CHAPTER 1l

THEORY

3.1 Molecular Sieves for Use i

With the renent(

elements in addition to, g

ves materials containing other
inum, the casual interchange of

the terms "molecular sighe'/= cnnsmlered In 1932 McBain

proposed the term "mole a class of materials that exhibited

A

selective adsorption propgfti a material to be a molecular

sieve, it must separate comipong 3 v
shape differences. Twa cia
forth his definition: ;-* and © ;;;;:;;:;:;:,.g;"t charcoals. The list vow

¢ Y
includes the silicates, me 'rm'latesf the AIPO,'s and silico-

the basis of molecular size and

sieves were known when McBain put

and metallualummuphugngaes as well the zeolites. The different classes of

o s b oA TSI Srtar v, e

regular framewark structures will séparate companents of a mixture on the basis of
size ar@ m ammutmm’ll’] urﬂ ’rJ aﬂﬂe materials, as
many are stfucturatly analogous, but in their elemental composition.
A molecular sieve framework is based on an extensive three-dimensional
network of oxygen ions containing generally tetrahedral type sites. In addition to the

Si* and AI"”® that compositionally define the zeolite molecular sieves, other
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cations also can occupy these sites. These cations need not be isoelectronic with
Si* or A", but must have the ability to occupy framework sites. The zeolite
molecular sieves display a net negative framework charge; however, a molecular
sieve framework need not display any charge. Molecular sieves containing only Si™*

in the tetrahedral sites will have a neutral framework and exhibit a high degree

3.2 Zeolites

The history o 1756, when the Swedish mineralogist
Cronstedt discovered t Qlits:- By stilbit [32]. He recognized zeolites as
a new class of minerals ‘Conidisting of ed aluminosilicates of the alkali and

i umescence when heated in a

blowpipe flame, ClofiSteat-ealisd-the-mine witg" derived from two Greed
words, "zeo" and '1ih@' mea

Zeaht are cfystalline alumindsilicate that are constructed from TO,

s £} WELBILEL V13 TR ) L ot e o
Z';?;WI SRHPI PN

bridges two T atoms and shares electron density with each other (Figure 3.2).
However, since Al is +3, for every aluminum containing tetrahedron there is a
net -1 charge which must be balanced by a cation. The tetrahedra are

coordinated such that the zeolites have open framework structure with high
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Figure 3.2 Basi nolecrlar sieves [33]

surface areas. The fra ontains pores, channels, and

cages, or interconnected avity is possible through voids

-
¥

.&' ules. Because of these

of various sizes ; ~ot the size of smalt mo'

unique properties, zédiites are e Nape aﬁl size selective in catalytic
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valence n is present to produce electrical neutrality since for each aluminum

tetrahedron in the lattice there is an overall charge of -1 [34]. M is a proton, the
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zeolite becomes a strong Br@nsted acid, w is the number of water molecules
per unit cell, and x, y are the total number of tetrahedra per unitcell [35].
Approximately 70 distinct structures of zeolites and molecular sieves are
known [36]. There are natural zeolites, synthetic analogues of natural zeolites,
and synthetic zeolite with no natural counterparts. Their pore sizes range from

4 A" to 13 A”. Zeolites with poras are comprised of eight T-atoms ( and

&ore zeolites. They have free
ite w pore zeolites have pores

Zeolites with twelve ) C » -_- jat make up the pores are

eight oxygen atoms ) are
diameters of 3.0-4.5 A

formed by ten T-ato

considered large por g They € ee diameters of 8.0 A’ or more,
e.g., zeolites X and | date zeolite (aluminosilicate) exists with
pores larger than ~ 8

In type A zeolite, iNnected through apertures of 0.5

nm, determined by eigh e 3.3a). The mordenite pore

structure consists Vi

c-axis of the urthnrlgmbic S

sHipticaland noninte ‘channels parallel to the

ope@lgs are limited by twelve-

e AL BT S HENDE e e e
ON 15101 R1R MR LTS L

this structure; the name pentasil is therefore used to describe it. Also evident
in Figure 3.4 are rings consisting of 10 oxygen atoms, these are important

because they provide openings in the structure large enough for passage of
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Figure 3.4 Schematic diagram of silicalite layers, formed by linking

of the chains through sharing of oxygen in linked SiO4 tetrahedral [38].




