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1.1. AROMATI ZATI ON OF ALKANES

1.1. AROMATIZATION OF ALKANES

The aomatization of n-dkanes is an indudridly important reection; it is one of
the mgor reections occurring during the reforming of ngphtha fractions for the
production of aomdics or high-octane gesoline  n-Alkanes possess low-octane
numbers (octane number of n-hexane = 19; n-heptane = 0 and n-octane = 19) while
aomatic compounds with the same carbon numbers possess much larger octane
numbers (octane number of benzene = 99; toluene = 124 and mxylene = 145). Hence,
the aromatization of dkanes (especidly n-dkanes) is important in improving the

octane number of the ngphtha. A typical aromatization reaction is shown below:

NN ©/ +3H, (AH,=63.6 kcal/mol)

Scheme 1.1: Typical example of an aromatization reaction.

Arométizetion reactions ae endothermic (Scheme 11) and favored & high
temperatures. The reforming of naphtha is therefore, generdly caried out a

temperaturesin the range of 753 - 793 K.

1.2. CATALYTIC NAPHTHA REFORMING

Cadytic reforming was origindly devedoped to produce high-octane gasoline
from draight run naphtha for automotive gpplications.  Subsequently, gpplications have
extended to the production of aromatics, LPG, H, and to the upgrading of olefinic
socks and reffintes.  Both dud functiond and mono functiond catdytic reforming

cadyds proceses are avalable, the former process being the most widely used and

15



1.2. CATALYTI C NAPHTHA REFORM NG

suited for a wide range of feedstocks. In monofunctiond reforming, only the metdlic
function takes pat in the reection and is suited mainly for the dehydrocydization of
Cs-Cgn-akanes.
1.2.1. Dual Functional Catalytic Reforming: In the early 1940s, chromia-adumina and
subsequently, molybdena catdysts were used in cataytic reforming. A breskthrough
in cadytic reforming was the commercidization by UOP (Universa Oil Products,
USA) of the platforming pracess based on a Pt-dumina catadyst, which was an order of
magnitude more active than the earlier oxide catdysts. The early P-AIO3 catayss
had adbout 0.3 to 0.6 wt % Pt supported on a fluorided h-Al2Oz (later, chlorided ¢
Al;09). The next improvement in catdytic reforming came with the introduction of the
bimedlic PtRe cadys by Chevron, USA in 1969. Subsequently, other bimetdlic
and multi-metdlic catdysts containing promoters such as Ir, Sh and Ge have come into
practice.

The conventiond reforming catadysts operae primaily by a dud functiond
mechaniam, the acd dtes of the support (chloridedduming taking pat in

isomerizetion and cydization reections and the medlic function acting as the

dehydrogenation-hydrogenation agent.

e e P /\/\/—>5C_Id O —“—é
@ Pt ’

JE——

Scheme1.2. Steps in the dehydrocyclization of n-hexane to benzene over a
bifunctional reforming catalyst.

16



1.2. CATALYTI C NAPHTHA REFORM NG

For example, the tranformation of n-hexane to benzene is believed to teke place
according to the following steps (Scheme 1.2).

1. Dehydrogenation to hexenes (metd catayzed)

2. |somerization to cycohexane (acid catdyzed)

3. Dehydrogenation of cyclohexane to benzene (metd catdyzed).

The mgor reactions that take place during the reforming of a ngphtha fraction
ae i) dehydrogenation of ngphthenes to aomatics (eg. methylcyclohexane to
toluene), ii) dehydrocydlization of dkanes to aromatics (eg. n-heptane to iso-heptanes
to toluene), iii) hydoisomerizetion of dkanes (eg. n-heptane to isoheptanes and
dkylcydohexanes) iv) isomerization of dkyl aamatics and v) hydrogendlyss and

hydrocracking.

Table 1.1 Thermodynamic data for typica reforming reactions®

Reaction Kpa 773K, DH;, keal/moal of
am. hydrocarbon
Cyclohexane = bawene+2H, 6 X 10° 52.8
Methylcydopentane =—— cydohexane 0.085 -3.8
n-Hexane = benzene + 4 H, 078X 10° 63.6
n-Hexane ~—— 2-methylpentane 11 1.4
n-Hexane = 1-hexene + H, 0037 31.0

The thermodynamic data for typicd reections taking place during the reforming
of negphtha are presented in Table 1.1 Except dedkylaion, hydrogenolyss and
hydrocracking reections, which lower liquid yied, the other reactions are the desred
ones. The reactions, i) and ii) ae highly endothermic while iii) to v) ae mildy

exothermic meking the overdl reforming process endothermic.  The dehydrogenation

17



1.2. CATALYTI C NAPHTHA REFORM NG

and dehydrocydlizetion reactions decresse with pressure while the hydrogenolyss and
hydrocracking reections increase with pressure.  All the reactions are favored a high
temperatures.  Thus, reforming is bet caried out a low pressures and high
temperatures.  Under these conditions, though, the catalyss tend to deectivaie fadter,
epecidly the monometdlic (Pt only) catdyss due to rapid coke depodtion. The
mgor advantage of the bi- and multrmedlic cadysts over the monometdlic catayst
is their grester ability to operate a lower pressures and higher temperatures, conditions
conducive for aromdtics production. The typicd conditions of the reforming operation
ae monometdlic cadyds, pressure of 20 - 40 bars and temperature of 753 — 793 K;
multi-metalic catayss, pressure of 2 - 10 bars and temperature of 773 — 810 K.

The feedstock for ngphtha reforming is generdly draight run naphtha, which
contains 10 to 50 ppm of S. The boailing range of the naphtha fraction will depend on
the reguirement; for gasoline production, a full range ngphtha (353-453K) may be
used. Naphtha reforming catdysts are S-intolerant and the S content has to be brought
down to < 5 ppm for monometdlic catdyss and < 05 ppm for bk ard multi-metalic
cadyss. The S tolerance of a given catdys depends on the severity of operation, the
more severe (low pressure and high temperature) the operation, the less the S to be
present in the feed  The feed S is brought to the desred gpecifications by
hydrodesulfurization (HDS) over CoMo-dumina catdydts.

1.2.2. Monofunctional Catalytic Reforming: The mgor drawbacks of bifunctiond
catdyss ae ther inability to trandform dgnificant amounts of the Cg hydrocarbons
such as n-hexane and methyl cyclopentane into aromatics and the occurrence of
admultaneous padld reections such as isomerizaion and hydrogenolyss leading to
low sdectivity to aomatics Dehydrocydization of Cg-Cg akanes has been reported to

occur with high sdectivities for aromatics over Ptsupported on basic zeolites such as

18



1.2. CATALYTI C NAPHTHA REFORM NG

Pt-K-LTL? Based on the above catdysts, a new process (AROMAX) has been
commercidized by Chevron.®  Other basic zeolites such as PM-BEA and PEM-ETS
10 (where M = Li, Na, K, Rb, Cs, Mg, Ca, S or Ba) have also been reported to possess
larger dehydrocydlization activities than PEAI,O5.+°

Many possble reasons have been suggested for the qectacular activity of Pt-
M-LTL. These ae i) there is an dectronic interaction between the zeolite and the Pt
meta,”® ii) sructurd parameters of the zeolite are responsible’ iii) collimation and
head-on interaction of n-hexane molecules with Pt'° iv) inhibition of carbon deposition
over the Pt atoms™ and v) high dispersion and stability of Pt.***® Based on studies on
benzene hydrogenation and n-hexane reforming Studies over a series of P-M-LTL
cadyss exchanged with diffeeent dkdi metd ions (Li, Na, K, Rb or Cs),
Besoukhanova et al.” have shown that the activity of the catalyst increases with the
badicity of the exchanged ion (Cs > Rb > K > Na > Li). Based on the IR vibrationd
frequency shifts of CO adsorbed on P, the authors have concluded that the Pt particles
in these cataysts are eectron rich from interaction with the basic O® ions in the
lattice’ Larsen and Hale® have made similar condusions based on therr study of
competitive hydrogenation of toluene and benzene over PEM-LTL, where M = Mg, Ca
or Ba

On the other hand, Tauster and Steger'® agree with Derouane and Vanderveken®
tha the pore openings in LTL-zeolite collimeate diffusng n-hexane molecules leading
to ther end-on adsorption over the Pt clusters Stuated indde the cancrinite cages.
Such end-on adsorption should fadlitate 1- 6 ring closure leading to aromatization.
Other workers™® have dso reported that the structural effect of the LTL zedlite is
responsble for the exceptiond dehydrocydization activity of these catdysts.  Davis

and Derouane®® reported that Pt supported on basc Mg(A)O mixed oxide prepared
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1.3. ZEOLI TES AS CATALYSTS AND SUPPORTS

from hydrotalcites dso makes a good catalys for the aromatization of n-hexane. Even
though some dructura features of zeolites may assst 1-6 ring cydization, it is srongly
evident that the enhanced dehydrocydizaion activity of Pt supported on dkdine
supports is a result of eectronic interactions between the support and the Pt Thus,
Larsen and Halle® have suggested thet the dectron rich nature of Pt in Pt-K-LTL is
responsble for its grester S sengtivity, in contrast to the grester S-tolerance of Pt-H-

FAU, which is dectron deficient ™

1.3. ZEOLITES AS CATALYSTS AND SUPPORTS

Zeolites are microporous inorganic compounds, the pores and voids aisng
from their framework structure.  Zeolites are made up of an extensive linkage of SIO,4*
and AlO4”> tetrahedra joined together through the oxygen atoms™*®  Srrictly spesking,
the term zedlite is redricted to aduminoglicaes, but in practice, the fidd now
encompasses  microporous  auminophosphates, germanates, borates and  titanoslicates.
The teem “zeolite’ meaning “boiling son€’ in Greek (zeo = bail and lithos = stone)
was coined by Cronstedt in 1756, to describe the behavior of the newly discovered
minerd siilbite, which lost water on hedting.  According to Smith,*® “a zedlite is an
duminogdlicate with a framework dructure enclosng cavities occupied by large ions
and wae molecules both of which have condderable freedom of movement,
permitting ion exchange and reversble dehydration”. In duminoslicates, additiond
cations are incorporated interditidly within the lettice so as to compensate the negetive
charges crested by the incorporation of AP ions in the SO4 framework. The
framework contains pores and voids, the nature and dimensons of which depend on
the arrangement of the [SO4 and [AlO,] tetrahedra to create the framework. The

charge balancing cations are present in the channes and voids dose to the AP jons
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The effective pore sizes in zeolites range from ~3 A to over 10 A, just suffidient to
permit the diffuson and cadytic tranformation of most organic molecules of
commercid interest. This fact combined with the possbility of generating active dtes
indde the channels and cavities, and the large surface area crested by these channels
and voids makes zeolites unique cadyds that can be conddered as cadytic

microreactors!®

1.4. STRUCTURE AND CLASSIFICATION OF ZEOLITES

The primary building units of the zeolite structure are the individud tetrahedrd
TO, units, where T is S* or AP*. A secondary building unit (SBU) consists of
sdected geometric groupings of these tetrahedra These building units which
generdly consst of 4, 6 and 8 membered rings, 41, 51 and 4-4-1 branched rings™ can
be used to describe most of the known zeolite Structures.  For a broader classfication
of microporous meterids, which indudes titanogdlicates, additiond types of building
units are required.  Classficaion of zeolites can be made on the bass of ther
morphologicdl  characteristics1"?*??  crystd  structure*?®  chemicd  composition, *42*

1425 and naturd occurrence®®  The dassfication of zeolites

effective pore diameter
according to their chemical composition (SI/Al ratio) is* (a) low slica, S/AI = 1 to
15 [A, FAU (X), soddite etc]; (b) medium slica, S/Al = 1.5 to 10 [FAU (Y), LTL,
mordenite etc]; (c¢) high slica, S/AI = 10 to severd thousands (ZSM-5, -11, SSZ-31, -
24, -42, EU-1 etc.) and (d) Al free (slicdite-1, 2, MCM-41 etc.). Some of the common
zeolites and micro- and mesoporous materids are ligted in Table 1.2.

Zeolites can dso dlassfied according to their pore opening as (8 smdl pore
(dia = 3 - 4 A; A, chabazite ec), (b) medium pore (dia = 4 to 10 A; ZSM-5, -11

SAPO-11, ferierite etc.), (€) large pore (dia = 10 to 20 A; X, Y, BEA, ETS10 etc)
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and mesopore (dia 3 20 A; MCM-41, VPI-18, EMS ec.). Zeolites can dso be
dassfied according to the dimendondity of the pores i.e, one-dimendgond (1D), two
dimensond (2D) and threedimensond (3D). The cayddlogrgphic unit cdl of a

zeolite may be represented by the genera formula (1.1). %

M™n [AIO2)(SIO2),]. MH0, wherey * x (1)

Tablel2  Classficaion of some typicd microprous and mesoporous materias based
on their pore diameter, pore dimension and S/AI ratio

Molecular 1ZA S/Al Ring Pore dia Pore Reétive
Sevetype code ratio sze® (A)P dmensondity  poresize
LindetypeA LTA 1-15 888 41 3 Smal
Chabeazite CHA 1-15 888 38x38 3 Smdl
ZSM-5 MFI 7—100 101010 54x56 3 Medium
ZSM-11 MEL 20-90 101010 53x54 3 Medium
ZSM-48 - 503 10 53x56 1 Medium
SAPO-11 AEL - 10 39x6.3 1 Medium
Fayjasite(Y) FAU 15-30 121212 74 3 Large
Fayaste(X) FAU 10-15 121212 74 3 Large
LindetypeL  LTL 45120 12 7.1 1 Large
Beta BEA 10-100 1212 64x76 3 Large
ETS10 E - 12-12-7 49x 7.6 3 Large
VPI-5 VPl - 18 121 1 Very lage
MCM-41 - - - 20-100 1 Meso

% number of T or O atoms comprising smalest rings in channd, ® pore diameter of
largest channdl.

The ratio x/ y is smdler than or equa to one because duminate tetrahedra cannot be
neighbours in the framework of zeolites, i.e. Al-O-Al linkages are forbidden according

to the Léwengtein rule® and ‘m’ is the number of water molecules. The sum (X + y) is
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the totd number of tetrahedrd dStes.  The propeties of zeolites of grest practica
importance are their ability to sorb organic substances, to act as @tion exchangers and

to catalyze awide variety of reactions.

1.5. BASIC ZEOLITE CATALYSTS

Interest in acidic and basic zeolites has been fudled by their wide use firg as
heterogeneous catdyss, where ‘shgpe-sdectivity conferred upon the maerids by
their microporous dructure is often important. The use of zeolites as heterogeneous
acid cadyds hes atracted much atention primarily because they are the magor
cadyss used in petroleum refining; for example the cracking process, which is the
largest among the indudtrid chemica process uses acidic zeolites as cadyds  In
contrast to the extendve sudies on heterogeneous acidic catdysts, much less research
has been carried out on the study of heterogeneous basic catdyds. The presence of
basic centers in some oxides has been recognized for a long time as being important in
cataysis®®  Pines et al.* reported in 1955 that sodium meta dispersed on dumina
was an effective catdyst for double bond migration of akenes Kokes et al.3%%
reported in 1972 tha hydrogen molecule is adsorbed on zinc oxide by adid-base
interactions to form proton (H") and hydride (H") species on the surface. The catalytic
activities of basic zeolites were reported by Yashima et al. 2in early 70s.

Different types of heterogeneous basic catdysts® are liged in Table 1.3. In
addition to the above mentioned catdysts, a number of basc materids have been
reported to act as heterogeneous basic catdyds. The subditution of Al in a SO4
framework generates a charge imbaance, which must be countered. This is done by a
upplementary  counter ion, the most important of which (in zeolite chemidry) being

the proton in the acidic zeolites. These protons are eesily exchangesble When this
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charge is balanced by cations like K, Cs and Rb, they generate a basic nature. The
sgnificance of these ions can be shown quite essly by comparisons of experiments
over H exchanged zedlites and their equivdent cationic (such as Li, Na K, Rb, Cs, Mg,
Ca, & and Ba etc.) forms of the zeolites The zeolitic proton has been used as efficient
wlid acd cadyds in severd indudrid reections and different cation exchanged

zeolites have been found useful as solid base catdysts in severd reactions.

Table1.3  Typesof heterogeneousbasic catalysts™

Heterogeneous basic catayst type Examples

Single Metd oxides Alkdi and dkdine earth metd oxides,
ThO2, ZrO2, ZnO, TiO2 and
rare-earth oxides

Zedlites Alkdi ion exchanged zedlites,
Alkdi oxidesloaded zeolites

Supported akai metd ions Alkdi metd oxides on dumina or dlica or dkdine
earth oxides,
Alkdi metds and dkdi med hydroxides on
dumina

Clay minerds Hydrotacite, chrysolite, sepiolite etc.

Non-oxide KF supported on duming,

Lanthanide imide and nitride on zedlite

The badcity of a zeolite depends on the cations that are present, the T-O-T
angles and the distance between the T a@om and oxygen. This has, in turn, led to an

increased interest in understanding the dructure, active Stes and properties of zeolites.

Basicity originates from the framework O? ions. It may aso originate from other stes
through hydrolyss of metd ions from exchanged oxide duders, supported metas or

reducing centers. 1t may aso be associated with acidity in acid-base pairs.
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1.5.1. Brensted Sites: The negatively charged lattice of S - Al zeolites does not lead
to the exigence of basic framework OH™ groups. The basc OH groups reported are
linked to extraframework species. Smadl clusters of dkdine earth meta oxides (MgO
or Ca0) in FAU cages have been shown to generate basic hydroxyls>** identified by

FTIR, with vibration bands at 3685 (Mg-FAU) and 3675 cm™ (CaFAU).*®
M2* (H,0) ® M2 OH +H-" (12)

1.5.2. Structural Basicity: The framework oxygens bearing the negdtive charge of the
latice are the dructurd basic dtes.  In many dructures dl the oxygen atoms are
accesshle to adsobate or reactant molecules as in faujaste zeolite (FAU). In less open
dructures like LTL and mordenite zeolites some oxygen aoms belong to cages that
ae too andl to be accessble It follows that only a pat of dl the exiging basc
oxygens will interact with adsorbate or reactant molecules in these zeolites. Another
characterigic of the oxygen atom dgtes is that they are fixed between two T aoms.
They ae not mohbile like protons in acidic zeolites and cations in basc zedlitess The
H*™ ion may move to reactants or adsorbates while the molecules have to gpproach the
latice oxygen in a configurdtion tha is favorable for the formation of the reaction
intermediate.

