﬂh/aiid; of several bars using ZSM-5 as a

& olefins that form within the

catalyst into paraffins an at one pomt i

mixture consists aﬂvﬂ ﬁ EJ:U‘ $f a lefins as intermediates
in the conversio ol to gasoline ﬂ earl onsequently, a number of

R TS ET ST T e = =

catalysts, for example small-, medium-, large-pore zeolites, and also SAPO type molecular

e MTG reaction, the product

sieves. If one interrupted the reaction at the point of about 40% light olefin formation, one
could harvest these C,-C,4 olefins. By adjusting the reaction conditions (such as raising the
temperature to 500°C) as well as the catalyst applied, one can increase dramatically the
olefins yield. This discovery led to the development of the MTO process, which generates
mostly propylene and butene together, with high-octane gasoline as a byproduct. However,

the catalyst can be modified in such a way that even more ethylene is produced.
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- 2.10.1 Reaction Mechanisms for MTO Process

6,78,79

The main reaction steps of the methanol conversion to hydrocarbons can
be summarized as follows:
1,0 Paraffins
2 CH;0H CH;0CH; — Light olefins—— Higher olefins (2.3)
+ H,0
2 Aromatics
Naphthenes
This process consi ions: (1) the formation of dimethyl
ether (DME), (2) the initi . aq"g in light olefins, and (3) the
subsequent conversion of £ (light olefins) into higher olefins, and also

2.3). Bronsted acidity is known to

be the main source of th ivity.d S cess, while the conjugate Lewis
basic site would be respo - ininal G5C -\\ ion.

It is generally t the. \ ers of acid sites or the amounts of
strong acid sites are strictly prop -:{ ‘to th ontent. However, the intrinsic catalytic

property as a solid acid canne iation of the Al content.”® Therefore,

isomorphous substitu ty_ 7'1‘__,{;5 a catalyst having different

intrinsic catalytic properms is of interest. Using a pentasil ty@zeolite H-ZSM-5, as a catalyst
in this process ‘ ing.| lﬁ e b soline can be selectively
produced. This auﬂﬂgﬁgﬂm- ﬂzpﬂ.ﬁn ti if hydrogen release from
the caiﬂsWﬂTﬂ)q ﬂtﬁlfﬁdwhﬁ ﬁnﬂrﬂkT aﬁfﬂle intermediate

compounds, light olefins, are easily hydrogenated into chemically stable and light paraffinic

hydrocarbons and dehydrogenated to aromatics, as shown in Scheme 2.1.
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-H,0 _
2CH3OH e CH3OCH3 e e C_2_5 (C2 to C5 OICﬁHS)
+H,0

+ CH,0H

- < . Higher olefins, C ¢+
L Co,, —

C g+ e 2 5 Aromafics (—> Fused-ring aromatics—> coke)

_ +H,
C 25 —_—

- Scheme 2.1  Reaction s a typical H-ZSM-5 %

2,10.1.1
ethyl ether formed via two

pathways, which involvi hound methoxy groups (a) or direct

condensation of methanol (b), a8 illus ""; eme 2.2. In the first pathway (a), methanol
J ut!"

undergoes nucleophilic attacked by a framework methoxy species, which

in turn reacted with L_.J C pdimethyl ether. In the second

'HL,.
X

pathway (b), the zeol 8 . I:"; an acid-base “solvent”, with
‘ {
two methanols directly conélensing. Both reaction pathways were found to be energetically
-3 L

reasonable baseﬁnwﬁd%a% E‘eﬂ ﬁi%lﬂ@ﬂ% were more stable than

the isolated reacﬂnts Although theregwas a spectr&.coplc ev:dencempr the presence of

rmen 4 BN i b Wi el b o v

direct condensatlon pathway is the thermodynamically favored one.