19

even rather large molecules. The layers can be linked in two ways; the
neighboring layers being related either by the operation of a mirror or an
inversion. The former pertains to the zeolite ZSM-11, the latter to silicalite or
ZSM-5; the intermediate structures constitute the pentasil series.

The three-dimensional structure of silicalite (MFI type catalysts) is

e ten-membered rings (ca. 0.55 nm in

diameter) (Figure 3.3b) " provic ) a network of intersecting pores

-‘ - "
s st ctl@ of two intersecting channel

By,
l‘ ¥

and the other sinusoidal and

molgécules are small enough to

penetrate into IS ghijagrysial ne &\strlicture, where they may be

ﬂW']ﬂ\‘lﬂ?ﬂJﬂJW]’mEﬂ NE"

Figure 3.5 Three-dimensional structure of silicate (MFI type) [38].
(a) Structure formed by stacking of sequence of layers.

(b) Channel network.
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The properties of a zeolite depend on the structure of zeolite, the size of
the free channels, the location, charge and size of the cation within the
framework, the presence of faults and occluded material, and the ordering of T
atoms (framework metal atoms). Therefore, structural information is important

in understanding the adsorptive and catalytic properties of zeolites [39].

3.3 Zeolite Active Sites

2%

on the number of alg'n wor@ decrease in Al content is

expected to reduce catdlytic activity of zeolite.

Based% uﬂﬁtmﬁﬂﬁﬂﬂ%ﬁrlmm at a cation site
increases with increasing Si tﬂl . It wa eived that fhis phenomenon is
relateaﬁl’lﬁcﬁﬂﬁ : ﬂﬁiﬁlﬂlﬂﬁﬁ Ejmewnrk sites,
and possibly to the difference in the order of aluminum in zeolite crystal [41].

Recently it has been reported that the mean charge on the proton was

shifted regularly towards higher values as the Al content decreased [40].

Simultaneously the total number of acidic hydroxyls, governed by the Al atoms,
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were decreased. This evidence emphasized that the entire acid strength
distribution (weak, medium, strong) was shifted towards stronger values. That
is, weaker acid sites become stronger with the decrease in Al content.

An improvement in thermal or hydrothermal stability has been ascribed
to the lower density of hydroxyls groups which parallel' to that of Al content

[40]. A longer distance between xyl groups decreases the probability of

dehydroxylation that gener ture of zeolites.

3.3.2 Generatiog
Protonic acid led in various ways. Figure
3.6 depicts the thergmal monium exchanged zeolites

yielding the hydrogen faR

The Brensted aciditj~diie’ tg Jiization ‘on' polyvalent. cations,
described below, g—
Mn' # xH,0 —— BM(OH),"™" + xH' (3.1)

g ANENTWENG

| ’lﬁrag ﬂg‘t@ ﬁ%—jw gﬁ could improve
the caﬁpmpe rty. ? mn crea Slamdm centers

by hydrolysis phenomenon.
Bronsted acid sites are also generated by the reduction of transition

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

L T I YR i s (L Th Tl o
Wi angaiy e i
N B el
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metals was noted to increase by reduction with hydrogen at 250-450 °C and to

increase with the rise of the reduction temperature [34].

Cu® + Hp —» Cu° + 2H' (3.2)

Ag'+ 1/2H, —> Ag” + H' (3.3)

E
&

Figure 3.@“1 :

a) Inthe,as-synthesized from M’ is either an organic cation or an

A AERTWEATS
ST Bl loh 12 0] 1

H* acid form.

s 'of a Z8olite framework [31].

d) The acid form in (c) is in equilibrium with the form shown in
(d), where there is a silanol group adjacent to a tricoordinate

aluminum.
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The formation of Lewis acidity from Br@nsted sites is depicted in
Figure 3.8 [34]. The dehydration reaction decreases the number of protons
and increases that of Lewis sites.