The zedlite chemicd compodtion and the dructure type affect oxygen basicity.
In zeolites, the most negative oxygens bdong to the AlO, tetrahedra® The charge on
oxygen, which is a meesure of badcity, can be computed.®*  Another factor
influencing the oxygen charge is the T-O-T bond angle The dectronic charge on
oxygen (basc drength) increases when the T-O-T angles are narrower and the T-O

37,40

distances are longer. In non-protonic zeolites the T-O-T angle varies to a large

extent and gives rise to O? with a variety of possble basic strengths The badicity
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varies depending on the Al location in the lattice, on the nature of the cation (i.e
identity, content, vdency or location) and on the accesshility of framework oxygens.
Hence, the bedcity of gpecific oxygen aoms ectudly involved in adsorption or
caaytic processes cannot be predicted based on bond angle measurements done.
1.5.3. Clusters of Oxides and Hydroxides: Very smdl clugters of basic oxides (MgO,
Ca0, ZnO) can be encapaulated in zeolite cages to prepare basic catalysts 2/ ®394% |t
is reported that MgO and CaO clugters were generated in Mg-FAU (Y) and CaFAU
(Y) upon hedting above 773873 K;* the clusters were present inside the supercages
(confirmed by ESR, IR and XRD). Clusters of MgO and MO (M = Na, K, Rb and Cs)
were prepared in FAU (Y and X) zeolites by sosking them in solutions of magnesum
dimethoxide  (dcoholic solutions) or akai acetates (agueous solutions)™  Strong
basic dtes were obtained in the Mg case only if the ensemble (Mg and O) forms an
MgO lattice, while isolated MO species produced strong bedicity in the case of the
akdi metd oxides™

Another method to introduce basc dugers into zeolites is to impregnate the
zeolites within a compeatible pH range, with solutions of sdts or hydroxides and drying
or cdcining. For ingance, the addition of a hydroxide (KOH or CSOH efc.) to the
zedlite increesed the badcity of the zeolite This was confirmed by the increased chain
sectivity in the akylation of toluene with methanol.®¥  Two genera trends are
observed in the properties of these materids.  Firdly, exchanged zeolites are less basic
then those containing additiond clusters of oxides. Secondly, carbonates are formed
very eadly from these oxides with atmospheric CO2.
154. Alkali Metal Clusters. Interaction of dkdi metd vapours with zeolites
generates colored products, which often possess basc properties. It was first reported

that Nae* and Na® paramagnetic centers were formed in akai FAU (X and Y)
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zeolites®*  Smultaneoudy, smdll neutrd metd dusters were formed in akaine FAU
(X and Y) outside the zeolite framework. ' These materias can be used as quantum
dots5?%  The formation of Nas>, Na*, Na*, K3 has been reported in zeolites A
and FAU in addition to other akai metd species®**®  The dependence of
sectivity in the akylation of toluene with methanol upon the adidic and non-acidic
character of zeolites was first mentioned by Sidirenko et al.>® This was further studied
in detal and the formation of ethylbenzene and styrene was linked to basic gtes in
FAU (X and Y) exchanged with K, Rb and Cs cations.

Alkdine molecular seves may be formed by hydroxides or oxides, not only in
basic or neutrd S-Al zeolites?03536:37454648 1yt g9 in mesoporous molecular sieves
While NaMCM-41 and CsMCM-41 (prepared by ion exchange) are active in base
cadyzed Knovenage condensation, cesum acetate impregnated MCM-41 is active in
Micheel addition and appears to be a promising super base catayst.®
1.5.5. Species and Clusters Related to Basic Centers:

1.55.1. Acid-base pairs. The exigence of acid-bese gStes in zedlites has been
reported. 5! The cation acts as the Lewis acid®*% and the framework oxygen as the
base. For a given Al content the acid character prevails for cetions with a high
electronegativity. The basc properties increese in pardld with the Al caitent of the
zedlite

1.5.5.2. Metal carbonyls: A large amount of work has been devoted to the study of the
formation and properties of trangtion meta complexes encgpsulated indde the voids of
ze0lites®®  The zeolite acts as a solvent, an anion and a ligand.**® Among dl the
complexes, metd carbonyls ae of paticular importance as potentid cadyds for
hydrogenation, isomerization, hydroformylation and carbonylation®  The influence of

zeolite basicity has been consdered recently with reference to the properties of
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encapsulated carbonyls of Pt® Mo 0s® Rh™ or Ir”> The themd sahility of
Fe(CO)s is higher in NaFAU (X) than in NaFAY (Y), reflecting a stronger interaction

of the carbonyl with the Al rich zeolite”®

1.6. CHARACTERIZATION OF BASIC SITES

The surface properties of basic cataysts can be cdculated by various methods
induding the following. No sngle method provides the complete information. An
undergtanding of the dructure, reactivity, strength and the number of basic Stes on the
surfaces can be obtained by a combination of many methods. These methods are
briefly described in the following sections.
1.6.1. Experimental Approaches:
1.6.1.1. Xray diffraction (XRD): The acidity of the OH groups and corresponding
badcity of the oxygen can be corrdated to the T-O-T bond angles determined from
XRD® sudies However, this method does not disinguish A-O-Si or SFO- S species
of the framework. The measured angles represent only an average for any oxygen
type congdered.
1.6.1.2. Xray photoelectron spectroscopy (XPS): The binding energy (BE) of
oxygen is a measure of its badcity. As the BE (Ois) decreases, dectron par donation
becomes essier. Okamoto et al.” sudied the effects of zeolite compostion and the
type of cation on the binding energy (BE) of the condituent eements for FAU (X and
Y) zeolites ion exchanged with a series of akai caions as well as Hforms of A, FAU
(X, Y) and mordenite®® The BE (O19 of a zeolite directly delineates the dectron
densty of the framework oxygen. On the bass of XPS feaiures of zeolites, Okamoto
et a.” do proposed a bonding modd of a zedlite as shown in Fg. 1.1

Configurations | and 1l are in resonance.  In configuration |, extraframework cations
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form covdent bonds with framework oxygens, while in configuration II, the cations
foom fully ionic bondings with the negaivdy charged zeolite ldtice  As the
dectronegativity of the cations increases and gpproaches that of oxygen, the
contribution of configuration | increase to reduce the net charge of the lattice This
explains the dependence of BE (O1s) on the dectronegativity of the cation. However,

the XPS method applies only to few surface layers of the catalysts.

M M
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Fig. 1.1. Schematic bonding model of a zeolite.

1.6.1.3. Nuclear magnetic resonance spectroscopy (NMR): The chemica shift (d)
of an aom observed in NMR spectroscopy may be rdaed to the charge and the bond
angle asociated with that aom in the crystdline structure” YO NMR distinguishes
the various species, S-O-Si @ = 44 to 52 ppm), SFO-Al (do = 31 to 40 ppm) and S-O-
Ga (do = 28 - 29 ppm), in zedlites A, FAU (Y, X) and soddlite®™ The decrease in the
chemicd shift of oxygen @) as the T atom changes from S to Al and Ga is attributed
to an increase in negatlive charge on oxygen (badcity), as S is replaced by Al and in
Gathe zedlite structure. ™

1.6.1.4. Indicator method: The basic strength of solid surfaces may be expressed in
terms the acidity function (H_) as proposed by Paul and Long.® The H . function is

defined by the following equation.®%

H_=pKsx +log[B]/[BH] 3
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where [B] is the conjugate base and pKpgy is the logarithm of the dissociation congant

of BH. The reaction of the indicator BH with the basic Ste (B) is:

BH+B =B +BH". (14)

1.6.1.5. Temperature programmed desorption (TPD) of carbon dioxide:
Thermoprogrammed desorption can give vduable informaion on the interection of
acid molecules with basic dtes. This method may give access to the srength and the
number of basic gtes present. The drength and amount of basc Stes are reflected in
the desorption temperature and the pesk area, respectively, in TPD plots. However, it
is difficult to express the drength on a definite scae and count the number of gtes
quantitatively. Reative drengths and rdative numbers of badc dtes on the different
cadysts can be edtimated by carying out the TPD experiments under the same
conditions *

1.6.1.6. UV-absorption and luminescence spectroscopy: UV absorption and
luminescence spectroscopies give information a@bout the coordination Sates of the
surface sites®#  They have been used to study the co-ordingion and nature of S, Al
and Ti species

1.6.1.7. Temperature programmed desorption (TPD) of hydrogen: Thismethod
gives information about the coordination date of the surface ion pars when combined
with other methods such as UV-absorption and luminescence spectroscopies.  The
number of each ion par could be counted if the TPD is accuraedly measured with
proper cdibratiion. This method has been applied to the MgO surface.  Hydrogen is
heterolytically dissociated on the surface of MgO to fom H® and H’, which are

adsorbed on MgO.%5%¢
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1.6.1.8. IR of adsorbed carbon dioxide: The choice of a good probe for the
measurement of badicity is a mgor problem. It should react specificdly with the basic
dtes under condderation (framework oxygen, basc hydroxyls, oxide cduder). A
vaigty of probe molecules are known for the characterization of basic sites (O* and
OH) on oxidess® ¥ For a probe molecule to behave idedly, they must possess
catan propaties and fulfill certan criteria Such criteria for the sdection of probe
molecules were first formulated by Paukshtis et al.* Knozinger™ Lercher et al.*
Kustov®® and Wakabayashi and Domen.* The guidelines for the selection of an ided
probe molecule ae @ a detectable spectrd response is induced by acid-base
interaction between the acidic probe and a surface base, b) the probe molecule should
interact with basic gtes, ¢) frequency shift must be measurable with sufficient accuracy
and d) the probe molecule should be as smdl as possble so as to permit access of dtes
in Narrow pores.

The adsorption of cabon dioxide gopears to involve both physcd adsorption
and chemisorption.  The kinetic diameter of a CO, molecule is 3.3 A; it can enter both
10-MR ad 12-MR easly. Deuterated chloroforn™ and pyrrole®% interact with basic
stes through H bonding. CO can interact with basic O sites forming carbonates and
CO,” ions® CO, forms a variety of carbonates including mono- and bicarbonates,
polycarbonates or hydrogen carbonates. Many different modes of CO. adsorption have
been proposed; interactions with the cation or the oxygen of the oxides® are shown in
Fg 12 CO, adsorption gives information about the adsorbed sate of CO, on the
surface of the catdyst. COq interacts strongly with a basc dte and, therefore, the
surface sructure including basic Sitesis estimated from the adsorbed sate of CO,.

Recently Davis et al.® sudied the interactions of CO, on Rb supported on

MgO, TiO 2, Al20O3 and SO2 by IR spectroscopy.
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Fig. 1.2. Adsorbed CO, species on metal oxides and metals.

They reported that the strongest basic Stes formed by the incorporation of Rb were
found on R/ MgO, which contained significant carbonate species even dfter heating to
773 K. Carbonates were not present on the other heat-trested Rb catdysts. The least
basc support, dlica, is thought to reect with Rb to form a highly disordered, weskly
basc surface slicate. Auroux et al.®® have studied the acidobasic properties of various
oxides. According to them CO, molecules can be adsorbed on postive and negdive
surfaces. The adsorbed CO, (carbonates) may then block the surface dtes. The
different ways CO. adsorption occurs on the surface of oxides can be summarized: @)
adsorption on the hydroxyl group with formation of a superficid hydroxycarbonyl ion
[Fig. 1.2(1)]; b) adsorption on the metd cation and dissociation of the resulting species
[Fig. 1.2(I1)]; ¢) adsorption on the metd ion and the neighboring oxygen ion and

formation of a bidentate carbonate group [Fig. 1.2(111)]; d) adsorption on the oxygen
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vacancy and formation of a superficid carbonyl group [Fig. 1.2(IV)] and € adsorption
on the metd ions with paticipation of oxygen in excess and formation of a carbonae
[Fig. 2.2 (V)/ (VI)/ (VII)].

1.6.1.9. IR of pyrrole: Pyrrde is an amphaeric molecule and interacts with
framework oxygens®®  Pyrrole has been used as a probe molecule for the
messurement of the srength of basic sites™  The N-H infrared vibration decreases
from 3430 cm® in the pure liquid down to aound 3200 cmi® upon the NH--O

interaction with the framework oxygens of basc sites™®®

Basc drength may be
esdimated from the vaue of the shift of the N-H vibration upon interaction with zeolite
basic stes® Barthomeuf measured the shifts of N-H vibration of pyrrole adsorbed on
dkdi ion exchanged zeolites’®'® and related them to the charge on the oxygen
cdculaed from Sanderson’s intermediate dectronegetivities (Fig. 1.3). The shift

increases with the negative charge on the oxide ion.

250
CsX
200+
1 $ Nax
150+
z
QO 1004
\KY
501 Nabeta
] KL NaM OR . i
NaY WE)
04 CsZSM-5 ¢
T T T T T T T T T T
-0.45 -0.40 -0.35 -0.30 -0.25

Charge on oxygen

Fig. 1.3. ChangeintheNH vibration of pyrrole (Dnyy with respect tonyy of pure

liquid) as a function of the charge on oxygen over ion exchanged

zeolites. ™™
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The negdive charge is associated closdly with the strength of the basic Ste. The besic
srengths of dkdi bn exchanged zeolites are in the order: CsX > NaX > KY > NaY,
KL, Na-mordenite, Nabeta.

1.6.2. Computational Approaches. X-ray diffraction provides vadugble information
regading the dructure and geometry of crystds.  However, XRD gives latice
condants and fractiond coordinates averaged dl over the caystd and hence it is
difficult to obtan information about the locd geometry around a paticular dte of
interest.  NMR gives informaion only regarding typicd kinds of locad geometries.
FTIR gives the average interaction of the framework structure. It is not possible to find
out T-O-T angles, active Stes of zeolite and charge transfer from the zeolite. Hence,
there is a need for complimentary computationd information. As the chemisry and
reactivity of zeolites ultimady depend on many aomic propeties such as proton
dfinity, ion exchange cgpability, T-O-T angle shape Hectivity, location of the active
gte as wdl as the nature of the framework atoms etc.,, quantifying the individud effect
that each property has on the zedlite is a difficult experimenta task. On the other hand,
computationd gudies can provide us more usgful information.  There have been a
large number of computationd Sudies over zedlites to derive the properties thet are
difficult to access experimentaly. The principad techniques used in  computationd
dudies of zeolites are force fidld and quantum chemica calculation methods.

Computer smulaion a eectronic leved and a@omic leve ae possble with
guantum mechanics and classica mechanics, respectively. These methods are fairly
dandardized for chemicd agpplications and ther principles ae described in the
following sections.
1.6.2.1. Molecular modeling: The patid charges on oxygen aoms of zeolite

framewak can be caculated, which is characterigtic of the basicity of zeolite®* It is
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important to have information on both the srength and the number of basc Stes in a
besic materid.*®*® A lage amount of research has been devoted to computationd
cdculdions on the acidity of zeolites %13 gng ab initio or semiempiricd
goproaches. A dmilar approach can be adopted to edimate properties of basic Stes.
Ab initio cdculdions performed on smdl modd dugers of cationic zeolites show that
the absolute vadue of the charge on oxygen (i.e the basic strength) increases for the
cationic formsin the order: H < Li < Na™®

1.6.2.2. Sanderson electronegativity (Spny): Sanderson proposed the intermediate
electronegativity (Snt) of a given materid as the mean dectronegativity reached by dl
the aoms as a result of dectron trandfer during the formation of the compound.
Mortier™ was the fird to apply the Sanderson principle of equdization of

dectronegativities to zeolitess®  For a given compound PpQqR:, the intermediate

dectronegativity (Siry) isgiven by equation (1.5),
St = (S Sy SR)VPT A+ 19

where $ denotes the eectronegdivity of atom j. One can estimate the basicity from St
vaues

1.6.2.3. Molecular graphics (MG): The use of MG in duddating and andyzing
smulation results has been demonstrated by Freeman and Catlow.™™ In energy EM
cdculaions, the sructure of the rdaxed zeolite and the geometry of the adsorption dte
can be viaudized and andyzed usng molecular grgphics  In molecular dynamics
(MD) smulations, the migration of molecules in red time can be animated. The shape
sdective properties of zeolites can be quditativdly predicted with the ad of molecular

graphics fittings. The interactive matching of molecules with zeolite pores can predict
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which molecules can enter the pores to react with the active Stes of the catdyst on the
basis of ether their Size or seric requirements before performing detailed caculations.

1.6.2.4. Zeolite structure building: Modds of zedlite lattices are built from the X-ray
cystd dructure reports. The asymmetric unit co-ordinates and the crystalographic
gpoace group informetion are used to build the unit cdl. The symmetry operators are
further used to build an infinite lattice The crystd <ructure database provided as part
of the Insight!1**® software package i's useful for this purpose.

1.6.2.5. Zeolite cluster building: Once the infinite solid lattice of zeolite is built as a
molecular modd, a suitable pat of the lattice is chosen for representing the active ste.
The sze of the duder is chosen in order to Smulaie the properties redidticaly without
having to spend too much of computationd resources. The procedure for terminaion
of the clugter is discussed in detall dsewhere (section 2.6).

1.6.2.6. Quantum chemical calculations. The above-discussed techniques are mainly
usd for adsorption and diffuson gudies on zedlites For the gpplication of the zedlites
as a useful catayd, the mechanism of the reaction following the adsorption of
molecules on the active Stes has to be understood. The cadytic activity of a zedlite
depends upon the acidic drength of the bridging hydroxyl group. The acidic drength
of the bridging hydroxyl group in turn, is a function of the locd geomery around the
acidic group. The force fidd based methods are not suitable to obtain information
about the geometries of the acidic groups, mechanism of the reaction, ability for proton
transfer, trangtion State of the reaction, dectronic properties of the materid and other
rdated properties. Quantum chemicd cdculdion mehods provide a better
understanding of the above properties for the desired materid. "8  These methods
provide a fundamentd underdanding of the dructurd properties, acidic drength

(Brangted stes), proton affinity, vibrationd frequencdess NMR chemicd shifts and
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other related properties of the molecules and zeolites. However, the sze of the cluster
modd is redricted due to the heavy demand on the computer CPU and 0 redigtic
mode s need to be used taking care of boundary effects.