H,  H
H\O/H H/C\O/H
+ CH;0H
e 2 *CH,
I t l
0) O, O 0)
a s . -
ta) s” N0 s si” \AI/ i \
H i H H H
o S
& H-C C—H
Fol H o7
H” "H T+
0) 0) 0) O,
. A S
SI/ \Al/ \sl Si \Al %
k ( 'Hzo
Scheme 2.2 Two possibl€ p3 the of dimethyl ether in the present of an

aluminosilicate

died of the same two pathways,®" it

had also been indicat

7 "",f m was preferred to path (a).

ﬁ ﬁq%frﬂ b?’ﬂh c’]ﬁ?‘ zeolite H-Z to form a
surface methoxﬂ 3-Z, and the other methano pﬂac ed this surface-bonded methyl
- a v
o WA TU AT NE "=
9

(2.4a).

The two main different pmways were as follow

CH;OH + H-Z —» (CH;"+OH,~Z) —» CHs-Z + H,0

CH;OH + CH;-Z —» (CH;OH- CH;"+Z) —%» CH;OCH; + H-Z (2.4a)

(b) Two methanol molecules were adsorbed simultaneously on the active
site and were then dehydrated to form dimethyl ether directly, as shown in equation (2.4b).

2CH;OH + H-Z —» (CH;0HCH;"+OH,Z) —%CH;0CH; + H-Z + H,0O (2.4b)
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In accordance with pathway (a), the formation of dimethyl ether was

investigated by the magic-angle-spinning (MAS) NMR.” Scheme 2.3 shows the formation of
dimethyl ether. The data showed that methanol was reversibly adsorbed through hydrogen to
the bridged hydroxyl on Bronsted acid sites. The protonation was very fast on strong acidic
sites and was considered to reach equilibrium. 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 other methanol to form a dimethyloxonium ion (DMO").

surface methoxy

acidic site of ZS) i
Hion Z (CHY orR})

(Higvg

) ﬂ{ ‘ 7 cHs0H
ﬂuEJ’J‘VIEMW’m‘i

p&ptonated dlmethyl ether

awwmmmumwmaﬂ

Scheme 2.3  Formation of dimethyl ether during the course of MTO process.”
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2.10.1.2 Formation of initial C-C Bond

There were large number of possible reaction mechanisms for the
formation of the initial C-C bond, which was regarded as a step producing primary
hydrocarbon products from methanol on acid catalysts: (I) oxonium ylide, (II) carbene, (III)
free radical, and (IV) hydrocarbon chain mechanism. These mechanisms established several
types of C, intermediates: carbocationic type, which were surface methoxonium groups (CHs;"
methyl cations) and possibly oxonium i¢ V e type (:CH,), formed by the simultaneous

action of acid and basic sites; and free radica

first hydrocarbon prod ary \rez ore rapid than primary ones.
Besides, they were als i infernal diffus | rous structure of the catalyst.
Ethylene is the sole pri 05 HZS] 5 zeolites according to the experimental
observations of Chu and hileVar et /. pointed towards ethylene and propylene
as the primary gas-phase p . Different atithors h‘a_ also identified methane and ethylene

i
as the only primary products o‘

- __r_;.-i‘i-‘c'
identified trans-2-butL’!_\i a&iﬁm pro

] ,
I.ijonium ylide mechanism

ﬂ ) ﬁﬁ"ﬁﬁﬂ%ﬂ‘m gl i I

process.” Dimeth§l ether interacted w1th a protonated methanol on a Bransted acid site on the
solid c@%’}rﬁw@nﬁﬁoﬁ;“ %-vf}:q %(ﬁ@ altﬁnother dimethyl
ether to ?orm a trimethyl oxonium ion. This trimethyl oxonium ion was subsequently
deprotonated by a basic site to form a surface associated dimethyl oxonium methyl ylide
species. The next step was either an intramolecular Stevens rearrangement (a), leading to the
formation of methylethyl ether, or an intermolecular methylation (b), leading to the formation
of the ethyldimethyl oxonium ion. Bimolecular methylation of the dimethyl oxonium ylide

resulted in the ethyldimethyl oxonium ion, rather than an intramolecular Stevens
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rearrangement, In addition, a number of other investigators favor this mechanism as a result

of the linear dependence of hydrocarbon formation and zeolite Bronsted acidity.