Br@nsted (OH) and Lewis (Al) sites can be present simultaneously in the
structure of zeolite at high temperature. Dehydroxylation is thought to occur in

ZSM-5 zeolite above 500 °C an cination at 800 to 900 °C produces

irreversible dehydroxylati fection in crystal structure of

—
N

ng dehydrnxylatmn which may

zeolite.

Dealumination s
result from the steam le [34]. The dealumination is
indicated by an incrgése @ntration of aluminum on the
crystal. The dealhm' ssed in Figure 3.9 [34]. The
extent of deaiuminafia [ with the partial pressure of

steam.

amaﬁﬂ%mﬂ 'ﬁmmaa

Figure 3.7 Water molecules coordinated to polyvalent cation are

dissociated by heat treatment yielding Br@nsted acidity [34].
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Figure 3.9 Steam dealumination process in zeolite [34].
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id strength of OH groups by
their interaetBarlviiiy/dislade '. ninum species [34].

IR

The enhanceme -v i a strength \of OH groups is recently

proposed to be pertin t 1o e’?} \\ ose aluminum species sites

B

hile severe steaming reduces the

and are tentatively exp sgedin Fi Partial dealumination might,

therefore, yield a catalys f:’f" .

catalytic activity.

3.3.3 Basic € s
n uﬂu&l NS TIEIADNT v cyred s

et L1 RO T A

500 °C. The potassium cations have been shown to control the unimolecular
cracking (p-scission). Free radical mechanisms also contribute to surface

catalytic reactions in these studies.
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3.4 Shape Selectivity

There are several types of shape and size selectivity in zeolites. Firstly,
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. A parti

! )y good illustration of this behavior is
v A and X were ion exchanged

with calcium salts to creaie-ac sntel wuﬁeohte These acid sites are

0 \\ um ions hydrolyzes. When

these zeolites are con imary \\ ndary alcohols in the vapor
phase, both alcohols rat \ the primary one reacts on
CaA. Since the seﬁo 3 ‘;\\ diffuse through the pores

of CaA, it cannot reac e CaA crystals. This kind

of selectivity is called cléctivity and is illustrated in

Figure 3.11(a).

Product shape-seieciivity
vr e

sizes are formed wan the

“TT-\,‘- products of different
ZEo it@:rystals and some of the

products formed are tog bulky to diffuse eut [44]. The products which cannot

escape fmmﬂnuﬂﬁl V) Wicod \sdonkisd) Jeactions 1o smatter

molecules or may deactivate the t’atalyst btacking pores.QA classic example
of thns%ﬂ of Qeﬂ mimuu j;ln Ellllaiﬂ reactions of
alkylaromatics as depicted in Figure 3.11(b). The diffusion coefficient for
para-xylene in ZSM-5 is approximately a thousand times that of either ortho or
meta-xylene. Hence, essentially pure para-xylene is observed leaving the

zeolite. Direct evidence for this type of shape selectivity has been reported by
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Anderson and Klinowski [45] for the catalytic conversion of methanol to
hydrocarbons in ZSM-5. During the reaction, metnanol is dehydrated to
dimethyl ether (DME). The equilibrium mixture between methanol ar41 DME
reacts to form olefins, aliphatics and aromatics. By using in situ magic angle
spinning NMR, 29 different organic species were identified in the adsorbed
phase; however not all of these waérejobserved with gas chromatography. For

example, the tetramethylben 7-: e é’){mad in the pores of ZSM-5 do

not diffuse out from the.zeolies : ot@th gas chromatography.