Quantum chemicd cdculations are divided into two types, semiempiricd
methods (such as CNDO, MNDO etc.) and non-empiricd methods (ab initio, densty
functiond theory (DFT) etc). Semi-empiricd methods neglect many of the differentid
overlap goproximations while the non-empiricd methods evduae dl overlap integras.
The god of ether method is to obtain the wave function of orbitd f (r) occupied by
eech dectron, the eigenvdue (or orbitd energy) e; corresponding to that orbitd, the
totd energy Eir and the atomic force F on each a@om by solving the Schr6dinger wave
equation.  Quantum chemicd cdculdion is a farly sandard technique used for
dudying chemisorption and diffuson of organic molecules in zeolites The use of
guantum chemicd methods in zeolite systems is two fold: i) it can be used to identify
reection pathways and sorbed intermediste species in the cages of zedlites and i)
reactivity can be dudied usng finite molecular clusters to represent a particular Ste in
the zeolite structure ™™ Potential parameters derived from ab initio methods are aso
usd for obtaning dructurd informations of zedlites. Generdly, cdculations on
zeolites involve the use of zeolite fragments trested as clusters s0 as to mimic the
infinite crysd. The cduger dze depends on the levd of goproximation or
sophidication of the cdculations. A plausble way to terminate the cluster is to embed
it in a surrounding lattice of zeolite dructure represented as point charges or
dternativdy terminates it with hydrogen aoms. More details on quantum chemica
cdculaions on zeolite sysems can be found in a review by Saer.™  However, the

computationd efforts involved are large for these types of cdculaions. An dterndive
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way to overcome the limitation of smal cluster modds was used by Redondo and Hay
who used semi-empirica quantum chemicd caculations (MNDO) to study acid Stes in
zeolite ZSM-5®  In ther study, each of the 12 distinct T-sites was modded by a large
cluser of the gppropricte geometry containing about 100 a@oms.  Chatterjee and
Vetrive"*# gudied the role of templating organic molecules in the synthesis of
ZSM-5 usng MNDO method. An extensve study to bring out the influence of dugters
with varying dze used in ab initio cdculations were presented by van Santen and
coworkers.™®

1.6.2.7. Classical mechanical calculations

1.6.2.7.1. Force field: The forces acting between the aoms in a molecule or a

chemicd sysem could be mahematicdly defined through force fidd expressons. The

resllts of dl dasscd dmulation mehods (energy minimizetion, Monte Carlo,

molecular dynamics) depend directly on the rdiability of the force fidd parameters
used. The interatomic potentid V for a sysem of ‘n’ particles describes the variation
of the totd potentid energy of the sysem as a function of the nuclear coordinaes, n,---

-—In. 1.8

V=V (r, - ,n) (16
In practice, V is genedly broken down into ‘par,’ ‘threebody, ‘four-body’ and

higher order terms:

V=é V(r,r)+ é V(r,r,n)+ é V(I rran)+------ @n

i,j=1 i,j.k=1 i,jkl=1

The mgority of amulations approximate V smply by the par potentid term, which is
usudly decomposed into Coulombic and non-Coulombic terms (f ); the firgt term

represents the long-range dectroddic interactions between a par of aoms with
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effective charges g and g while the second term is a two-body short-range interaction.
v(n=a —* (18)
ij

The short-range par potentid term further comprises of the bonded and non-bonded
teems.  The bonded term is used for modeling the covadent and semi covadent systems.
The nonbonded terms are given by Lennard-Jones or Buckingham potentid.  Either
forma charges™™® or ionic charges™*® of aoms are used to describe the Coulomb
teem. The use of forma charges with appropriate defined potentids for zeolites was
jusified by Jackson and Calow’* while van Beest et al.™ gave a st of
recommended partid charges derived using quantum chemica methods.

Inter-atomic potentials can be cdculated directly usng quantum mechanica
methods ranging from eectron gas techniques™® to ab initio quantum chemica
caculations using HartreeFock method.™ DFT has dso been used to cdculate the
potential parameters.™® This method has been used to calculate inter-atomic potentials,
16.2.7.2. Energy minimization (EM): Enegy minimization technique is usad to
obtain the minimum energy configuretion of a molecule or cysd, whee the
interatomic interactions are known through force fidd expressons. A wide vaiety of
dgorithms are avalable, which are dasdfied according to the order of the derivative of
the tota energy function that is employed in the cdculaion. The more wel known
dgorithms for the energy minimization procedure are Seegpest descent, conjugate
gradient and Newton Rephson methods. The firs two methods involve firg derivation
while the las method involves second derivatives of the energy. These methods are
used for understanding the diffuson and sorption of organic molecules in zeolites™®
These methods require the specification of an initid configuration or ‘darting point’;

the energy is cdculaied usng knowledge of force fidd expressons and parameters.
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The sysgem is then driven down in enegy to the nearet minimum. The sSmplest
methods employ the energy function done and search over configuration space until
the minimum is located. There is another mgor difficulty in the minimization
techniques, they can only be guaranteed to locate the nearest locd minimum to the
dating point of the cdculaion. The only red solution to the problem is to sample
large numbers of darting points in order to ensure that al low energy minima have
been identified. Despite these limitations, energy minimization techniques are draight
forward, robust and reedily gpplicable. These methods are idedly suited to large and
complex sysems such as zedlites. Fruitful gpplications of this method have been
reported in zeolite stience to modd coysd sructures'¥? and sorption Sites 14314
This method has been used to optimize the distance between PiBenzene and PsH.S
moleculesin thiswork.

1.6.2.7.3. Monte Carlo (MC) technigue: The MC smulaion method is well suited to
the sudy of molecules sorbed in zeolites The smulaion proceeds via the generation
of successive configurations of the ensemble by a series of random moves, which can
be a molecular trandation, molecular rotation, insartion, or deletion of a molecule etc.
Once a aufficient number of configurations are generated, ensemble averages are
cdculated. Depending upon the type of ensemble used for the study of the system in
Monte Carlo, the method is caled metropolis MC, grand canonica MC, canonicad MC,
configurationd biassed MC, ec. In geneding such ensambles it is essentid to
formulate an ‘acceptance criterion, that is a procedure that determines whether a new
configuration crested by a move will be acceptable within the ensemble.  MC
samulations ae most commonly run in the canonical (NVT) ensamble in which both
volume and temperaiure ae fixed =~ MC gmulaions are peformed on ensembles

containing severd thousand paticdes to which periodic boundary conditions are

40



1. 6. CHARACTERI ZTI ON OF BASI C SI TES

goplied in the case of the smuldion of zedlites The Smulation agan darts with an
equilibration phase during which the sysem is equilibrated followed by a ‘sSmulated
run’ in which, typicaly, severd million configurations are generated.® Monte Carlo
is paticulaly suitable for sudying the digribution of the sorbed molecules in zeolites
with variation of temperature®®**  This method can be used to locate the sorption
sSte, delermine sorption equilibria and various thermodynamic  functions a higher
temperatures. ™ Sroud et al.’*® have studied the adsorption of methane in zedlite
A and cdculaed the hest capecity, isoderic hest of adsorption and adsorption
isotherms using MC methods. Yashonath et al.** atempted to understand the binding
and mobility of sorbed methane as a function of temperature ingde zeolite FAU.
Recently, Smith and coworkers®*™ have studied the location and conformation of n-
dkanes in diffeent zeolites usng a novd Monte Calo technique cdled
configurationatbias Monte Carlo.  Freeman et al.’™® have devedoped a technique,
which blends molecular dynamics, Monte Carlo and energy minimization methods to
locate the globa energy minimum site for sorbed molecules.

1.6.2.7.4. Molecular Dynamics (MD): In MD methods, the system is smulated and

dudied by an ensamble of particles which are contained in a smulaion box. Periodic
boundary conditions are gpplied and the badc dmulation box is repeged infinitdy in
dl three directions MD gmulaion is the most poweful computationad technique
avalable for obtaining informeation on the time dependent properties of molecular or
aomic mations in zeolite crysds. It is used to obtan thermodynamic quantities and
detaled dynamicd information on sorption and diffuson processes in zedlite systems
For indance, the extent to which intermolecular vibration and framework motion assst
sorption and  diffuson of molecules can be dmulaed. The mgor limitation is its

insbility to modd diffuson of larger sorbed molecules and dectronic polarizability due
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to the huge amount of computer time and memory requirements. MD technique
proceeds by deriving explicit numericd solution of Newton's equation of motion. It
requires the initid coordinates and veodities of particles, which are asdgned based on
X-ray cysd dructure and temperature of Smulaion.  With the knowledge of the
interatomic potentidd among the paticles, the forces acting on the paticle can be
cdculated. The following datisicd mechanica ensembles are more commonly used
during the molecular dynamics smulations & micro canonicad ensamble (NVE),
which is an ensemble with congant number of particles, volume and energy, b)
canonicd ensemble (NVT), which is an ensemble with constant number of particles,
volume and temperature and C) isobaric-isotherma ensemble (NPT), which is the
ensemble with congtant number of particles, pressure and temperature.  One important
factor in MD smulaion is the choice of Dt. It must be smdler than the time scae of
any important dynamical process a the atomic or molecular level. Thus it must be at
least an order of magnitude smaler than the typica period of aomic vibrations (10% -
10" s). Of the three types of dgorithms used in contemporary MD dudies, namdy the
Verlet™® Beeman™ and Gear™® the Verlet method with leapfrog formulation hes
been found to be reedily applicable for studying zedlitic materids™® One of the most
ussful properties of a zedlite is its ability to contral the diffuson of the different sorbed
molecules, which can be cdculated from MD dmulaions. The propety of usud
interes in MD smulations is the diffuson coefficient, which is cdculaed from the
wedl-known Eingtein formula as given below:

D = lim <|r(t) MO (19)

6t

where r(t) and r(0) are repectively the find and initid postions of a paticde, for a time

interva t and D is the diffuson coefficent. The numerator, r(t) - r(0) |2ﬁis generdly
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caled mean square displacement of the particle.  All methods are based on solving the
classcd mechanics equation. These methods have been used to obtan a deailed
underdanding about diffuson, adsorption and reaction mechaniams in  zeolites
Previous work on the gpplication of MD to zeolite sysems concentrated on the
diffuson of smdl molecules in zeolite pores. The dynamics of large molecules such as
porphyrins insde FAU zedlite has recently been studied.’®  Other typicd examples of
MD smulations of hydrocarbons in zeolites are those of Hernandez and Catlow™®* and
Demontis and Suffritti."® Although this method hes not been used in the investigation
reported in this thess, the aove description is provided for the stke of completion of

the computational approaches discusson.

1.7. SCOPE AND OBJECTIVE OF THE THESIS

Naphtha reforming has been reported to proceed with high aromatic sdectivity
on Pt loaded basic (LTL or ETS-10) zeolites The exact reason for the high sdectivity
of these zeolites is dill a matter of discusson. Severd reasons such as pore geometry,
shape Hectivity, Pt disperson, charge on Pt and absences of coke depodtion have
been proposed. The experimentd activity and arométic sdectivity of these catayss
needs to be further examined by carrying out catdytic experiments and computationd
cdculations. Some questions that need to be answered are i) how do the cadytic
behavior of different Pt loaded akaine zeolites compare? ii) how do the ther activities
and sdectivities dae with the dectronic properties of the Pt ? iii) what is the reason
for higher activities ? is it ease of benzene desorption and findly why does HS poison
these catadyss eagly ? This work has been taken up to find answers to the above

questions.
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The objective of this work is to invedtigate the reasons for the superior

aomdization sdectivity of Pt supported on basic zeolites. The dectronic interaction

between the support and the Pt duder is invedigated through quantum chemica

cdculdions (ab initio HartreeFock) for different Ptzeolites possessng different

compostion and dructure.  The zeolites invedtigated include LTL, FAU, BEA and

ETS10. The expeimenta activities of the Ptzedlites in n-hexane aromatization are

corrdlated to the dectronic structure of Pt supported over different zeolitel molecular

seve. To achieve this accomplishment, we carried out:

i)
2

7

8

Synthesis of the molecular seves FAU, LTL, BEA and ETS10.

Exchanging the extraframework cation in the molecular Seves with different

dkdi and dkdine earth ions and incorporation of Pt.

Characterization of the modified molecular seves by physco-chemicad and

pectroscopic methods such as XRD, N sorption, H chemisorption, FTIR, TPD of

COy IRand MASNMR.

Evdudion of the caadytic activity of these cadyds for the n-hexane
arométizetion.

Design and creste molecular models for clusters of LTL, FAU, BEA and ETS-10
with and without the Ptclusters supported on these clugters.

Cdculae the binding energy and charge on the Pt (Mulliken Population) by ab

initio Hartree-Fock methods, smulate the adsorption of benzene and deactivation

due to adsorption of H,S.

Egablish rdationship between experimentd activity of the catdyss and the
electronic charge on PX.

Understand the reasons for the activity and poisoning of Pt supported on zeolites as

well as derives guiddines for designing more efficient cataydts.
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1.8. OUTLINE OF THE THESIS

Thethesis has been divided into Sx chaptersincluding this introductory chapter

Chapter 2 is divided into two parts. Pat A describes the synthesis procedures
adopted in the preparation and modification of the molecular Seves viz. LTL, FAU,
BEA and ETS10. The origind cdcined molecular Seve materids were exchanged
with dkdi and dkdine eath meta hdides and laer loaded with P{NH3]4Clo.
Characterization dudies of these materids were done by XRD, SEM, N, sorption
dudies, UV-Vis and MASNMR. The bedcity of the different zeolites was
characterized by FTIR spectra of adsorbed COz, TPD of COz and intermediate
electronegaivity (Sir;) caculaions.

Pat B destribes the computationd methodology used in molecular modding.
It describes the framework structure of different zeolites, such as LTL, FAU, BEA and
ETS10, T-O-T angles and ther active dtes.  Electronic properties of the various Pt
clugers with different geometries and shapes are presented.  The various cluster
models of the molecular Seves used in the cdculations are presented and discussed.
Molecular fitting procedure for incorporaing Pt cduder with adsorbed benzene and
adsorbed H,S in the molecular Sevesis presented.

Chapter 3 deds with the catdytic results of the aromatization of n-hexane in the
vapor phase over Pt-M-zeolites (where, M = H, Li, to Cs and Mg 1 Ba and zeolite =
LTL, FAU and BEA). The three zeolites can be arranged in the following order with
respect to converson: zeolite BEA > LTL > FAU and sdectivity: LTL > BEA > FAU.
The H-forms of these zeolites possess higher n-hexane isomerization and cracking
activities.  The influence of the various reaction parameters such as time on stream,
contact time, temperature, mole ratiio of n-hexane to hydrogen and platinum content

have been investigated for the different Pecatalysts.
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Chapter 4 describes omputation to fix the location of Al and the orientation of
Pts cluser in LTL, FAU and BEA. The results of the Hartree-Fock cdculaions,
namely the dectronic propeties of the zeolite dugters such as binding energy and
charge on dkdi metds (Mulliken population) with and without P, (n = 1 and 5) are
dso presented.  The binding energy of the Ptcluster and the average charge per Pt in
the cluster are reported. The dectronic properties of benzene and HS adsorbed over
Pt-M-zeolites are dso presated. The rdaionship between the average dectronic
charge per plainum in the Ptzedlite clusters and experimentd aromatization activity
aswdl as sHectivity of the zeolite catalysts is examined.

Chapter 5 is presented into two pats. Pat A describes the vepor phase
aomdization of n-hexane over P:EM-ETS-10 molecular seves. P:tBaETS10 is
found to be the mogt active cadys. The influence of various reaction process
parameters is presented. Part B describes the results of ab initio cdculdions over ETS
10 duster modd. The influence of the location of M™ cations is examined. The
electronic properties of Pt located nearer to [TiOg] and [SO4] Stes are investigated.
The relationship between the actud activity of the PEM-ETS-10 catdysts and the
average dectronic charge per platinum is brought out.

Chapter 6 presents an overdl summary of the results obtained.
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2.1. SYNTHESI S OF MOLECULAR SI EVES

PART A: SYNTHESIS AND CHARACTERIZATION OF MOLECULAR SIEVES

In this section, the procedures adopted for the preparation of the various basc
caaysts ae described. The vaious mehods used in the characterizetion of the
cadyss and the phydcochemica characterigics of the cadysts are presented.
Detalled characterization of the basicity of the catdysts has been carried out by TPD

and FTIR spectroscopy of adsorbed CO».

2.1. SYNTHESIS OF MOLECULAR SIEVES
2.1.1. Synthesis of Zeolite LTL: Zedlite-LTL was syntheszed following published

procedures® using the gel composition in terms of oxides:
2.62 K,0: 10 SO,: Al Oz 158H0.

Fumed slica was used as the silica source and pseudobochmite (Catapd-B) was used
as the dumina source.  In a typicd synthesis® KOH (9.0 g) and pseudobochmite (155
g Catgpd-B) were dissolved in 45 g deminerdized water and fumed slica (20 g) was
added to it. The mixture was girred for 2 h and trandferred to a teflon lined dainless
ded artocdave. The gd was hested a 415 K for 108 h. The product was filtered,
washed with didtilled water and dried & 383 K for 6 h.

2.2.2. Synthesis of Zeolite BEA: Zedlite-BEA was synthesized based on published

procedures®> using the gel compoasition in terms of oxides
0.53 NaxO: 047 K,0: 30 SO 4 Al,O3: 25 E4NOH: 750 H0.

Tetra ethyl ammonium hydroxide (TEAOH; 89.6 g; Aldrich 40 wt % in H,O) was

added to 594 g of deminerdized water. To the above solution, NaCl (0.5 g; Loba Fine
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2.1. SYNTHESI S OF MOLECULAR SI EVES

Chemie, India, 99 %) and KCl (1.4 g; Loba Fine Chemie, India, 99 %) were added and
dirred till dissolution. To the above solution, 295 g of fumed dlica (Cab-O-Sil 99 %,
Huka) was added and dirred until the gel became homogeneous. In a separate beaker,
20 g of deminerdized water and NaOH (0.3 g; Loba Fine Chemie, India 99 %) were
mixed. To this solution 1.8 g of sodium duminae (48.68 % A0z 39.0 % NaO and
12.32 % HO) was added and the mixture was stirred for 30 min.  This gd was added
to the earlier gd and dirred until a homogeneous mixture was obtained. The find gd
was then transferred to a teflon lined dainless sed autoclave. The gd was kept a
room temperature for 20 h at 408 K. The product was filtered, washed with didtilled
water and dried at 383 K for 6 h.