CH;0OH,"

CH3OCH3 e \ /

CH,CH,

X FH=CH, . cy.ocH,
T

v

et ﬁﬂﬂ"‘ﬁ"ﬂﬂ“ﬂ“‘ﬁWﬁf"lﬁ’ﬁ

T A RFSARTIIRE b e

Olah et al 81 Scheme 2.4a and 2.4b show the oxonium ylide mechanism via Stevens-type
rearrangement and via intermolecular CH;™ transfer, respectively. In oxonium ylide
mechanism, resulted in the C-C bond formation, yielding ethyl methyl ether. Subsequently, an
intramolecular rearrangement within the oxonium ylide (called the Stevens-type
rearrangement mechanism) or an intermolecular transfer of the CH; group from surface

methoxy to methylenedimethyloxonium ylide, (CH;),OCH,, first took place.



H/z,/

ﬂ‘lJEl’J‘l’lEWlﬁWEl']ﬂﬁ"

Scheme !.4b The intermolecular CH;" transfer in oxonium ylide mechanism

Besides the formation of dimethyl oxonium methyl ylide species

as shown in Schemes 2.4a and 2.4b, a surface ylide species was proposed by Hutchings ez
13 An adsorbed methanol molecule was dehydrated to form a surface-bound methoxy
species a proton of which then transferred to a neighboring bridged oxygen to form a charged

surface ylide nearby a Brensted acid site. The formation of the surface methoxy in which the

43
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surface oxygen, methyl carbon and the leaving OH group were roughly colinear follows a

classic Sy2 mechanism (Eq. 2.5 in Scheme 2.5). The initial C-C bond should then be formed
in a more facile reaction between a methanol (or dimethyl ether) and the surface ylide (Eq.
2.6 in Scheme 2.5), which would lead to the formation of a surface ethoxy group. Ethylene
could be formed by S-elimination along with reforming the Brensted acid site. Alternatively,

the surface ethoxy species could react with further methanol molecules to form a surface iso-

T \O/
e =T\ W\ (2.5)
/\/\ iy \/\
H5C H
ﬁ”z T\O/_»
e :
O 0 — + CHy (26)
/ i TN ke i N i
Scheme2.5 A propo ' surfaCe ylide species.™

ﬂ u E;a?ﬂ“’qfldﬂj W{W %T’]uﬂafﬁd the oxonium ylide

mechanism for m%anol transformationginto olefins o SAPO-34 Form situ FTIR analysis
of the ra W rll'a;ﬁ]ﬂ ﬁam uvmqlam& ’]oa E:l took place via
oxonium lon as intermediates. The oxonium ions were successively methylized by
propagation reaction in solid phase resulting in the formation of ethyloxonium and
propyloxonium, and so forth, which are shown in Scheme 2.6. The formation of ethoxonium,

which gave way to the formation of ethylene, is shown in Scheme 2.7.



(,3H3 (I:H3 ,CH;;
O 0] O
/N /5 :
H CH,CHj H \CH(CH3)2 ) H C(CHs);
0 0 propagation 0 propagation o o
P/ \Al/ \Si P/ \Al/ \Si P/ \/;J/ \s
_— ' == decomposition —— l ——  decomposition J
}|{ H
0 N
P/ \Al/ \Si
iF H2C=CH2

+ H,0

Scheme 2.6 A propo
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Adsorbe
phase