Another type of sale ctiv S teansition-state shape selectivity.
Fer this type of sele ‘ '} es of transition-state intermediates are
too large to be accém W; e P res/cavities of the zeolites.
However, neither the g S i icts are ‘restricted from diffusing
through the pores of zgblits™ g00d Amble of this type of selectivity is the
transalkylation of dialkybenzene: '. reaction, an alkyl group is

transferred from one molecule >4 i : hro gh a diphenylmethane transition

state. For meta this reaction w J .3,5- as well as 1,2,4-

trialkylbenzene. HO er, the trans SE rean:tinn that yields 1,3,5-
trialkylbenzene.is t ﬁ? ?1 aﬂiﬂ E ed ’Tt in he pores of mordenite.
Cunmuentlﬂrij rial ﬁa med inside the zeolite
as illu l'-a
T MANYNa
e critical d:amater (as apposed ength) of the molecules and

the pore channel diameter of zeolites are important in predicting shape

selective effects. However, molecules are deformable and can pass through



28

a) Reactant selectivity

c) Transient stais
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Figure 3.11 Schematic representation of the types of shape selectivity

exhibited by zeolites [39].
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opening which are smaller than their critical diameters . Hence, not only size
but also the dynamics and structure of the molecules must be taken into
account. Correlation between pore size of zeolites and kinetic diameter of

some molecules are depicted in Figure 3.12 [47].
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and Table 3.2 [31] presents value of the effective pore size of various zeolites
correlation between pore size of zeolites and kinetic diameter of some

molecules are depicted in Figure 3.12 [47]
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Table 3.1 Kinetic diameters of various molecules based on the Lenard-Jones

relationship [46].

KINETIC DIAMETER (ANGSTROMS)

CO;
H:O
NH-
CH,
C:H;
C:H,
CiaHs
n-CsHqo
Cyclopr Opg
i-C4Hio | V.
SFes 1l

Neopanta I

Bﬂﬂqwﬂﬂiwawni

Eycln exane

2.6
2.89
3.46
3.64
3.17
3.76

3.3
2.65

26

5.8

3.3

3.9

4.3

4.3
4.23

o
= 5.5

e
|
i

o 6.0 o




3

Table 3.2 Shape of the pore mouth opening of known zeolite structures. The

dimension are based on two parameters, the T atom forming the

channel opening (8, 10, 12 rings) and the c-ystallographic free

diameters of the channels. The channels are parallel to the

crystallographic axis shown in brackets (e.g. <100>) [31].

STRUCTURE

EMBER I f . 10-MEMBER RING 12-MEMBER RING
Swd g

Bikitaite
Brewsterite

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

Gmelinite
Heulandite

ZK-5
Laumontite | 7
Levyne
Type A
Type L
azzit

N1/

6.2[001]

T4<111>

7.0(001]

4, 0>
S Ingn RS

7.1[001]
001]

3

QAR e

Mordenite
Natrolite
Offretite
Paulingite
Phillipsite

5.1 5.5(100]
2.9%5.7(010] 6.7x7.0[001]
2.6x3.9<101>
3.6 5.2(001) 6.4(001]
3.9<100>
4.2 x4.4[100)

2.8%4.8[010)

3.3(001)
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3.5 Acidity of Metallosilicate

The synthesis of zeolites containing various elements such as B, P, or Ge
has been carried out for a long time. Since the discovery of ZSM-5 (aluminosilicate)
and silicalite, many attempts have been made to synthesize the metallosilicate with

the ZSM-5 structure. The isomorpho

2 W)

yutmn of aluminum with other elements

greatly modifies the acidic g icate. The elements introduced

include, Be, B, Ti, Cr, Fe, nts were usually introduced by

adding metal salts as aqg s for the synthesis of the

metallosilicate. It is alsg rectly introduced by reacting

ZSM-5 with boron trichlafidesMetalln: Wi M-5 structure having metal M

\\\

as a component will be jeg St " \ . Silicate Il (the framework
topology of which is structdfally ideht: ' to that of ZSM-11) can be transformed into

gallosilicate with its reactio aqueous solution.