2.1.3. Synthesis of Zeolite FAU: Zedlite-FAU was synthesized according to a reported

procedure’ using the gel composition in terms of oxides
4.62 NayO: 10.0 SO,: Al,O3: 180 H,0.

2.1.3.1. Seed gel preparation: The gd compostion was 10.67 NaO: Al O3 10 SOy:
180 H2O. NaOH (4.1 g; Loba Fine Chemie, India, 99 %) was disolved in 20 g of
deminerdized water. To the above solution, sodium duminate (2.1 g; 48.68 % Al,Os,
39.0 % N&O and 12.32 % H0O) was added and the solution was gtirred for 30 min. To
the ebove gd, 22.7 g of sodium slicate (286 % SO, 882 % NaO and 62.58 % H,0)
solution was added and dirred for 30 min.  Then this gd was trandered to a
polyproplene bottle and capped. The gel was kept at room temperature for 24 h.

2.1.3.2. Gel synthesis and crystallization: The gd compostion for the zedlite
gynthesis was. 4.3 NaO: Al203z: 10 SO2: 180 H20. NaOH (0.14 g) was dissolved in
131 of deminerdized water. To this solution, 13.1 g of sodium duminae (4868 %

Al,03 39.0 % NaO and 12.32 % HO) was added and dirred until it dissolved. To this
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2.2. MODI FI CATI ON OF MOLECULAR SI EVES

gd 1424 g sodium dlicae (286 % SO,, 8.82 % NaO and 62.58 % H,O) solution was
added and dirred vigoroudy for 1 h. Next, 165 g of the seed gd was added dowly
under rapid dirring. The find gd was girred for 1h, and then tranderred to a teflon
lined stainless stedl autoclave. The gel was heated a 368 K for 24 h. The product was
filtered, washed with distilled water and dried a 383K fro6 h.

2.1.4. Synthesis of Molecular Sieve ETS-10: The hydrotherma synthesis of ETS-10
molecular sieve was carried out following a published procedure® using TiCls with the

following gd compostion:
3.70 NaO: 0.95 K 20; TiO2: 571 SO2: 171 H20.

In a typicd synthess 525 g of sodium slicae (286 % SO,. 8.82 % NaO and 62.58
% H0) and 40 g didilled water were dirred vigoroudy for 30 min.  To this solution,
9.3 g NaOH in 40 g of demineralized water was added. After this, dropwise addition
of 328 g of TiCl; solution (25.42 wt % TiCl,, 25.92 wt % HCl and 48.60 wt % HO)
was done with vigoroudy dirring. A colored solution was obtained.  Findly 7.8 g of
KF2-H20 was added and the mixture was stirred well. The pH of the gd was 11.2 +
0.2. The mixture was then trandferred to a dirred danless sted autoclave (Par
Insruments, USA) for cryddlization under sirred condition.  The temperature was
kept a 473 K with a girring speed of 200 r.pm. for 16 h. After cryddlization, the
product was filtered and washed with deminerdized water till the pH of filtrate was

10.7 £ 0.1. The product was dried a 383 K for 6 h.

2.2. MODIFICATION OF MOLECULAR SIEVES
2.2.1. lon Exchange: lon exchange of the different molecular sieves, LTL, BEA, FAU

and ETS10 was caried out a& 353 K usng 40 ml of the required metd chloride
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2. 3. CHARACTERI ZATI ON

solution per gram of the solid sample for 6h.  The ion exchange was carried out thrice.

The ion exchanged molecular Seves were washed with deminerdized water and dried
a 383K for 10h. All the samples were findly cdcined & 753 K for 6 h in flowing dry
ar. The chemicd compogtions of the ion exchanged samples are presented in Tables
21t024.

2.2.2. Impregnation of Platinum: Loading of Pt over the different akai and akaine
earth metal exchanged molecular Seves was carried out by a wet impregnation method
using [Pt(NH3),Clj] (Aldrich, 995 % purity). Different platinum loadings in the range
of 0.2 to 0.8 wt % were caried out. A known amount of the freshly cacined sample
was added to the agueous Pt sdt solution containing the required amount of Pt to
obtain the desired weight percent loading. The mixture was evaporated to dryness at

333 K. After impregnaion, the samples were dried a 383 K for 6 h and findly

cdcined a 753 K for 6 hin air.

2.3. CHARACTERIZATION

2.3.1. Xray Diffraction: Powder X-ray diffraction patterns of dl the samples were
recorded usng a Rigaku (Modd DMAX |l VC, Japan) X-ray diffractometer with Ni-
filtered Cu-Ka radiation { = 1.540 A). The sample was ground well and dried a 383
K for 4 h. All the samples were scanned in the 2 q range of 4 to 45 degrees with a a
scan rate of one degree mint. The typicd XRD patterns of the molecular Seves
(cddned samples) are shown in Fig. 2.1 (ato D) for LTL, BEA, FAU and ETS 10,
respectively. The d vaues were compared with literature values for LTL, BEA, FAU

and ETS-10 molecular sieves and were found to be similar.t®
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Fig. 2.1. XRD patternsof the molecular sieves. (a) LTL; (b) BEA; (c) FAU and
(d) ETS-10.

The intengties of the X-ray diffraction lines of the as syntheszed samples were
dightly larger then those of the cdcdned samples. The intendties for the caion
exchanged samples decreased dightly and were in the order: Li > Na @Mg > K @Ca @

Sr>Rb > Ba> Cszedlite. Similar results have been reported by Engdlharctt et al .®
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2.3.2. BET Surface Area: The surface areas of the samples were caculated from N,
sorption isotherms using the BET procedure (NOVA Modd 1200). The surface areas
of the various caion exchanged zeolite samples are presented in Tables 2.1 to 24 for
LTL, BEA, FAU and ETS-10, respectively. The surface areas were found to be larger
for the H forms of the zeolites. The suface area decrease with increasing size of the
cation (H > Li > Na> K >Rb > Csand Mg > Ca> S > Ba) as shown in Tables 2.1 to
24. Surface aress of the H forms of the molecular sSeves were in the order: HBEA >
H-FAU > H-LTL > H-ETS10.

2.3.3. Chemical Analysis. Wet chemica methods were used to determine the chemica
compogtion of the crygdline maerids. A known amount of the sample was taken in
a platinum crucible with a lid and heated to a high temperature (1000 K) for 5 h. The
sample was then cooled in an inat amosphere (desiccator) and weighed. The
difference between the weights gave the weight loss on ignition. The dry weight of the

sample was noted.

Table21 Chemicd compodtion of ion exchanged M-LTL samples (M = H, Li,
Na, K, Rb, CsMg, Ca, S and Ba)

Cation exchanged  Chemicd composition BET Surface area, m7g
H He.35 K210(Alg 45930550 72) 612
Li Li714K131(Alg 45530550 72) 598
Na Nar.0sK 1.39(Alg45Skos5072) 578
K Kg5(Alg 45Si305507) 569
Rb Rbe.95K 1.49(Als.455k055072) 532
Cs Cs6.32 K213(Ak.45Siznss072) 510

Mg Mgz 73 K 1.08(Alg45Siz055072) 589
Ca Cag 72K 1.20(Ak 45Sk055072) 578
Sr Sra.70 K1.45(Alg 45Si305507) A2
Ba BazsK 1.68(Ak.45Si055072) 511
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2. 3. CHARACTERI ZATI ON

The sample was then treated with four drops of concentrated H,SO4 and 5 ml of HF

(50 wt %) and evaporated on the hot plate to remove silicon in the form of HoSFe.

Table2.2 Chemicd compodtion of ion exchanged M-BEA samples (M = H,
Li, Na, K, Rb, CsMg, Ca, S and Ba)

Cdtionexchanged  Chemicad compostion BET Surface area, nf/g
H H3z.10 Nao.22(Ak.32Sie0630129) 714
Li Liza1 Nao41(Al332Sie068O128) 706
Na Nag 32 (Alz32Sk0sO129) 695
K K296 Nao.3s(Ak 32Sie0ss0129) 671
Rb RD274 N se(Al3.32960680128) 592
Cs Csz.85 Nap 4(Al332Si60680128) 48
Mg Md1.48 N 20.26(A 332560660 128) 701
Ca Cay.41 Naoso(Al330Sis0.680128)
Sr Sr1.45 Nao 44(Al332Se068O129) 613
Ba Bay.37 Nay se(Al332Si60.680128) 589

Table2.3 Chemicd compostion of ion exchanged M-FAU samples (M = H, Li,
Na, K, Rb, CsMg, Ca, Sr and Ba)

Cation exchanged ~ Chemical composition BET Surface area, nt/g

H Hs455Na4.49 Si136.06A 50040384 674
Li L s003 Nauoo1 Si13696A 150040384 63
Na Naso.04Si136.96A 150040334 646
K K 4799 Nau1.05Sh36.96A 150040384

Rb Rb3g.85 N 2496251136, 96A 150040384 614
Cs Css6.77 N @2.279136.96A Is0.04O34

Mg M 23 49N @12.08S1136.96A 159.04O384 642
Ca Cagz.49 N @10.70S1136.96A 150040384 632
Sr Sr21.06 Nay3.47Si136.96A 150040384 615
Ba Baposa N @14505136 96A 50040384 0
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This procedure was repeated thrice to ensure that dl the dlicon species were
evgporated. Then it was heated on a Bunsen flame to red heat for 5 h, cooled in a
desiccator (in an inert atmosphere) and weighed. The loss was recorded and was due
to the dlica present in the sample.  The resdue was dissolved in 2 ml of concentrated
hydrochloric acid and two drops of hydrofluoric acid (50 wt %) and diluted to a known
volume. The solution was then andyzed for the desired dements such as Pt, Ti, Al,
Ba, Cs, S, Rb, Ca K, Mg, Naor Li by atomic absorption spectroscopy (AAS).

Ti edimation was dso caried out by a spectroscopic method as reported by
Vogd.” In this method, a known volume (diluted) of the solution was teken in a
volumetric flask and 2 ml of diute HO; (2 ml of 50 % H,O, diluted to 50 ml) added to

it. In this procedure titanium forms an yelow Ti(IV) peroxo complex with H2O».

Table2.4  Chemicd compodtion of ion exchanged M-ETS-10 samples (M =
H, Li, Na, K, Rb, CsMg, Ca, Sr and Ba)

Cation exchanged  Chemica composition BET Surface area, nt/g
H H201 N 100K 2.4 The21Si79.74028) 02
Li Liz12 N a5 &K 3 A Tire21Si70740208) 452
Na N a7.2 K4.dTi16.21Si79.74028) 449
K N ag6 K22.4Ti16.21S5170.740208) 440
Rb Rz 1N a5 K 3. Tite21570740208) 419
Cs Csi02 Naue K s.4(Ti16.21579.740 208) 388

Mg M gr1.2 Nae.3K 3.4 Ti16.21Si79.740 208) 428
Ca Cay19 Nay 4K 2. Ti621S579.7402¢) 412
Sr Sr122 Nas K 2.4(The21Si7a740209) 402
Ba B a2 Naz.2K2.4Ti16.21Si79.7402) 390

The intengty of the color is proportiond to the titanium Species present in the solution.

Sufficent amount of H,SO, was present in the find solution to prevent the
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condensation of metatitanic acid. The temperature of the solution was kept condant at
298 K. The results of the chemicd analyss are presented in Tables 2.1 to 2.4 for LTL,
BEA, FAU and ETS-10, respectively.

2.3.4. Scanning Electron Microscopy (SEM): The cryddlite Sze and morphology of
the cdcined and as synthesized samples were determined by SEM (Modd JSM 5200,
JEOL, Japan) (Fig. 22). The samples were sputtered with gold to prevent surface

charging and therma damage from the dectron beam.

Fig. 2.2. Crystal morphology of A) LTL, B) BEA, C) FAU and D) ETS-10.
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The LTL sample condsts of smdl crystds with uniform sze (~ 0.5 mm) as seen

in Fig. 22 (A). The SEM micrograph of BEA shows uniform hexagond crysds with
~ 1 um cydd sze (Fig. 22 B). The SEM micrograph of FAU reveds hexagond and
cubic sheped uniform crydas of less than 1 pm (Fig. 22 C). The ETS10 sample is
found to conss of lage aydds of nealy uniform dsze (10-15 pm and thickness of
about 58 pum; Fig. 22 D). A smilar morphology was reported by Das et al.® and
Rocha et al.® for ETS-10 samples crystallized by them.
2.35. Ultraviolet Spectroscopy: Neat samples (25 g) were used to record the
ultraviolet (UV) spectra UV spectra were recorded on a Shimadzu instrument (Model
No. Shimadzu UV-2550) in the range of 200 to 800 cm™. The spectra were obtained in
the diffuse reflectance mode using BaSO, as a reference.

Comparing the UV-Vis spectra of the zedlites (M-LTL, M-BEA and M-FAU),
it is observed that the prominent band a 275 nm and 225 nm correspond to S and Al
coordination. LI-rLTL samples show absorbance a 243 nm, the band shifting to 246
nm for K-LTL and 252 nm for CsLTL (Fig. 2.3 A). M-BEA and M-FAU dso exhibit
amilar bands [Li-BEA (260 nm), K-BEA (266 nm), CsBEA (272 nm) (Fig. 2.3 B) ad
Li-FAU (258 nm); K-FAU (262 nm) and Cs-FAU (265 nm) Fig. 23 C]. The diffuse
reflectance spectra in the UV-vidble region of METS10 (M = Li, K, Cs and Ba) ae
presented in Fig. 23 D.  The broad absorption in the region 250 to 325 nm suggests
the presence of Ti** in octahedrd coordingtion.® M-ETS-10 samples exhibit shift of
the absorption band on exchanging with more basic cations, the bands for Li, K, Cs and
Ba being a 260, 262, 275 and 279 nm, respectively. These absorbance bands are

asociated withthe O% ® Ti** charge transfer transtion.™

65



2. 3. CHARACTERI ZATI ON

= 2
> ]
S <
< c <
3 a 3
< <
T T T T T T T r . . : . . .
200 250 300 350 40 200 250 300 350 400
Wave length (nm) Wavelength (nm)
A B
= =
- 2
=
< <
3 3
< <
200 25 300 350 400 225 250 275 300 325
Wavelength (nm) Wavelength (nm)
c D

Fig. 2.3. UV-Visdiffusereflectance spectra of M -molecular sieve samples. A =
M-LTL,B=M-BEA,C=M-FAUandD=M-ETS-10(M =Li,K ,Cs

and Bafor a, b, c and d, respectively).

In contradt, this charge transfer trangtion is found centered a ~ 200 nm in TS1Y
where Ti is in tetrahedral coordination and & ~ 255 nm in ETS4% a smdl pore andog
of ETS10.

2.3.6. Infrared Spectroscopy of Framework Region: FTIR spectra were recorded in
the framework region (400 to 1300 cml) in trangmittance mode. KBr pdlets

containing 1 mg zeolite and 300 mg KBr (dried) were prepared (under 5 ton pressure)
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and used for analyss. Spectra were recorded with a Nicolet FTIR spectrometer (Model
60 SX B) with 2 cmi* resolution and averaged over 500 scans.

2.3.6.1. Vibrations of Si-O-Si bonds: The vibraiond modes of SO-S bonds in
tetrehedrd  slica polymorphs have bands in three regions, i.e 1300 - 950 cm™ (very
srong band, n1), 850 - 600 cm (medium strong, n2) and near 450 cm® (strong, na).
The srongest complex band n; observed in the 1300 - 950 cm? region is associated
with the asymmetric sretching of S-O-S bridges (Table 25). This mode is frequently
slit, due to dther the in-phase (n1) or the outof phase coupling (M1”) of the
asymmetric stretching modes of the nearest S-O-S groups™  In other words, this
mode somewhat couples with the symmetric and asymmetric dtretching of the four Si-
O bonds of the SO, tetrahedra. The n, mode is essantidly a bending mode of the S-
O-S bridges, dthough mixed with a asymmetric dretching mode, as suggested by
Hanigen et al."* The lowest frequency IR mode n3 is associated with the out-of-plane
deformation of the S-O-S bridges 0 it is a “rocking” mode. The additiond peak at
around 420 cmi* is due to the pore opening of the zedlites

2.3.6.2. Vibrational modes involving Ti ions: According to the structure of ETS 10,
Ti-O-Ti bent bridging oxygens exidt, providing three opticd modes, i.e an asymmetric
Ti-O-Ti dretching, a symmetric gretching/ in plane deformation mode, and an out of
plane rocking mode. Smilarly, the dructurd oxygen aoms bridging between one Ti
and one S aom provide S-O-Ti asymmetric modes, symmetric stretching/ in plane
deformation modes and SFO-Ti asymmeric gSretching of Ti dlicae (where Ti is
isolated and octahedrally coordinated) near 960 cm™ with medium strong intensity.  Ti-
O-S bond dso shows a rocking mode near 510 cmi*.  The band around 750 cmi* region

islikely to be due to the symmetric stretching of the Ti-O-Ti bridge.
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FTIR spectra of different cation exchanged samples are shown in Figs. 24 to
27 for M-LTL, M-BEA, M-FAU and M-ETS10 (M = Li to Cs and Mg to Ba)
samples. In the case of LTL samples (Fig. 24 A), the prominent bard a 1020 cm? is
found to shift towards higher frequencies with increesng size of the cation from Li to
Cs A shoulder between 1200 and 1250 cm™ is dso found to shift towards higher
frequencies. The presence of a M™ cdion in the vidnity of the anionic oxygen of the
framework in the nmembered ring interacts dectrodaticdly and leads to a
concomitant reduction in the SO and / Al-O bond grength in the ring.  The greater the
charge trandfer from oxygen to the M™ cations, the wesker will be these bonds.
Therefore, the vibrationd bands will shift according to the raio of dectronic charge to

cationic radius. Similar results are d'so observed in the case of dkdine earth cation

Table25 Frequenciesof framework vibrations
Obsarved band position (cm™) Type of vibration

1,070 Si-O dretching
780 Ti-O dretching
690 Ti-O dretching
570 Si-O rocking, O-Ti-O bending
450 O-Si-O bending, O-Ti-O bending
Ti-O rocking
Internal tetrahedra S-O-S and S-O-Al
1250 and 950 asymmetric stretching (n1)
760 Si-O-S and S-O-Al, symmetric stretching (n2)
700 S-0O-S and S-O-Al, symmetric stretching (na)
Externd linkage
650-500 Doublering
300420 Pore opening
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Fig. 24. FTIR spectraof M-LTL samplesin the framework region. A): a) H, b)

Li,c) Na, d) K, e) Rb and f) Csand B): a) Mg, b) Ca, ¢) Sr and d) Ba.
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Fig.2.5. FTIR spectra of M-BEA samplesin theframework region. A): a) H, b)

Li,c) Na, d) K, €) Rb and f) Cs; B): a) Mg, b) Ca, ¢) Sr and d) Ba.
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exchanged samples (Mg to Ba, Fig. 24 B) and in the case of M-BEA and M-FAU
zeolite samples. (Figs. 2.5, and 2.6, respectively).