Restored
methoxy

Gaseous

products

ia methoxonium ion.®
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Poslel
— CH,OH
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Lho o

f ) ! I
I T / % / e

ﬂuﬂﬁﬂﬂﬂﬁﬂﬂqﬂ‘ilﬁﬁ

AT InghgE
|

/\/\

l+ <+ C2H4 -+ Hzo

Scheme 2.7  Another proposed mechanism of surface oxonium ions.*
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In summary, the oxonium ylide mechanism involves the formation
of a surface-bound intermediate as the initial reaction step. The zeolite surface OH-group is
methylated to form the methyloxonium intermediate, which gives rise to a surface-bound
methylene-oxonium ylide due to deprotonation. The surface-bound methylene oxonium ylide

is isoelectronic with a surface-associated carbene, as outlined in Scheme 2.8.°

Z-OH + CH;OH ’W/, + HO
Z-O-CH e surface-mcorporated ylide

urface-associated carbene

Scheme 2.8  Summaryfof &' pio e a\ ¢ mechanism applied to the zeolite

° @-elimination of water from

methanol followed b_ 7 [:{-: carbene to olefins or by

!
concurrent sp’ insertion o carbene into methanol or dimethyl ether. The formation of the

s b e A SR B e v s

Swabb and Gates‘Qnd can be summanzid in Scheme 2& Y

o W i —f +H + O—Zeo

H—C—OH + H—Lt-0—70 —> H—~=C

| ,L

:CH; + HO—ZeO + H,0

n :CH2 i (CHZ)n 5 n=2, L L

Scheme 2.9  The carbene formation from methanol adsorbed on the zeolite surface.®
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Whereas the oxonium ylide mechanism essentially involves the
formation of a surface-bound intermediate as the initial reaction step, the carbene mechanism
involves only surface associated intermediates. As previously mentioned the surfaced-
associated carbene is isoelectronic with the surface-bound methylene cxonium ylide species.

Chang and Silvestri®' reported that the conversion of methanol to

hydrocarbons on H-ZSM-5, favoring the carbene mechanism for the initial C-C bond

n(CHZ) = CnHln

Scheme 2.10 The carbene

7

lIEFree radical mechanism

¢ o

ﬂ u maﬂ W%}ﬂ ﬁ"fﬂﬂﬁj’“ of methyloxonium

intermediates, thélfree radical mechanism has been also introduced. Clarke et al'® recognized

that di@hﬁﬁt@[ ﬂ\ﬂbﬂhﬁfﬁ Wﬁ]ﬂn}wqrﬁuﬂas detected by

ESR spec‘lroscopy in the reaction of dimethyl ether over H-ZSM-5. Radicals are formed

initially by interaction of dimethyl ether with paramagnetic centers (solid-state defects) in the
zeolite and consequently the C-C bond formation results from direct coupling of radicals. The
suggestion of Clarke et al. eliminated the requirement of strongly basic sites for proton
removal from  C-H, a major drawback of a number of introduced mechanisms. Evidence to
support this mechanism is the observation by Change et al’, who found that MTO was

completely, but reversibly, inhibited by small amounts of NO, a well-know radical scavenger.
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The author concluded that while the result confirmed the presence of free radicals, the role of

these radicals in MTO initiation is an open question. Nevertheless, since dimethyl ether
readily generated radicals upon gas phase pyrolysis even at MTO temperature, and since NO
inhibition of dimethyl ether pyrolysis was well-know, radical-initiated MTO deserved further

attention. A mechanism is shown in Scheme 2.11.

CH;OH + ZOH — CH;0-Z + H,0

e

The co 13%"' v echanism with one carbon from methanol

adding during each sgep,” addition of methanol and" cracking df-glefin intermediates may take
= X
place as illustrated in S i' o~ m

ﬂ S C2 S Hzo

qut] “ﬂﬁjﬂﬂﬂﬂ‘i
AR ASATRI HHI TN

Scheme 2.12 The consecutive-type mechanism of the hydrocarbon chain reactions.’