Figure 3.13 Temperature programmed desorption of ammonia from
metallosilicate (Reported with permission by C.T - W. Chu,

C.D. Chang, J. Phys, Chem., 1571 (1985)) [34].
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Figure 3.13 [34] shows the TPD spectrum of ammonia adsorbed on various

metallosilicate. The acid strength of metallosilicate changes in decreasing order as

follows:

[Al] - ZSM-5 > [Ga] - ZSM-5 > [Fe] - ZSM-5 > [B] - ZSM-5

The fact that the acid stre is much weaker than that of [Al]-

Table 3.3 Prod istbgiion-of the conversion of 1-butene over over

Catalyst SM-5  Zn-[B]-ZSM-5
conversion/% 812
Products/%"" ST

CrCag alkanes 4 i 6.3
C;H+C3He &6 /oo 38 21.1
CH;s"” 27.7

Cs" 7.0
aromatics 38.0

Reaction ions, 773 K, WJF-S h mol™

* ﬂﬁ%@%ﬂﬂﬂi
@mmm AUBOIIELID Elnse mer

Table 3.3 [34] shows the product distribution of 1-butene reaction over [B]-ZSM-5
and [Al]-ZSM-5 at 773 K. It is clear that there is a great difference in the product

dismatic hydrocarbons, while over [B]-ZSM-5, lower alkenes are the main products.
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This indicates that the hydride transfer reactions from alkenes to carbonium ion does

not proceed over [B]-ZSM-5.

R' RH (alkane) alkanes
e—— + >
C-C=C-C-C-C C-C=C=C-C- aromatics

The yield of argmz iroea . i yreatly increases by introducing zinc
cations into [B]-ZSM-5 er, the yield of alkanes

remains low. This is are formed by the direct

dehydrogenation of olefins cies. As exemplified by this case,

it is possible to achieve catalysia by by lions at the same time suppressing
catalysis by acid. —

dyeis by Yy ,,1._
Theanidsh‘eny'l rr%tobemakfrmnthaverylcw

yield of alkanes and argmatics in the cogversion of methanol to olefins. Holderich

et fachd T O S—

AN 5’335 INTUA AN

R1R2R3CCHO > R1R2CHCR

I
O
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Since the acidic strength of [B]-Z5M-5 is weak, the role of the trace amount
of aluminum impurity may not be negligible in their catalysts. Chu ital. examined the
catalytic activities of [B]-ZSIM-5 containing varying amounts of framework B for a
number of acid - catalyzed reactions and concluded that the catalytic activity was

due, if not entirely, to trace amounts (80-580 ppm) of framework aluminium [34].

3.6 C,-C, Gases Conversi

The seak for chea sedsrocks he ~‘H-‘m researches and industrials to
look the possibilities of GFC &langs M ,:7 K is being done on the conversion of
methane to methanol, athagé otfiyl6) -'c cthane to vinil chloride, and propane

to acrylonitrile. Butane § =gn already suceessful oxidized to maleic anhydride.

Zeolites can also contriguts paral
e o

presented in Figure. 3.14 [10]./25 - o

- C,-Cy paraffins through the reactions

]
s5MDS —— KEROSEMNE

GAS OIL

Figure 3.14 Upgrading C, - C, paraffins.

T 1ty §X
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Propane and butane are transformed on the corresponding olefin using a
catalyst comprising alumina-chromia on supported and promoted platinum or tin.
C,-C, olefins can also be obtained from methanol on ZSM-5 zeolites. Methanol inturn
could be obtained from synthesis gas produced from methane, or in the future may
be produced directly from methane. When olefins are produced they can easily be

used for petrochemicals or reacted

prtes to produce aromatics, fuels, or fine

chemicals and commodity prod

sad-lu ;ﬁ'nthesns gas, zeolites offer an

deerd when ZSM-5 or SAPO-11 is

When methane o
alternative to classical Fist
mixed with methanol sy i3 s ihydro: s are produced in a single step

directly from the synthesi u f & hydrocarbons produced can
'--?..hz oduced. The final product
distribution depend on ze A e ation of the reducing catalyst
compongnt on the zeolit ang‘_.{ne;‘ emperature. Without the zeolite

be narrowed and gas

component catalyst, the hg:u;.cr

(.4

olefins and paraffins;

ife _composed mainly by waxy normal

One of the umﬂuu ul rmcatalysts arises when the
process is directed tc the abtention of Cst, Figure 3.15 |, taken from Huang and