ETS10 molecular Seves ae zorite dructures contaning zg-zag chans of
corner-sharing TiOg octahedrd and tetrahedra slicate units (giving rise TiFO-S and
Ti-O-Ti chan dructures). The Ti ions exig with an octahedra coordination involving
four short bonds with the tetrahedral glicate unit and two long bonds dong the Ti
chain, the Na and K cations are present in between. These dructurad units are
responsble for the typica vibrationd festures. The frequencies of prominent bands
shift towards higher frequencies on cation exchange from Li to G and Mg to Ba (Fig.
2.7; A and B, respectively). Similar results have been reported in the literature™™
2.3.7. Infrared Spectroscopy of Adsorbed CO2: FTIR spectra were recorded in the
range of 4000 to 800 cm™ using a Nicolet 60 SXB spectrometer with 2 cmt resolution,
averaging over 500 scans.  For spectra of adsorbed CO,, sdf-supported sample wafers
were used. The sample was pressed into thin wafers (5-6 mg/crr12), evacuated (10°
torr) a 673 K and cooled to 298 K to record the spectrum of the pure sample. Ultra
pure CO, (99.999 % pure, Linde Air) was then adsorbed on the sample a& 5 mm
equilibrium pressure for 1 h and another spectrum was recorded. Then part of the CO,
gas was pumped out to maintain an equilibrium pressure 0.4 mm and the spectrun was
recorded again.

CO; being amphoteric in nature can be used to monitor both Lewis acid centers
and Lewis base centers on metd oxides and zeolite surfaces. It is a liner molecule
having D,y symmetry and three fundamenta vibraions, one dretching vibration nj,
which is Raman active appearing as a doublet a 1285 and 1388 cm™ and two IR active

vibrations, the doubly degenerate deformation n, at 667 cmi'and the anti symmetric

gretch nz at 2349 cm>Y The IR spectrum of adsorbed CO: varies diginctly from the
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gas phese spectrum and three types of adsorption have been didinguished: @ on
unreactive surfaces, the infrared spectrum of adsorbed CO2 shows modly the ns
vibration near 2343 cm?, b) the adsorption of CO, on reective surfaces may give rise
to severd adsorbed species, such as carbonate, bicarbonate and formate, which exhibit
characteristic adsorption bands’®® and ) CO, can dso function as a ligand in
different complexes of trandtion metds as highly perturbed dructures. These CO»
ecies have a characteristic par of adsorption bands in the region 1200 - 1700 cm™.
This type of bond is formed when eectrons are donated to a CO, molecule and a CO,
anionisformed. But such an anion is stable only at low temperatures.

CO:2 is a weakly acidic (amphoteric) molecule and is expected to adsorb on the
basc dtes of the zeolites. The intendty of the IR bands of CO, in the CO; region
(chemisorbed CO,) can be used to quantify the reative badcity of different samples.
The rdaive band intensity of adsorbed CO, in FTIR spectra (1200 - 1750 cmit) a 0.4
and 5 mm equilibrium pressure obsarved over different cation exchanged samples is
presented in Table 26. Going by the rdative intendties of the IR bands, basicity
increases with increasing eectropostive nature of the exchanging cation, Li to Cs, and
the zeolites can be aranged in the order of bedcity as CsLTL > Cs-ETS-10 > Cs
BEA > Cs-FAU.

Conddering the possble cation didribution on different crysadlogrgphic Stes
in LTL? FAU®?® and BEA* zedlites under ion exchange conditions used in this
sudy, most of the Cs cations should be located in the channds and supercages and
channd intersections, respectively. CO: has a kinetic diameter of 3.3 A and it cannot
enter the cancranite cages of LTL, soddite cages in FAU and 6-MR of BEA type

zeolites, so, it can only interact with cations in the intersection of channdls. Carbon

72



2. 3. CHARACTERI ZATI ON

Table2.6 Relative basicity of dkai metd exchanged samples from FTIR studies

Samples Rdative intensity of IR spectraof CO,? Sint
FTIR (0.4)° FTIR(5)°
CsLTL 130 166 3.46
CsBEA 105 97 416
NaFAU 12 7 3.79
CsFAU H 24 3.67
Li-ETS-10 78 84 349
NaETS10 & 96 344
K-ETS-10 108 123 334
Rb-ETS10 120 129 322
CsETS10 125 132 314
BaETS10 112 126 3.66

@ gym of the intensties of the bands in the range, 1200-1700 cm~ and ° 2% Cspectra
recorded at 0.4 and 5.0 mm equilibrium pressure, respectively.

dioxide will adsorb on meds and basc oxides in many forms the symmetricd,
monodentate, bidentate and bridged forms®  The interaction of chemisorbed CO is
believed to be through transfer of eectronic charge to the CO; molecule from the akdi
metd, the interaction increesng with the dze of the metd ion. Beddes, the
sSmultaneous interaction of the akai cation and O anion with adsorbed CO, may adso
be t&king place The increasng shift in the high and low frequency bands and the
increasing frequency difference between the bands on going from Li" to Cs" exchanged
samples indicate increasing interaction with CO,.  Solymos and Knozinger® have
proposed Dn vaues of 0, 100, 300 and > 400 cmi* for symmetric, monodentate,
bidentate and bridged confirmations of adsorbed CO, species, on interacting surfaces,
respectively.  Going by this concept, the Dn values obsarved for CO, on Li*, Na', K

and Cs" exchanged M-ETS-10 samples indicate the presence of mainly monodentate
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and bidentate types of adsorbed species (vide infra). The concentration of bidentate
speciesincreases with the basicity of the dkdi meta (vide infra).

2.3.7.1. Zeolite LTL: CO; can interact with the basic Stes present in the 12-MR pore
sysdem. It forms complex M--O=C=0 species giving rise to adsorption bands due to
antrsymmetric gretching vibrations fi3 mode). In Fig. 2.8 A, the FTIR spectra of COp
adsorbed on zeolites CsLTL and CsBEA (a and b, respectively are presented). The
differences between the two high frequency bands around 1700 cmi® and the
corresponding two low frequency bands around 1380 cm' are about 300 cml.
Corresponding bands are observed a 1675, 1647, 1389 and 1343 cm? (Fig. 28 B, ¢
and d). In Table 27, the corresponding band postions are given of which the mogt
intense and dominating band postions are indicaed. From the data presented, it
appears that adsorption of CO. on the zedlite samples sudied involves both physicd
and chemica interactions because al modes of vibrations are observed in the spectra

2.3.7.2. Zeolite BEA: The band postion for CO, adsorption (CO3 vibration region) is
presented in Table 2.8. The wave number differences between the bands are consgtent
with the reported results and the bands can be ascribed to bidentate type of species.
CsBEA exhibits a wesk CO, adsorption band a 2345 cm™ (Fig. 28 A). This is in
good agreement with that reported in the literaiure for BEA sqampleﬁZ It dso shows
wesk chemisorption bands a 1625 and 1384 cm? that persst even after evacuation
[Fig. 28 B (c and d) and Table 2.8]. This may be due to CO, adsorbed on the large
caions present in the channd intersections. It should be pointed out that only three
caions per unit cdl are present in the channd transections of BEA, which is a high
dlica zedlite (Table 22). By comparison with the reported data for auming, they can

be assigned to hydrogen carbonates or monodentate carbonates. 2’
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2.3.7.3. Zeolite FAU: The digributions of cations in different Stes are 16, 32 and 48
per unit cdl for I, Il and IIl type of stes, respectively.?® Cs cations can occupy only
the dte Il locations in FAU because of seric condrants in other dtes. The prominent
ns mode vibrationd band a& 2354 is shifted to 2345 om* for Na-FAU (Fig. 29 A and
Table 2.7). It ds0 shows week adsorptions a the podtions, 1670, 1640, 1384 and 1360
omland 1698, 1649 and 1342 om? for Na and CsFAU, respectively (Fig. 29 B). In
the literature, different values between 2343 and 2355 cmi* have been reported for the

ns mode of adsorbed CO, %°

Table2.7 FTIR spectral bands 3 vibraion mode) of physisorbed CO, on M-LTL,
BEA and FAU zeolites

Sample Prominent band Shoulder bands
CsLTL 2359 2343 2332
CsBEA 2360 2341 2331
Na-FAU 234 - -
CsFAU 2345 2331 -

Table2.8  Freguencies of bands for different forms of carbonate specie formed on
M-LTL, M-BEA and M-FAU zeolites

Samples Type | (Anti symmetric) Type Il (Symmetric)

cm™ cm* Dn cm™ om? Dn
CsLTL 1675 1379 2% 1647 1343 304
CsBEA 1674 1334 290 1625 1348 277
NaFAU 1670 1334 286 1640 1330 280
CsFAU 1698 - - 1649 1342 307
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Fig. 2.8. A) FTIR spectra (298 K) in the CO3vibration region of adsor bed CO,
on: @) CsLTL and b) Cs-BEA at 5 mm equilibrium pressure.
B) FTIR spectra (298 K) of adsorbed COz0n Cs-LTL and CsBEA: a,
b) CsLTL and ¢, d) CsBEA (a, cat 5mm and b, d at 0.4 mm

equilibrium pressure, respectively).
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Fig.2.9. A) FTIR spectra (298 K) in the CO3vibration region of adsorbed CO,

on: a) NaFAU and b) CsFAU at 5 mm equilibrium pressure.
B) FTIR spectra (298 K) of adsorbed CO;, on Na-FAU and Cs-FAU: a,
b) NaFAU and c, d) Cs-FAU (a, cat 5 mm and b, d at 0.4 mm

equilibrium pressure, respectively).
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2.3.7.4. Molecular sieve ETS-10: FTIR gpectra of adsorbed CO, on dkai meta
exchanged ETS-10 molecular seves ae shown in Fig. 2.10 wherein the bands due to
the anti symmetric stretching n3 vibration of physsorbed CO;, on Li, Na, K, Rb, Cs and
BaETS-10 ae seen.  They appear & 2356, 2352, 2347, 2345, 2344 and 2346 cm’,
regpectively (Fig. 210; Table 2.9). As the ionic radii of the dkali metd cations and the
metd oxygen bond length increese, the dectron donding ability (to adsorb COy)
increases and hence the n3 anti symmetric dtretching frequency shifts to lower wave
numbers.

The FTIR gpectra in the region of carbonate vibrations (chemisorbed CO,, 1975
to 1275 cm™) are presented in Fig. 211 A and B. Adsorption of CO, shows two sets of
bands, each set congding of a band due to anti symmetric and another to symmetric
dretching. The frequencies of these bands for different cationic forms of ETS-10 are
presented in Table 210. The rdaive intendties of these bands margindly decrease
with decrease in equilibrium pressure, but persist even after evacuation up to 10° torr.
From these reaults it is clear that the exchanged dkdi metd modifies the adsorptive
property of ETS-10. It is possble tha M-ETS-10 possesses active CO, adsorption
stes on the surface of the framework as wdl as in the bulk of the intra pore volume.
The topology of the surface and the intra pore volume determine the energetics of COz
adsorption and hence, the n3 mode band postions. Of dl the arguments developed for
explaining the FTIR spectra of adsorbed CO, on dkdi modified zeolite surfaces, those
of Bondli et al.® are very important. From FTIR, adsorption microcalorimetry and
guantum chemicd cdculations they concluded tha cation-CO, interaction adone cannot
account for the nature of the spectra of CO, adsorbed on such samples, and the

presence of nearby framework anionic O* should dsobe considered. Their
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Table2.9 Vibraiond bands (n3 vibration mode) of physisorbed CO, on M-ETS

10 zedlites
Samples Prominent band (cm?) Shoulder bands (cm™)
Li 2356 2379 2330
Na 2352 2330 2331
K 2347 2381 2331
Rb 2345 2382 2332
Cs 2344 2334 2332
Ba 2346 2381 -

Table210 Frequencies of vibrations of bands for different forms of carbonae
specie adsorbed on M-ETS-10 molecular Seves

M Typel (Anti symmetric) Type Il (Symmetric)

cm* cm* Dn cm™ cm? Dn
Li 1651 1339 312 1625 - -
Na 1651 1335 316 1629 - -
K 1651 1333 318 1632 - -
Rb 1652 1330 32 1634 1279 355
Cs 1652 1327 325 1642 1280 362
Ba 1649 - - 1625

cdculations showed that in the saeries from Li* to CS, the caion becomes a
progressvely wesker Lewis acid for CO, adsorption; smultaneoudy the adjacent
anionic  framework  becomes progressvely dronger base causng  internd
compensdtion.  This type of internd compensation is probably respongble for the smal
change in the frequency of the type | CO; band (Table 210). The large Dn suggesting

a bidentate type of adsorption further corroborates this view.
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Fig.2.10. FTIR spectra (298 K) of adsorbed CO2in the COgs vibration region in
M-ETS-10[M = (a) Li, (b) Na, (c) K, (d) Rb, (e), Csand (f) Ba(f)] at 5

mm equilibrium pressure of CO»
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Fig.2.11. FTIR spectra (298 K) of adsorbed CO, on alkali metal
exchanged ETS-10 samples. a, b) Li, ¢c,d) Naand e ) K (a, ¢
and eat 5mm and b, d and f at 0.4 mm equilibrium pressure

of COg, respectively).
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Fig.2.11. FTIR spectra (298 K) of adsorbed CO; on alkali metal
exchanged ETS-10 samples: a, b) Rb, ¢, d) Csand e, f) Ba(a, ¢
and eat 5mm and b, d and f at 0.4 mm equilibrium pressure of

COg, respectively).
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2.3.8. Comparison of Intensity (FTIR) of Adsorbed CO;, with Sy: The intermediate
eectronegdivity of the M-ETS-10 samples cdculated according to the Sanderson
equetion® is presented in Table 26 and 2.14. It is noticed that Sy corrdates with the
bescity of the samples as determined by CO, adsorption. In the case of METS-10, the
cdculaed intermediate eectronegativity dso corrdaes wdl with a decrease on in n3
frequencies in the gpectra of physsorbed CO, (shown in Fig. 212 A). Further
corrddion is deduced between the ionic radii of cations and the n3 frequencies of CO;,
(Fig. 212 B). This suggests an increesng M-CO drength with increesng cation
radius.  In other words the overdl trend of badcity in ETS10 is Smilar to that
obsarved in other zedlites, badcity increases with increasing in the cation sze: Li < Na

<K <Ba< Rb < CsETS-10.

2355 23554 |-
355_ L 355_ Li
2352 23521
4 Na i
"o 2349 "E 2349 Na
3] ] © ]
o' o \ON
S 2346 K & 2346 K Ba
1Ba 1
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Fig. 2.12. A) Relationship between inter mediate electr onegativity of M -ETS-10
and nszstretching band frequency of adsorbed CO,.

B) Correlation betweenn sstretching band frequency of adsorbed CO,

(@ 0.4 mm equilibrium pressure) and the radius of the ion

exchanged cation.
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2.3.9. Temperature Programmed Desorption of Adsorbed COz  Temperature
progranmed desorption (TPD) of probe molecules like ammonia, pyridine, CO; and
pyrrole is a widdy used method for the determination of acidity-badicity characteristics
of wolid catdysts due to the ease and reproducibility of the method®® CO, is
frequently used as a probe molecule to determine bedcity because of its andl
molecular Sze, Sability and acidic character.

Characterization of the bedcity of the different ion exchanged samples has been
caried out by the TPD of adsorbed CO,. In a typicd temperaure programmed
desorption (TPD) experiment, about 400 mg of ovendried sample (383 K for 16 h)
was taken in a ‘U’ shaped quartz cel. The catdyst sample was packed in one arm of
the sample tube on a quartz wool bed. The temperature was monitored with the ad of
thermocouples located near the sample from outsde and on the top of the sample. The
gas flows were monitored by highly sendtive mass flow controllers.  Prior to TPD
dudies, the catdyst sample was pretrested by passage of high purity hdium (50 ml
mn') a 773 K for 2 h. After pretrestment, the sample was cooled to room
temperature in hdium, then saturated by passage of highly pure CO, (11.1 % CO;in
He) at 303 K for 2 h. The catalyst sample was subsequently flushed a 313 K for 2 h to
remove the physsorbed CO, TPD anadysis was carried out from ambient temperature
to 823 K & a hegting rate of 10 K. The CO; concentration in the effluent stream was
monitored usng a thermd conductivity detector (insrument modd: AutoChem 2910;
Micromeritics, USA) and the areas under the peaks were integrated by use of GRAMY
32 software to determine the amount of CO2 desorbed during TPD. TCD cdibration
was performed by passing known volumes of CO..
2.3.9.1. Zeolite LTL: The results of the TPD of adsorbed CO, of cation exchanged M-

LTL samples are presented in Table 211. The TPD plots of various dkdi and dkdine
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eath metd exchanged M-LTL (where M = Li, Na, Rb, K, Cs, Ca, Mg, S and Ba)
samples are shown in Fig. 2.13. It was found that most of the CO;, desorbed below 750
K with desorption pesk maxima in the range of 420 to 620 K (Table 2.11). Based on

the deconvoluted plats, it is seen that more than one type of adsorbed CO, specie are

Table2.11 TPD data obtained over different dkdi and dkdine eath med
exchanged LTL molecular seve (M-LTL)

M Temp. of peak maximum (K) CO2 desorbed
Maor pesk Minor peek mmol/g
Li 418 540 574
Na 452 555 62.3
K 511 560 66.5
Rb 8 551 1055
Cs 620 628 1321
Mg 421 - 70.2
Ca 442 502 75.8
S 460 560 914
Ba 580 - 107.3
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Fig. 2.13. TPDplotsof COzadsorbed on different cation exchanged L TL samples.
(@) Li, (b) Na, (c) K, (d) Rb, (¢) Cs, (f) Mg, (g) Ca, (h) Sr and (i) Ba.
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present a the surface (Fig. 2.14). These are probably CO, adsorbed at different
locations or in different forms. The presence of different types of adsorbed CO» was
dready pointed out by IR dudies. The mgor CO, desorption peek for the samples is in
the order: Li <Mg<Ca<Na< S <K <Rb<Ba<Cs-LTL. Thetemperature of the
desorption maximum is related to the drength of adsorption of CO.. Hence, the
basicity of the different samples dsowill follow the same order as above.