A parallel type mechanism, known as “hydrocarbon pool”

mechanism was suggested by Dahl et al.***

who studied the methanol conversion to
hydrocarbons using SAPO-34 as a catalyst, and 13C-labeled methanol and '>C-ethylene made

in situ from ethanol in the reaction (Scheme 2.13).
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C,H,

CH3;0H —> (CH,), C3Hg

Saturated hydrocarbon

Coke

case of using ZSM-5, where a wider range ducts was found. Therefore, it might
be easier to obtain a picture of the feaction pa v ing SAPO-34, and the authors showed
3 -* as concerned, did not turn

0 ecu@ might have been formed by

addition of methanol to ethylene since this would i imply a 2C/"C ratio larger than one. In

fact, the ratio seﬂﬂJ &Jlge 'ﬂﬁhnﬁrfﬂﬂfl ﬂl e molecules should be
o dﬁqﬁ'ﬁ' aﬂqﬁrjam Hm:llfy%rug, ;-c]olameEc‘!anism in MTO

process by studying in situ MAS NMR spectroscopy on H-ZSM-5°' SAPO-18 and
SAPO-34” under continuous flow conditions coupled with a simultaneous analysis of the
reaction products by on-line GC. This new technique allows the investigation of intermediates
occurring on the catalyst surface in the steady state of a reaction. A preferential formation of

ethylene and propylene was observed. Simultaneously recorded in situ '>*C NMR spectra

showed signal at 12-25 ppm and at 125-131 ppm for H-ZSM-5, and 126-135 ppm for SAPO-
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18 and SAPO-34 indicating that the presence of adsorbed C4-Cy4 olefins. No hint for the

presence of ethoxy, propoxy or butoxy groups and the formation of alkyl oxonium ions were

found. All these supported the “hydrocarbon pool” mechanism.

2.10.2 Coke Formation in MTO process
The deactivation of catalysts in hydrocarbon processing was an enduring

problem, and not only from an indu of view.” If deactivation of zeolite catalysts

was caused by the formation (so called “coke™) on the catalyst

Coke™ is.{h 1ame ‘"’ usually undesirable organic
compounds which are fo]aed in or on catalysts durmg opermon and which block access to

i g TSN T o

zeolites.”® Coke, Which should be conSIdered as a mlxture of hydrogen deficient residues,
3T ) P U R IR o e
transfer redctions are highly important contributors to coke deposition. Coke would already be
formed at early stages of methanol conversion and would cover the strong acid sites. There
are numerous papers concerning the effects of the pore structure of the zeolites, the aluminum
content and crystal size as well as reaction temperatures on the coke formation rate and

location and nature of coke species.
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Scheme 2.14 Coke

iy
(ﬁ ﬁ%rﬂw %}Wﬂﬂ"ﬂ“ﬁng MFI structure when

compared with o%er zeolites was its blgh re51stance to deactivation l&y,coke formation.® It
v ) R S DUV H AT e s
reaction, dlrectly related to the pore structure. By comparing coke formation on ZSM-5 and
mordenite in the methanol conversion it was clearly demonstrated that the low selectivity
towards coke formation on ZSM-5 must arise form structural constraints on the reaction of
the same intermediates of coke. In addition, Ione ef al.® studied the effect of the Si/Al ratio on

the coke formation on ZSM-5 in methanol conversion. It was found that an increase in the
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production of aromatic, which in turn resulted in a faster deactivation, was observed with
decreasing Si/Al ratio (increasing acid strength).

Schulz et al.” studied the reaction of coke formation from methanol on ZSM-5
catalysts. As main constituents of the coke that was found dimethyl- and trimethyl

naphthalenes like alkyl biphenyl and alkylate biphenyl methane.

two ring aromatics.

AUEININTNEYINS
AR TN TN



	Chapter II Theory
	2.1 Molecular Sieves
	2.2 Zeolites
	2.3 Structure of Zeolites
	2.4 Acid Sites of Zeolites
	2.5 Shape Selectivity of Zeolites
	2.6 Zeolite Synthesis
	2.7 Factors Influencing Zeolite Formation
	2.8 Zeolite ZSM-5
	2.9 Fe-MFI Catalyst
	2.10 Methanol to Olefins (MTO) Process