Haag shows @ﬁi&@%ﬂﬁrﬂ&’]m fo reduction of CO,

and the tem rature at which the zéolite becomes.effective. It ig\clear that a Fisher-
Trnpsci'aa | ;l@emmyMQEg nﬂm low C4- gases
at this reaction temperature, is needed to adequately sombine with medium pore
zeotypes to convert, in a single stage, synthesis gas into gascline. The temperature
limitation can be overcome by using a two stage slurry Fisher-Tropsch-ZSM-5

process.
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100 |- ——HC Selectiviey

W
80 :

1thesis gas conversion on

Figure 3.15 Effeciof fempe “ i
RuO,/ZSM- c"_”v 3.
7 4
LPGcanba ed to atics nmansofmacyclarpmuess
which uses a catalyst compposed by Galliym on a ZSM-5 zeolite. Conversions higher

ran socomefeddh il T T a—
carried nut in a movi réfactor with comtinuous Enﬂhnn
AN A

- Dehydrogenation on the metal component.
- Oligomerization and Cyclization of the formed olefins on the acid

component of the zeolite.

- Aromatization (dehydrogenation) : Mainly on the metal component.
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- Dealkylation, transalkylation and isomerization of the alkylaromatics,

occurring on the zeolite component.
The ZSM-5 zeolite gives the acidity while it is stable to deactivation by coke.
This is due to its channel dimensions which do not allow the formation fo aromatic
compounds with more than eleven carbon atoms, nor the formation of poliaromatics

which can lead to coke deposits. Mordoyer, the tridirectional channel structure of

£5M-5 makes less critical ans created by coke deposits, than
on other unidirectional aS-lﬂirt‘,,f‘e. omega, ZSM-12, offretite

H" + CiHa

ﬂuﬂqwﬂﬂsWHWﬂi
W'mﬁ% TRTAINy1a e

important conversion processes in which hydrogen is directly or indirectly removed.

In principle, any compound containing hydrogen atoms can be dehydrogenated [48].
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Dehydrogenation of less specific character occur frequently in the refining
and petrochemical industries, where many of the processes have names of their
own. Some in which dehydrogenation plays a large part are pyrolysis, cracking,
gasification by partial combusion, carbonization, and reforming. In general,
dehydrogenation reactions are diffecult reactions. They require high temperatures for

favorable equilibria as well adaquate reaction velocities. Pure

dehydrogenations are endothermic Dy cal/g-mol, and hence bave large

heat requirements. Active Gau

Table 3.4 Enthalpies of

Ethane — ethyln 34,300

Propane — propy 30,500
Butane — 1-butene + 31,300
28,500

Butane — (-2-butene + .}

sene4H, 31,200
1-Buten 28,400
CrButdteeal bt L o ————————————————J /3] 100
1-But :?','; X 130,500

Methy 51,500
Methanol - if m 21,700
Methanol + ;o, [otmluddlrdt + H,u —137,200
Methanol + t;h 3H; + CO, 15,900

mmmsw NE
AMIANTUUNIINYIAY

The dehydrogenation of propane to propylene reaction is involved(5] :

—_—

CH3-CH>-CH; «——+—— CH3;-CH=CH; + H; H%ss = 29,637 cal/g-mol
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The reaction is highly endothermic and exentropiz, and is favored at high
temperature (>700°C) and low pressure (<100 kPa ansolute). A number of cracking,
hydrocracking and dehydrogenation side reactions occur, especially with rising
temperature, and lead to the formation of methane, ethylene, ethane, coke,
mehtylacetylene, allene, etc. To operate at a more accessible thermal level (550 to
650 °C), while maintaining an acceplable conversion rate, catalysts must be

employed.

AULINENINYINg
MR IUNNINGAY
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