2.3.9.2. Zeolite BEA and FAU: The CO, uptske and the desorption pesk
temperatures for M-BEA and M-FAU ae given in the Table 212. The upteke
increases as the badcity increases from Li to Cs and Mg to Ba cations. The plots for
different akai and dkdine eath metd loaded M-BEA and M-FAU are shown in Fig.

2.15 A and B, respectively.
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Fig. 2.15. TPD plotsof CO,adsorbed on different cation exchanged samples. A:
BEA and B: FAU; (a) Li, (b) Baand (c) Cs.
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Table212 TPD data of CO, over diffeent dkdi and dkdine eath metd
exchanged zeolites (M-BEA and M-FAU)

Alkdi BEA FAU
metal  Temp.atpesk  CO2desorbed Temp. at peak CO2 desorbed
maximum (K) mmol/g maximum mmal/g
Li 406 575 436 433
K 21 63.4 456 45.6
Cs 569 705 521 48.6
Ba a2 711 439 59.6

2.3.9.3. Molecular sieve ETS-10: The typicd TPD plots of CO, desorption from
M-ETS-10 samples are presented in Fg. 216. The plots were deconvoluted to
separate the two types of desorbed CO,. Some of the deconvoluted plots are shown
in Fig. 217. The CO, desorption is given in Table 213, which shows that it
increases from Li to Cs and Mg to Ba As dready observed, the temperature of the
pesk maximum of the maor pesk increases with the cation Sze i.e badcity of the

samples.
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Fig. 2.16. TPD plotsof CO, adsorbed on different cation exchanged samples (M -
ETS-10): (a) Li, (b) Na, (c) K, (d) Rb and (e) Cs, (&) Mg, (b) Ca, (¢c) Sr

and (d) Barefersto samples.
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Table2.13 TPD daa obtaned ove dffaent dkdi and dkdine eath med
exchanged ETS-10 samples(M-ETS-10)

M Temp. of pesk maximum (K) CO, desorbed
Maor pesk Minor pek mmol/g
Li 400 - 68.9
Na 420 - 70.8
K a2 471 713
Rb 484 598 76.6
Cs 526 618 88.8
Mg vival - 63.3
Ca 452 505 70.2
Sr 470 560 83.6
Ba 480 570 88.7

2.3.10. Intermediate Electronegativity (Snt): The intermediate dectronegativity of M-
LTL, M-BEA, M-FAU and M-ETS-10 were cdculated on the bass of Sanderson’s
Electronegetivity equelization principle prindple®  These vaues are presented in
Table 214 dong with the cdculated charge on oxygen. Generdly, with an increase in
the bascity of the exchanged ions, the S, vaue decreases and charge on oxygen
increeses.  The order of decreesng Snt vaues and increesng oxygen charge for
different samplesis H < Mg < Ca< Sr<Ba<Li <Na< K< Rb< Cs Based on Sy
vaues, the order of decressng bedicity of the molecular seves is ETS10 > LTL >
FAU > BEA.

2.3.11. Comparison of TPD Data with Sj values: The CO, desorbed from the
samples is found to corrdate with the intermediate eectronegativity values and charge
on oxygen (Table 2.14) for the different samples (Fig. 218 A and B; 219 A and B).
The amount of CO, ‘adsorbed’ (desorbed) increases with a decrease in Sy and an

increes= is oxygen charge. This increase is very sharp for akaine eath exchanged
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LTL samples compared to other samples. Appaently zeolite structura effects and

cation location aso influence CO2 adsorption (and basicity).
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Fig. 2.18. A) Relationship between CO desorbed and charge on oxygen in
M-LTL.
B) Relationship between CO, desorbed and Si; of M -LTL samples.
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Fig. 2.19. A) Relationship between CO2 desorbed and charge on oxygen in

M-ETS-10.
B) Relationship between CO, desorbed and S of M -ETS-10

samples.
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Table214 Intermediate dectronegativity and oxygen chage of different ion
exchanged samples
LTL BEA FAU ETS10
St ocC* St ocC* St oc* St ocC*

M

H 3%7 -0262 4323 -0210 4126 0228 3961 -0.263
Li 36983 -03X0 4225 -0229 3794 -0.298 348  -0.363
Na 36456 -0330 4212 -0232 3794 0298 3437 0374
K 3534 033 4179 -0239 3709 0316 3340 -03%4
Rb 3502 -0360 4172 -0246 3700 0318 3222 0419
Cs 3457 -0369 4155 -0249 3674 0324 3140 -0436
Mg 39583 -0265 4308 -0214 4015 0252 3738 -0310
Ca 3912 -0273 4286 -0217 4006 0254 3704 -0317
Sr 3816 -0281 4282 -0218 3983 0258 3718 -0314
Ba 383 020 4270 -020 395 0264 3660 -0.326

* Charge on oxygen

2.3.12. Pt Dispersion Measurement by H> Chemisorption: Digperson of plainum on
the cataysts was determined by hydrogen chemisorption a room temperature® 2.5 g.
of a freshly cacined sample was loaded in a ‘U’ shaped quartz glass sample holder.
The sample was heated a 723 K for 4 h and evacuated a 723 K a 10° torr for 3 h.
The sample was cooled in vacuum and dead space measurements were made using He
a room temperature in the equilibrium pressure range between 5 to 450 torr. Then
the sample was reduced at 673 K for 5 h and degassed at 723 K (PEM-LTL, PEM-FAU
and Pt-M-BEA) and 673 K (PtM-ETS-10) under vacuum (10° torr) for 3 h. The
samples were then cooled to room temperaure in vacuum and high purity hydrogen
(99.9 %) was adsorbed in the equilibrium pressure range between 5 to 450 torr. The
equilibrium time for adsorption was 60 min. An adsorption isotherm was plotted for

the sample.  After this the sample was evacuated a 10 torr pressure a room
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temperature for 4 h, to remove the weskly adsorbed hydrogen. A second adsorption
isotherm was carried out at room temperature in the same pressure range.  The amount
of H, adsorbed was caculated as the difference between the two-adsorption isotherms.
The plainum disperson was cdculaied for different cation exchanged samples
assuming a H/Pt stoichiometry of 1 and these vaues are presented in Table 2.15. The
disperson vaues are high being modly in the range 06 to 09. A generd trend of
increesng disperson with caion sze (badcty) is noticed. The reason for this is not

clear.

Table2.15. Plainum disperson of M-molecular seve samples (Pt = 0.6 wt %)

Zedlite M Dispersion D (H/PY)
LTL Li 0.62
K 0.74
Cs 0.87
Ba 092
BEA Li 0.68
K 0.76
Cs 0.81
Ba 0.85
FAU Li 053
K 064
Cs 0.69
Ba 0.74
ETS-10 Li 0.49
K 0.62
Cs 0.79
Ba 0.83
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PART B: MOLECULAR MODELING METHODOLOGY

This section describes the detaled mehodology used in the different
cdculaions. It dso describes the zeolite framework dructures, TOT angles and
molecular fitting of the Pt clusters insde the LTL, BEA, FAU and ETS-10 clugers
In this study, molecular grgphics and quantum chemicd cdculaions ae used to

andyze the results.

2.4. CALCULATION METHODOLOGY

The Hartree-Fock®¥ method has been used for the study of the dectronic
properties of various zeolite duser modds in this dudy. It is a sSngle determinant
method for determining the dectronic sructure of moleculess  The most obvious
smplification to the Schrodinger equetion involves the separation of variables, that is
the replacement of the many-dectron wavefunction by a product of one dectron
wavefunctions. The smplest acceptable replacement is termed as HartreeFock or
sngle determinant wavefunction. It invdves a dngle determinant of products of one-
dectron functions, termed as spin orbitdls.  Each spin orbitd is written as a product of
a space part y, which is a function of the coordinates of a single dectron and referred
to as a molecular orbitd. One of two possble spin parts, a or b is assigned to each
spin orbitd. Only two dectrons may occupy a given molecular orbitd and they must
be of opposte spin. The HartreeFock agpproximation leeds to a set of coupled
differentid  equations, esch involving a sdngle dectron.  While they may be solved
numericdly, it is advatageous to introduce one additiond gpproximaion, namey

Linear Combination of Atomic Orhitas (LACO).
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2. 4. CALCULATI ON METHODOLOGY

24.1. LCAO Approximation: In practice, the molecular orbitals are expressed as
lineer combinations of a finite set (a bass st). They have prescribed functions known
as bags functions (f). The f ae usudly centered a the nudear postions (athough
they do not need to be); they are referred to as aomic orbitds. The molecular orbitd

(v ) isexpressed asthe LCAO gpproximation.

basis- functions
o

y = a Cf 1)

mi- m
u

2.4.2. Roothaan-Hall equation: The Hartree-Fock and LCAO gpproximeations taken
together and applied to the dectronic Schrodinger equation leads to the RoothaanHall
equation.®

basis function

a (F.- &S)C.=0 22

This equaion accounts for the kingtic and potentid energies of individud eectrons and
interactions among them.  Methods reaulting from solution of the RoothaanHall
equations are termed as Hartree-Fock or ab initio methods. The corresponding energy

for an infinite (complete) basis set istermed the Hartree-Fock (HF) energy.

2.4.3. Basis Set: For practica reasons, HF caculations make use of bass sets of
Gaussan-type functions. Thee ae dosdy rdaed to exact solutions of the hydrogen
aom and comprise a polynomid in the catesan coordinates (Xy,z) followed by an
exponentid in r’.  Severd series of the Gaussian bass sets are avalable such as
minimd STO-3G, glit-vdance (321G, 6-31G), ec. Compaect effective potentid,
which replaces the atomic core dectrons in molecular cdculdions, are avalable for
heary dements in the 1% and 2™ row of periodic table®* The angular-dependent

components of these potentids are presented by compact ones and two term Gaussan
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type expressons are obtained directly from appropriate equations. They are then used
in molecular orbita caculations, where the atomic cores are chemicdly inactive,

All neutrd sysems conddered in this dudy ae closed shels and hence
restricted HartreeFock (RHF) cdculations have been used. The cdculaions have
been done using an effective core potentid (ECP) according to Stevens et al>**  The
detalled choices for deriving a useful and compact form of such effective core
potentids in order to make them gpplicable for molecular or cduder cdculaions are
explained by Stevenset al %%

Computations were carried out usng Generd Atomic and Molecular Electronic
Structure System (GAMESS) package® The cdculaions were performed in a duster
of 32 Sun Ultra450 workgations (Nationa Param Supercomputing Fecility) at Center
for Development of Advanced Computing, Pune and in a Slicon Graphics Octane

workstation.

2.5. FRAMEWORK STRUCTURES OF MOLECULAR SIEVES

2.5.1. Zeolite LTL: The duminosilicate framework of LTL has been reported®? to
have polyhedrd cages formed by sx membered rings (6-MR) and four membered rings
(4MR). The unit cel of the LTL zedlite is [MxSig-xAlxO7g. There are four types
of non-framework cationic gtes A, B, C and D shown in Fig. 220. Ste A is locaed in
the center of the hexagond prism and is partidly occupied by dkdi metd cation. Ste
B is in the center of the cancrinite cavity and is fully occupied by akdi metd cation.

Site C is located midway between the centers of two adjacent cancrinite cavities. Site

D is the only caion pogtion gpproachable from the main 12-MR channd close to the
wdl separdting 8MR as shown in Fg. 220. The cations & ste D are the only

exchangesble ones a room temperature™?® The next most likely to be exchanged
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Cluster model

Pt clustar

Fig. 2.20. Molecular graphics picture shows the framework structure of zeolite-

LTL. The labeled positions refer to the various extra-framework
cation sites. The highlighted segment is used for the ab initio

calculations.

Cluster Model

Fig. 2.21. Molecular graphicspictureof BEA lattice, asviewed along 010 plane.
The highlighted segment is used for theabinitio calculations.
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cetion is located a dte C. The modd of LTL is reported by an eight 8MR cluder,
which is the window between the 12-MR and 8MR dong the ‘c’ axis (Fig. 2.20).

25.2. Zeolite BEA: Zedlite beta was firs synthesized & Mobil Research and
Development Laboratories™ in 1967 and its crystd structure was solved in 1988.%
The firg clues to the crystd dructure of the zeolite BEA came out of chemicd and
physica property messurements®  The observation that complete exchange of cations
in BEA is possble®® indicates the presence of channes instead of cages  Zeolite
BEA is easly syntheszed with SO,/ Al,Oj3 rétios in the range of 20-50. The unit cdl
of the BEA zedlite is [MxSig-xAlxO1s]. The framework structure of zeolite BEA is
made up of interconnected rings of 4, 5 and 6-MR (Fig. 2.21) leading to the main 12-
MR. The exact locations of the extra framework cations is not avalable in the
literature. The cation has been located in the 6-MR in the cluser modd used in this
study.

2.5.3. Zeolite FAU: Zedlite FAU has hexagond prisms, soddlite cages and super
cages. Many didinct types of cationic Stes have been reported in FAU, three of which
are sgnificant for cation occupancy.?  These three types of nonframework cationic
gtes (I, Il and IIl) are shown in Fig.222. In a unit cdl of FAU, [MxSiag-xAIxOsss],
there ae 96 possble locations for nonframework cations. The 96 locations are
digributed as 16, 32 and 48 in cdion gtes |, Il and 11, respectivdly. According to
crystdlographic data, sites | and Il are the most likdy occupied stes”  Site | (M) is
indde the hexagond prism, whereass dte Il (M) is located indde the supercage a a
sx-ring window of the soddlite cage. %

2.5.4. Molecular sieve ETS-10: The firg information on microporous titanoslicates
gopeared in 1967 when Young46 reported the synthesis of titanodlicates under damilar

conditions as duminoglicates These materids wee cdled titanium zedlitess The
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framework of ETS-10 is composed of tetrahedrd [SO,4 and octahedrd [TiOg] units.
The TiOe units are connected to each other to form a -TO-Ti-O-Ti- chain. The
dructure can be envissged to be condructed from rods condging of two chains of
slicate 5-rings connected by octahedrd titanate units, as shown in Fg. 223. In 1973 a
naturaly occurring dkdine titanoglicate identified as zorite was discovered® in trace
quantities in the Sberian Tundra In 1988 and 1990 two independent reports by
Kuznicki*”*® and Chapman and Roe® discussed synthetic structures that appeared to
mimic zorite. ~ Comparisons with the naturd minerd were largdy based upon
amilarities between X-ray diffraction patterns of the synthetic (ETS4) and naurd
zorite. It was then redized tha a new family of titanodlicate molecular Seves
containing tetrahedra and octahedra framework atoms had been discovered.

The crystal structure model of ETS10 has been proposed by Anderson et al.®"
5 pased on chemica andyss, dructurd modeding, XRD, HREM and highresolution
MASNMR sudies. ETS-10 possesses a three-dimentiond (3D) 12-MR pore system.
Neither disorder nor faulting in ETS-10 should result in pore sysem blockage, indeed,
some types of planar faults increese pore access. The dructure is mede up of
interconnected rings of 3, 4, 5, 7 and 12 members. The projection of ETS 10 latice
dong the ‘d axis is shown in Fg. 223. Each Ti is connected via oxygen to four S
aoms in two 3MR and dso via oxygen to other two Ti @oms. All S aoms, except
those a the gpex of each 5-MR are connected to three S atoms and one Ti aom via
oxygen [SI(3S, 1Ti)]. The gpicd S in each 5MR is a [S(4S, OTi)] unit. Two rods of
Ti perpendicular to each other join together by forming #ZMR. The Ti chain (rods) are
regularly arranged dong ‘X and 'y’ axis with a period of 15 A and a large channe with
12-MR agperture is formed. Two ordered polymorphs of ETS10, A and B, andogous

to BEA?** have been described by Anderson et al.>°%
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Fig. 2.22. Molecular graphicspictureof FAU lattice, asviewed through 12-MR;
cationic positions are shown. The cluster used in the ab initio
calculationsis highlighted.

Cluster modal |1

Cluster model

Fig. 2.23. Molecular graphics picture of ETS 10 lattice, as viewed along either ‘a’ or
‘b’ directions. ABCDABCD stacking of layers containing 12-MR are
shown. Two cluster models used in theab initio calculations representing

the presence of Ptsnearer to[TiO ¢ and [SiO4] groupsarehighlighted.
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2.6. CLUSTER MODELS OF MOLECULAR SIEVES

All custer modds used in this study were generated using software programs
MSl supplied by Molecular Smulations Inc, USA and SPARTAN. The cluder
generation procedure is described in detal in chepter 1 (section 1.6.25). The O-H
distance was kept as 1.03 A. The vector of the O-H bond was kept the same as the O-
S bond of the laticee The unsaturated vaencies of the termind oxygen aoms were
saturated with hydrogen atoms.
2.6.1. Zeolite LTL: A cluger modd having the formula [MJSigA LO24H1¢ (Where M =
Li, Na, K, Rb, Cs, Mg(OH), Ca(OH), Sr(OH) and Ba(OH) from the lattice of zeolite
LTL?? shown inside box in Fig. 2.20 was generated and used in these studies The
S/AI ratio is three in the zeolite cluser modd. This cluster geometry is described in
detall in chepter 4 (section 4.31). The inter-atomic disances usad in the cdculdions
are presented in Table 2.16. The two Al atoms are located at the two T, Stes of 12-
MR. According to the reported literature” T, stes in the 12-MR are the most
favorable ones for duminum subdiitution.  The subditution of Al atoms in suitséble T
ax T, stes was dso considered, as dlowed by the Lowenstein rule® The excess
negative charge of the cluster created by Al atoms was compensated by cations located
ingteD.
2.6.2. Zeolite BEA: A duster modd having the formula of [MSigAlOz0H2q (where M
= Li, Na K, Rb, Cs, Mg(OH), Ca(OH), Sr(OH) and Ba(OH) from the lattice of
polymorph A of zeolite BEA? is considered. The duster is shown inside the box in
Fg. 221. This cluser geometry is described in detal in the chepter 4 (section 4.3.2).
The 6MR, wherein one of the dlicon in dte T; is replaced by duminum and the
resulting negative charge compensated by an extraframework cation (M), was chosen

for devdoping the duster modd as it was found that the T1 postion was the most
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favorable locetion for Al.  The Ty pogtion is in the 12-MR and dso accessible through
5 and 6-MR pore openings™>* The extraframework cation is located in the middle of
the 6MR. The T-O-T angles and digances used in the generdtion of the duder
3models were taken published crystal structures for LTL? BEA > FAR? and ETS
10%

2.6.3. Zeolite FAU: A duser modd having the formula of [M2SihAl,018H 1] (Where
M = Li, Na, K, Rb, Cs, Mg(OH), Ca(OH), Sr(OH) and Ba(OH) from the lattice of FAU
shown indde the box in Fg. 222 was generated. The cluster representing a 6MR of
zeolite FAU dructure containing one Al in T1 or T2 location was investigated. Two
possble digributions of two duminum aoms in 6MR as dlowed by the Lowengein
rule were consdered. It was observed that the presence of two Al aoms at the farthest
postions was energeticdly the most favorable  The excess negative charge of the
custer with two Al aoms was compensated by two cations (M; and M) located at
Stes | and I, respectively. The geometry of the cluster was derived from the crystd
structure of zeolite FAU reported by Mortier et al.?

2.6.4. Molecular sieve ETS10: A duge modd having the formula of
[M2TiSiiOH1g] from the lattice of ETS-10 has been crested from the crysta structure
of ETS-10 - paymorph B [(Unit cdl: {[M™]s> [(TiO3)]1{SOJsg}, (Where M = Li,
Na', K", Rb" or Cs)].>> The mgor pores in ETS-10 are 12-MR channds (Fig. 2.23).
These channds are intersected by smdler 7, 5 and 3MR channels in such a way that
the walls of the 12MR channds ae linked with pockets with 7, 5, 4 and 3-MR
openings. The Ti - aoms are accessble through pore openings, some of which ae
blocked by the exchanged akdi metd ions.
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Table2.16. Inter-atomic distance vaues used in the present caculaions

Bonding atoms Atom-to-atom distance (A)
Pt-Pt 277
SO 155-159
Al-O 164-174
LiO 216
Na-O 242
Mg-O* 229
K-O 278
CaO* 265
Rb-O 292
Sr-O* 279
CsO 307
BaO* 300
Pt-C 3.5
Pt-Li 235
Pt-Na 2.60
PtMg 247
PtK 292
PtCa 283
Pt-Rb 310
Pt-Sr 297
Pt-Cs 325
Pt-Ba 318

* lonic radii of M* state only

2.7. ELECTRONIC PROPERTIES OF THE PLATINUM CLUSTER MODELS

A gngle pgatinum aom and clusters containing several aoms were consdered.
Initid trid cdculations were peformed usng the Extended Hickd method of
Hoffmann® using computer aded composition of atomic orbitd (CACAO) package>®

Different geometries of the Pt cluser (where n = 1 to 12) were modeled. The tota
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MODELS

enagy of the platinum cuser was cdculated for different cluser szes and shapes

Binding energy of the cluster per plainum aom was cadculated according to equation
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Fig.2.24. Binding energy per platinum atom is plotted against the number of
platinum atoms in the clusters (I = linear, t = trigonal, Td =
tetrahedral, tbp = trigonal bipyramid, sp = planar (in 111 plane), Oh =
octahedral and * used in studies).

These binding energy vaues per platinum aom ae plotted agang the number
of platinum atoms in the cluster (Fig. 2.24). The totd energy of the cluster increases
with its size.  When the number of platinum aoms in the cluster increases to more than
X, they dat to exhibit metdlic properties. It is obsarved that P (tbp), Pt () and
Pts (Oh) clusters are the more stable ones (among those investigated) based on the
binding energy per plainum aom (Fig. 2.24). Going from a single Pt aom to a Pt

cluger, there isadradtic variaion in the dectronic properties.

B.E.per Pt={T.E. (Pt) - (nx T.E. [Pg]}/n 23
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2.8. ZEOLITE-METAL -MOLECULE INTERACTIONS

2.8.1. Molecular Fitting of Pts Cluster in the Zeolite: A single platinum atom or a Pts
cluger has been modded in different locetions of P-M-LTL, Pt-M-FAU and Pt-M-
BEA cadyss by suitable clusters. The mgor pores in these zeolites are 12-MR
channds (Figures. 2.20 to 2.23). Given the large sze of a Pt aom (277 A), only
atomicaly dispersed Pt atoms and smal Pt clusters such as Pt can be present indde
the pores and cages of the zeolites investigated.  Ferrari et al.” have used a P cluster
in their DFT cdculations on CO adsorption over Pt supported on zeolites  Ealier
workers have reported the occurrence of smal Pt clusters (4-10 a@oms) indde the
cavities of different zeolites™> Gdlezat® has andyzed the radid distribution
function obtained from X-ray data and showed that Pt atoms in the supercages of

zeolite FAU are present as samdl clusters rather than as norma ‘fcc’ structures. Pan et
al.® have sudied the sze of the Pt clugers indde FAU zeolite by HREM imaging.
They report that particdes smaler then 10 A are present indde the zeolite channds. In
view of the above reports, a square planar Pts cluster of size, 5,54 x 480 A (from a 111
plane) has been usad in these dudies. The dimenson of a Pt () cluster can idedly fit
indde the channels or cages of the zeolites being investigaied. The [111] plane is the
most energeticaly stable low index plane of Pt. It is expected to be the most favored
plane of ‘fcc metds for hydrocarbon transformations.®>  The small concentration of Pt
(04 wt %) and good disperson vaues of 053 to 0.92 % in the P-M-zeolite suggest
that dgnificant portion of Pt exiss as digpersed atoms or smdl duders. Hence, the
eectronic dructures of monomeric Pt and smdl clusters (Pts) depostion on modd

clugers of zeolites have been invedtigated in these dudies The Pt atoms (or clusters)
present indde the 12MR channds will be directly accessble to the diffusng n-hexane

molecules. The dectronic properties of P were extremely sengtive to te distance of
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Pt from the zeolite surface. Caculations were performed by keeping the PEM distance
as the sum of ionic radius of M™ and the covaent radius of Pt. Different orientations of
Pts were conddered such as perpendicular, diagond and padlel to the zedlite cluder.
The Pt; aom cluster pardld to the zeolite cluster was the most energeticdly favorable
conformation. Hence such a conformation was consdered for dl the three Przedlite
clusers. In LTL, the Pt clusters can be present in 2-MR channdls and these will be
accessble to the reactant. The Pt clusters located above the 8MR and indde the 12-
MR of LTL (Fig. 220) is consdered. In zeolite BEA, the Pt duder is located in the
12-MR channd above the 6MR (Fig. 2.21). In the case of FAU, a Pts cluster present
above dite Il (M) indde the supercage is congdered (Fig. 2.22), whereas in ETS 10,
the Pts cluster islocated in the 12-MR channd (Fig. 2.23).

There are severd possible locations for Pt in ETS-10. Single Pt atoms present
indde the 7-MR may aso be accessible to the reactant molecules through the 12-MR
channdis in ther end-on orientation due to the smal sze (3 A) of the 7-MR openings.
This gructurd fitting andysis hes lead to the concuson tha Pt in 7-MR cages are
avalable only to terminad carbons, while smal clusers such as Py presat indde the
12-MR pores will be more accesshle to the entire molecule.  Two didtinctly different
locations for the Pt duger are possble indgde the 12-MR. One location is cdose to
[TiOg] Oh dte and ancther is close to a [SO4 Td site. Pts in both these locations were
modeed with suiteble clusters and the dectronic properties of Pt in the two locations
were caculated. The interaction energy between two chemica etities such as M and

zeolite, M-zeolite and Pts, Pts and benzene was cdculated by equation (2.4):

B.E.= T.E. [both entities] - { T.E. [entity1] + T.E.[entity2]} 2.4)
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2.8.2. Electronic Properties of the Pts Benzene Cluster Model: The distance between
a benzene molecule and a P& aom cluger was optimized. The favorable distance
between Pt and benzene is found to be 3.75 A (Fig. 2.25). The dectronic charge on Pt
and C is plotted as a function of the distance between P§ atom cluster and benzene. As
the distance between the Pt and benzene increases, the average charge on Pt becomes
more postive and smultaneoudy the average charge on C (Ce¢Hg) becomes more
negative. The above trends cearly indicate that adsorption of benzere on Pts occurs

through donation of dectrons by benzene to the platinum dudter.
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Fig. 2.25. A)Influenceof thedistancebetween Ptsand benzeneon binding energy.
B) Average electronic chargeon Pt and C asa function of the distance

between Pts and benzene.

2.8.3. Electronic Properties of the Pts: H2S Cluster Model: The distance between H2S
and a P aom duder was optimized (shown in Fg 226) folowing the same
procedure explained above for benzene. The favorable digance between Ps and HS
was found to be 3.40 A. The adsorption of HS over the Pts cluster shows two minima,
a shdlow one a 2.3 A and a degper one a 34 A. The distance at the deeper minimum

is usad for sudying the adsorption of H,S.
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Fig. 2.26. Influence of the distance between Ptsand H ;S on binding energy.

2.9. SUMMARY

This chepter summarizes the synthess and modification procedures used in
meking zeolite caidyds. The characterization techniques used in this Sudy are ds0
explaned. The rddionships between compodtion and bedcity are clearly brought out
by many methods such as FTIR spectroscopy of CO,, TPD of CO» and cdculations of
intermediate € ectronegetivity (Sir).

The second pat of this chapter describes the methodology and modds used in
the computationd sudy. The quantum chemicd method is explained in detal. The
mode generdtion procedure and the modds ae dso explaned for dl the zedlite
systems consdered. The procedure followed to study the incorporation of Pt as well as
the interaction of benzene and H2S molecules with Pt is dso explaned. The

methodology used to fit the Pt cduger and molecules in suiteble locations of the

zeolitesisd 0 reveded.
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CHAPTER 3

n-HEXANE AROMATIZATION
OVER LTL, BEA AND FAU
ZEOLITES: CATALYTIC

STUDIES
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3. 1. | NTRODUCTI ON

3.1. INTRODUCTION

The dehydrocydization of dkanes to aromatics (cataytic negphtha reforming)
has been a subject of grest interest because of its important industrid applications™*
Painum, done or dong with metd promoters such as Re, Ir or Sn, supported on acidic
hdlided dumina™® is currently used to convert akanes with six or more carbon aoms
into aromatic hydrocarbons. The mechaniam of dehydrocyclization over these
cadyss is bdieved to be bifunctiond involving both the metd (PY) and the acid
function (dumind).” The mgor drawback of these cadysts is their ingbility to
tranform dgnificant amounts of the Ce hydrocarbons such as n-hexane and methyl
cyclopentane into aromatics besdes the occurrence of smultaneous pardld reections
such as isomerization and hydrogenolysis leading to reduced sdectivity to aomatics.

It has been reported that the dehydrocydization of Ce-Cg akanes occurs with
high sdectivities for aromatics over Pt-supported on basic zeolites such as PEK-LTL.2
Based on the above catdysts, a new process (AROMAX) has been commercidized by
Chevron®*® Basic zeolites such as PEM-BEA and Pt-M-FAU (where M = Li, Na, K,
Rb, Cs oo Mg, Caa & and Ba) have dso been reported to possess larger
dehydrocydlization activities than PtALO3%™**  Since the ealy reports®!” dmost
two decades ago, our understanding of how the PYK-LTL system works has deepened
and many possble reasons have been suggested for the spectacular activity of P:M-
LTL. These ae i) there is an dectronic interaction between the zeolite and the Pt
metd,*™® i) sructurd parameters of the zeolite are responsible®® i) collimation
and head on interaction of n-hexane molecules and Pt occurs™ iv) carbon depogtion
over Pt is inhibited® and V) Pt is highly dispersed with high stability?®?” and vi) Pt
dusters are present in specific locations®®  Jentoft et al.* have observed that the

morphology of the zedlite LTL aso influences the performance of the catays.
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3. 2. EXPERI MENTAL

The dudies caried out on n-hexane aromatizaion over different akdi and
dkdine eath metd exchanged zeolites (LTL, BEA and FAU) ae presented in this
chapter. The influence of different exchanged cations (M) and zdlite type on the n-
hexane aromatization activity of Pt supported on the above zeolites is presented. The
influences of reaction parameters such as Weight Hourly Space Vdocity (WHSV),
Time On Stream (TOS), Pt loading and Hj: hydrocarbon (mol) retios in n-hexane
aomatization over the above catdyds ae dso reported. A rdationship between
cadytic activity and Hectivity for benzene and Sanderson  intermediate

dectronegativity is established **

3.2. EXPERIMENTAL

3.2.1 Materials and Catalysts: n-Hexane (> 99.0 % purity) was obtained from S.D.
Fine-Chem. Ltd., India High purity hydrogen gas (> 999 %) was obtained from
INOX ar products Ltd., India. Pt was loaded on ion exchanged forms of zeolites LTL,
BEA and FAU, [PtM-LTL, Pt-M-BEA and PtM-FAU where M= H, Li, Na, K, Rb,
Cs, Mg, Ca, & and Ba] and used in n-hexane aromatization. The detals of the catayst
preparation are presented in chapter 2 (section 21 and 2.2). Their physicochemicd
characterization is also presented in chapter 2 (section 2.3).

3.2.2. Reaction Procedure: The catdytic reactions were carried out in a fixed bed
down flow tubular dlica reector (15 mm id) of 35 cm length provided with a
thermowel. The cadys (2g) was used in the form of granules (10 — 20 mesh)
prepared by pdleting of the powders and crushing into the desred Sze. The cadys
was loaded in such a way tha the tip of the thermocouple (kept ingde the thermowell)
was a the center of the catalyst bed. The catayst was sandwiched by inert porcean

beads, which provided a more uniform flow didribution. The top portion of the
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porcdan beads additiondly sarved as a pre hegter zone to veporize the feed. A
condenser was attached to the outlet of the reactor, which was cooled by water
dreulaion from a cryostat maintained a gpproximately 277 K.

The reactor was placed insde a temperature-controlled furnace (Geomecanique,
France). The catayst was activated in N (30 ml min™) for 5h (773 K), cooled to room
temperature and reduced in H (30 ml min?) for 5 h a 773 K prior to carrying out the
reection a the desred temperature. The feed to the reactor conssted of a mixture of
hydrogen and n-hexane (molar ratio of 6:1). The feed was passed usng a syringe
pump (Braun, Germany) dong with hydrogen gas. The space velocity (WHSV based
on n-hexane) was 2 hl. The reaction products were andyzed in a Hewlett-Packard
(modd 5880) chromatogreph, equipped with a 50m capillay column (HP-5) and a
flane ionization detector. Product identification was done by compaing with

sandards.

3.3. RESULTS AND DISCUSSION

3.3.1. Studies over Pt-M-LTL:

3.3.1.1. Effect of nature of the exchanged metal ion on the aromatization of n-
hexane: The chemicd compostions and surface areas measured by the BET method
from Ne-adsorption are presented in Table 21. The CO; TPD profiles of the M-LTL
samples are presented in chapter 2 (Fig. 213). The pesk areas (on congtant weight
basis) increase in the order: Li <Na< K <Rb<Csand Mg< Ca< S <Ba —LTL.
The dove trend is exactly as expected; subdtitution by a more dectropostive metd
increases the badicity of the catdys. The Pt disperson vadues of the different PEM-
LTL samples determined by H, chemisorption are presented in chapter 2 (Table 2.15).

The disperson vaues are in the range of 0.5 to 0.9, the vaues being larger for the more
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basic samples. The transformation of n-hexane was carried out in the temperature range
of 673 to 823 K a amospheric pressure over dl the metd exchanged cadyds and a
commercia P:AIO; cadys a identicd conditions to compare their performances.
The results for the different catdysts at 733 K are presented in Table 3.1. Both
converson of n-hexane and benzene yidd increese in the case of adkdi exchanged
metal ions h the order: H < Li <Na< K <Rb<Cs. A smilar trend was aso observed
(converson increases down the row) in the case of the dkdine earth metds Mg < Ca
< Sr < Ba The G isomer fraction is less over PELTL than over P-Al,O3 (Table 3.1).
In the case of PtALOs, the isomerization of n-hexane is expected to take place by a
bifunctiond mechanism, while it occurs probably by a monofunctiond route through
Cs ring cosure and opening reections over PLTL.Y®  The presence of
methylcydopentane in the products suggests such a posshility.  The bifunctiond and

monofunctiond routes are shown in Scheme 3.1.

Mono functional / )\/\
Pt
_— 2-MP

/\/\/

e

Bifunctional

N S NNF —Add__ /+\7\/

/

Scheme 3.1: Cg-isomerization by mono- and bifunctional routes

2-MP  + 3-MP
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Table 3.1. Comparison of n-hexane aromatization activity of different akdi (dkdine earth)-LTL cataysts

Pt-M-LTL (0.6 %) where M = Pt-ALO3
H Li Na K Rb Cs Mg Ca S Ba

Conversion (%) 41 172 215 431 58.4 724 203 27 468 811 373
Product yield (wt%)

CitoCs" 1.2 0.7 1.2 25 1.3 15 0.9 1.3 2.5 0.6 35
i-Ce® 2.3 1.1 14 2.6 1.8 19 1.4 15 1.8 04 6.8
MCP’ 0.0 2.9 32 2.7 2.4 2.7 32 2.9 2.5 2.3 12
Benzene 0.3 6.3 91 301 46.1 59.1 9.3 112 359 732 32
Ce+ Aromatics 0.2 2.3 25 0.1 0.8 11 2.7 2.6 1.1 0.1 75
Others 0.1 3.9 41 5.1 6.0 6.1 2.8 3.2 3.0 45 151
Benzene selectivity” 73 366 423 698 78.9 816 458 493 767 902 86

Reaction conditions: Temp. 733 K, WHSV = 2h™; Pressure = 1 am.; TOS = 2h; Hxn-hexane (mol) = 6:1; # G-Cs = hydrocarbons from
methane to pentane $ = iso-hexanes manly 2 methyl pentane and 3 methyl pentane * = methyl cycdopentang ** = toluene + Xylenes
and + = benzene sdlectivity = wt of benzene/ wt of dl products X 100.
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3.3.1.2. Influence of duration run: The activity of the catdyst decressed rather
rgodly initidly upto about 6 h and then dowly with duration of run (dudied upto 16 h;
Hg. 31). The initid rapid loss of activity is probably due to the deectivetion of the
active dtes at the external surface or the more active ones.  All the data reported in the
following sections have been obtaned & a TOS of 2 h. The generd trends in the
reported data and the conclusons remain the same irrespective of the deactivetion
phenomenon. The changes in yidds of different products follow the same trend. The
deactivation may be due to coke depostion on active Stes and in the channds of the
zeolites?® The observation that the deectivation rate was lower when the experiment

was conducted at a higher Ho: n-hexane mole ratio (10) supports the above suggedion.

P
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Fig. 3.1. Influenceof thetime on stream on n-hexane aromatization over Pt-Cs-
LTL. (Reaction conditions: Temp. =733 K; WHSV = 2hl: Pressure=
1 atm.; Hz n-hexane (mol) = 6:1; see footnote of Table 3.1 for
definitions).

3.3.1.3. Relationship between Sy and conversion (and benzene selectivity) in the

aromatization of n-hexane: The high badcity of the LTL samples gppears to be most
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important factor responsble for the larger aromdization activity.  Besoukhanova et
al." reported that the activity of supported Pt in n-hexane aromatization is a function of
the badicity of the support. On a badc support, Pt is dectron rich, the richness arisng
from electron transfer from the basic O ions in the framework.)” The extent of the
electron tansfer from the lattice to the metal will depend on the net charge on OF ion
and the intermediate eectronegativity (Sn) of the zedlite Sy is inversdy proportiond
to the oxygen chage® The cdculated Sy vaues for the different catdysts are
presented in chepter 2 (section 2.3.10). The reationship between converson benzene
sectivity, oxygen charge and St in the case of PEM-LTL samples is presented in Fig.
32 A and B. As expected, both converson and benzene sdectivity incresse with
increesing oxygen charge (decreesng Syn). Two different (but smilar) trends are
noticed for the dkdi and dkadine eath exchanged catdysts. Even smdl changes in

oxygen chage (and Siy) daffect the peformance of the adkdine earth caadyss very

much.
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Fig. 3.2. A) Relationship between n-hexaneconver sion and Sint/ char ge on oxygen and

B) Relationship between benzene selectivity and S,/ charge on oxygen.
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3.3. RESULTS AND DI SCUSSI ON

3.3.1.4. Studies on Pt-Cs-LTL: Among the akai metd exchanged catayss, PtCs-
LTL and PtBa-LTL exhibit higher converson and aromatics sdectivity (Table 3.1).
The P-CsLTL cadys was investigated in greater detail and compared with other Pt
Cszeolites (BEA, FAU) and PEA LOs.

3.3.1.4.1. Influence of Pt content: The influerce of Pt loading (P-Cs-LTL) on

converson and benzene yidds @ 733 K is presanted in the Fig. 33. n-Hexane
converson increeses with Pt loading and becomes deady a about 06 wt %.
Converson increases more rgpidly with Pt loading a lower Pt leves (0.2 to 0.4 wt %).
Benzene yidd and sdectivity dso increase with Pt loading in a smilar manner.  Such a
flattening of activity with increesng Pt content has dready been reported by earlier
workers in the case of bifunctional catdysts such as P-AIO3 and has been attributed to
the reaction beng faster over the Pt dtes and the overdl reaction being limited by the

constant number of acid centers.

80_ L]

70-

60_

507 —u— Conversion
SIS —e—Bz .

30 —A—Cl-c5g.

2] —o—i-C, .

- —o—MCPsd.
101
0 T T T T T T T T

0.2 0.3 04 05 06 07 0.8
Pt Content (wt %)

Fig. 3.3. Influence of Pt loading on activity of Pt-Cs-LTL in n-hexane

aromatization. (Reaction conditions. Temp. = 733 K; WHSV = 2ht:
Pressure=1atm.; TOS = 2h; H,: n-hexane (mol) = 6:1 seefootnote of

Table 3.1 for definitions).
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The atanment of a maximum limit in the case of the monofunctiond resction in this

sudy is probably due to the high conversons (> 60 %) atained even a low Pt loading

(~ 0.4 wt %) and the presence of diffusion effects ingde the zeolite pores.

3.3.1.4.2. Influence of temperature: The influence of temperature on the conversion

of n-hexane, benzene yidd and benzene sdectivity is presented in Fig. 3.4. Converson

and benzene sdectivity increase with temperature.  The benzene sdectivity increases

upto about 733 K and reman more or less condant & higher temperatures. Due to

increased  hydrogenolyss of n-hexane over P, the yidd of C;-Cs increases with

temperature eventhough the sdectivity itsdf decresses due to competition from the

aromatization reaction.

90 80
80 70
704 60—
60 —a— Conversion 50 e Byvidd
o 50 o 1 — Bzyi
X ] —o—Bz. s X 40 C,C, yidd
S 40 ——C.-C. . = E R
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20.] —a— MCPsdl. 20
10_- 104
o] —.\\ —_— 0 :M: e
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Fig. 3.4. A) Influence of temperature on n-hexane aromatization over Pt-Cs-

LTL (0.6 wt % Pt) and B) influence of temperature on product yields,
(Reaction conditions: WHSV = 2h™; Pressure=1atm.; TOS=2h"; Hy:

n-hexane (mol) = 6:1; see footnote of Table 3.1 for definitions).

3.3.1.4.3. Influence of space velocity: The influence of space velodity on conversion

of n-hexane and benzene sdectivity a 733 K is presented in Fg. 35. Converson

119



3.3. RESULTS AND DI SCUSSI ON

decreases dowly with increasing feed rate (WHSV). Converson decreases from 79.7
% a a contact time (U/WHSV) of 2 hto 632 % a a contact time of 0.25 h.
Congdeing the eghtfold change in contact time, the change in converdon is rather
andl. Benzene sHectivity is nearly condant in the contact time range <Sudied.
Though hydrogenolyss sdectivity is larger a@ higher contact times sdectivities for i-

Cs and MCP decrease margindly (Fig. 3.5).
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Fig. 3.5. Effect of WHSV on n-hexane aromatization over Pt-Cs-LTL (0.6 wt %

Pt). (Reaction conditions: Temp. = 733 K; WHSV = 2h'; Pressure=1
atm.; TOS = 2h; H,: n-hexane (mol) = 6:1; seefootnoteof Table3.1for

definitions).

3.3.1.4.4. Influence of Hin-hexane (mal) ratio: In this study, the flow rae of H
(mol ratios) was varied keeping the feed rate of n-hexane congant. The conversion of
n-hexane decreases with hydrogen to hydrocarbon HC) molar ratio (Ho/HC) as shown
in Fig. 36. The decrease, could be due to space velocity effect as the totd number of
moles flowing through the catdys is more a higher HxHC raios. It could dso be due

to a Ho patid pressure effect. The hydrogenolyss products (Ci-Cs) and benzene
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3.3. RESULTS AND DI SCUSSI ON

sectivity increase margindly with molar ratio.  Sdectivity for MCP decreases
concomitantly with increese in i-Ce SHectivity. This suggests a rgpid hydrogenolyss

of MCP at higher H, partia pressures.

80 * * —_—
70 — —e— Conversion
60 —A—Bz .
—o—C-C, sd.
0 —a—iC, sl T
X
S g —s— MCPsd.
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4 3 - — 0
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Fig. 3.6. Theinfluence of H2:HC molar ratio on n-hexane aromatization over Pt-

CsLTL (0.6 wt % Pt). (Reaction conditions: Temp.=733K; WHSV =
2h™: Pressure = 1 atm.; TOS 2h; see footnote of Table 3.1 for

definitions).

3.3.1.4.5. Comparison with Pt-Al,O3: The results of n-hexane aroméatizetion over a

commercia PtAIO3 catdys are presented in Table 3.1. P-CsLTL produces many
times more benzene and benzene sdectivity is dso more than that over PEAIXO3 The
monometalic P-Cs-LTL catadyst is therefore more efficient as has been reported
earlier.®®  Examining Table 3., it is noticed that conversion is very low when Pt is
loaded over acidic L-zeolite (PtH-L). Interegtingly, benzene sdectivity is amilar to
that observed over PEAI0s.  The activity, ard more Sgnificantly, benzene sdectivity
rapidly increese on loading the zeolite with akdi ions. Two sats of trends are noticed,
one for the akai and another for the akaine eath dements P+-Cs-LTL is the most

active and sdective akadi metad loaded catdyst and BaPtLTL is the mogt active (and
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3.3. RESULTS AND DI SCUSSI ON

sective) dkdine eath loaded catdys, PtBa-LTL is more active and sdective than
CsPt-LTL. The benzene yields over PtCs-LTL and Pt-BaLTL ae 18 and 22 times
more than that obtained over PtAI,O3;. The typicd bifunctiond (PYAbO3) and
monofunctiond (PtK-LTL) routes for the aromatization of n-hexane are shown in

Scheme3.2.

Mono functional catalysis

_— +
/\/\/ -~

1,5 cyclization 1,6 cyclization

Bifunctional Catalysis

AN P /W—>A0id O = é
© Pt

Scheme 3.2 Themechanism of n-hexane aromatization by mono- and

bifunctional routes

Over bifunctiond cadyds, the fird and the last deps namey the dehydrogenation of
n-hexane and cycohexane take place over the medlic dtes and the isomerization
(cyclization) of hexane takes place on acid dtes  Over adidic caidyds, Sde reactions
uch as the isomerization and cracking of hexane dso occur through carbenium ion
mechaniams leading to lower benzene sdectivity. These acid catdyzed Sde reactions
are not dgnificant over badc catdysts and hence one would expect benzene sdectivity

to be larger. Besdes, coke formation is more over acidic catalysts on both the acid and
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metd dtes due to drong adsorption of dectron rich coke-precursors such as poly -
olefins and aromatics, it is found tha the adsorption of benzene (aromatic compound)
on Pt becomes weaker with increase in badcity of the support (chapter 4). These
reesons contribute additiondly to the better performance of Pt supported on basc

materials than PtAl2Os.

3.3.2. Studies over Pt-M-BEA:

3.3.2.1. Effect of nature of the exchanged metal ion on the aromatization of n-
hexane: The chemicad compostions and BET surface areas measured from No-
adsorption are presented in Table 2.2 (chapter 2). There is a decrease in surface area
with cation exchange on going down the row of akai and akadine earth metds. The

CO2 TPD spectra of the MBEA (M = Li, Cs and Ba) samples are presented in chapter
2 (Fig. 215 A). The aress of the peaks (on condtant weight bass) increase in the order:
Li <Ba< Cs — BEA. The Pt dispersion values of different P-M-BEA samples were
determined by H> chemisorption and are adso presented in chepter 2 (Table 2.15). The
disperdon vdues are in the range of 55 to 93 %, the vaues being larger for the more
basic samples.

The cadytic peformance of Pt-M-BEA samples in the transformation of n-
hexane was evduated at atmospheric pressure at different process parameters. These
results are compared with those obtained over commercid P-Al,O3 and PtCs-LTL
cadyss. The reaults for the different catalysts (Pt-M-BEA; M = H, Li, Na, K, Rb, Cs,
Mg, Ca, S and Ba) obtained a 733 K a a time on stream of 2 h are presented in Table
3.2. A compaison of the activities indicates thet it is in the order: Li < Na< K < Rb <
H < Csand Mg < Ca< S < Ba, the activity of PLCsBEA and Pt-Ba-BEA being more

than the other cation exchanged BEA samples. The benzene yidld and sdectivity dso
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increese in the same order as above expected for the H-form, which is the lesst
SHective one.

3.3.2.2. Influence of duration run: The activity of the caldyst decreased rather
rgpidy upto 2 h and then dowly with passsge of time (Sudied upto 12 h; Fg. 3.7).
The initid fast deectivation is probably due to the deectivation of Pt dtes a the
extend surface. Ealier, Iglesa and Baumgatner had atributed the initid repid
deectivation of P-CsBEA cadysts during n-hexane transformation to the presence of
larger Pt particles on the externd surface of the zeolite crysdlites or at the entrance of
the pores® Benzene sdectivity goes through a maximum with time on stream while i
Cs decreases. The decrease in #Cg may be due to coke depodtion on the resdud acid
Stes suppressing the acid catalyzed n-Cg isomerization.? It was found that PtCs-BEA
and Pt-Ba-BEA are more resstance to catdytic deactivation compared to other cation

exchanged zeodlites (M-BEA).
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Fig. 3.7. Influence of time on stream on n-hexane aromatization over Pt-Cs-
BEA. (Reaction conditions: Temp. =733 K; WHSV = 2h™: Pressure=
1 atm.; Hz2 n-hexane (mol) = 6:1; see footnote of Table 3.2 for
definitions).
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Table 3.2. Comparison of n-hexane aromatization activity of different Pt dkdi (dkadine earth) -BEA catalysts

Pt-M-BEA (0.6 %) whereM =

Li Na K Rb Cs Mg Ca S Ba
Conversion (%) 72.8 57.2 &0 68.4 70.7 751 604 673 704 77.3
Product yield (wt%)
CitoGs' 37.8 118 20.1 16.4 138 161 187 174 157 11.8
i-Ce® 22.3 259 214 224 232 212 190 209 214 20.6
MCP’ 2.1 22 21 2.7 2.1 20 34 3.7 20 31
Benzene 5.5 144 15.1 24.9 29.3 P2 162 218 279 35.8
Ce+ Aromatics” 3.9 18 03 14 1.8 1.3 09 0.8 1.9 2.6
Others 1.2 11 10 0.6 05 23 24 2.7 15 14
Benzene Selectivity” 7.6 251 25.2 36.4 41.4 429 268 324 396 46.3

Resaction conditions Temp. 733 K, WHSV = 2h™; Pressure = 1 atm.; TOS = 2h; Hyn-hexane (mol) = 6:1; # G-Cs = hydrocarbons
from methane to pentane; $ = iso-hexanes, mainly 2 methyl pentane and 3 methyl pentane * = methyl cycdopentane ** = toluene
+ xylenes and + = benzene sdectivity = wt of benzene/ wt of dl products X 100.

12¢



3.3. RESULTS AND DI SCUSSI ON

The deectivation of the catdyds atributed to the depodtion of coke depends on the
type of caion and on the locdization of the Pt paticles on the support, as discussed by
earlier workers. 3%

3.3.2.3. Relationship between Sy and conversion (and benzene selectivity) in the
aromatization of n-hexane: In the case of P-M-BEA a0, the activity (except for Pt
H-BEA) and benzene oHectivity ae inversdy proportiond to the intermediate
dectronegativity. >’ The vaues of Siy and charge on oxygen are presented in chapter
2, Table 214. The rdaionships between converson, benzene sdectivity, oxygen
chage ard Snt in the case of PEM-BEA samples are presented in Fig. 38. The
Jetailed product digributions obtained over P-M-BEA are presented in Table 3.2. It is
seen that both n-hexane converson activity and benzene sdectivity increese in the
same order as basicity of the support (M-BEA): Li < Na< <K <Rb < Csand Mg < Ca
< S < Ba In the case of P-H-BEA, the converdon is very high (72.8 %), but benzene
sHectivity is low (7.6 %). Mog of the converted n-hexane is cracked over the acid
stes into C1-Cs (37.8 %) or isomerized (223 %). In comparison, it is found that
converson is 77.3 % over PtBaBEA and benzene sdectivity is 46.3 %. It is ds0
observed that the increase in benzene sdectivity with badcity is associated with a
concomitant  decreese  in - hydrogenolyss  hydrocracking (Ci-Cs  formation),
isomerization (-Ces formation) and other products It is dso obsarved that benzene
sectivities are lower over PEM-BEA cadysts than over PEM-LTL catalysts
eventhough conversons are more over the BEA catdysts. The reason is mainly the
gregter acidity of the BEA system compared to the LTL system. Due to the lower
S/Al rdio, dkdi (dkdine earth) meta content is more in LTL meaking it more basc.
The lager acidity of BEA is dso respongble for the larger yidd of C;-Cs through

cracking reactions (Table 3.2).
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Fig. 3.8. A)Redationship between n-hexane conversion and Sin¢/ char geon oxygen and

B) Relationship between benzene selectivity and Sint/ char ge on oxygen.

3.3.2.4. Studies on Pt-Cs-BEA: As the Pt-Cs-BEA catays was the most active and

sective akali exchanged catay, it was further investigated in detail.

3.3.2.4.1.

Influence of Pt content:

The influence of Pt loading on converson and

benzene sdectivity a 733 K is shown in Fig. 39. Converson increases with increase

in platinum content from 0.2 to 0.4 wt % &d reaches a nearly congtant vaue a higher

Pt loadings (Fig. 39).

Benzene sHectivity increases margindly with Pt loading in the

02 to 04 % range and remans condant a higher loadings. The isomerization (i-Cg

and MCP formation) is dso only marginaly affected. G-Cs sdectivity decreases with

increesing Pt loading upto about 04 wt %, a dight minimum being noticed a this

loading. Wile the decrease in the early dages is atributed to competition from the

aomdization reection, the dght increese a loadings beyond 04 % might be due to

greater hydrogenolyss over the Pt metd.
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Fig. 3.9. Influence of Pt loading on activity of Pt-Cs-BEA in n-hexane

aromatization. (Reaction conditions: Temp. = 733 K; WHSV = 2h™;
Pressure=1atm.; TOS = 2h; H,: n-hexane (mol) = 6:1; seefootnote of
Table 3.2 for definitions).

3.3.2.4.2. Influence of process parameters: The influence of temperature, space

velocity (WHSV) and H: n-hexane mole ratios are presented in Fg. 3.10 to 312. An
increese in the temperature (673 to 823 K) increases the conversion of n-hexane
rgpidly. The sdedtivities for dl the products dso increese, the C1-Cs and i-Cs
sHectivities increasng more rapidly than benzene sdectivity. The sdectivity for MCP
is smdl (< 2 %) and nearly unaffected by temperature (Fig. 3.10). Converson
incresses dightly with contact time. It is about 59.7 and 729 % a WSHV (HY) of 4
and 05, regpectivdly. Benzene sdectivity decreases while +Cs sdectivity increases
with increasng WHSV. The sdectivities for MCP and G-Cs reman nealy congtant
(Fig. 311). n-Hexane converson and benzene sdectivity go through maxima with
increese in hydrogen to hydrocarbon mole raio (H2:HC) as shown in Fig. 3.12. The
resson for this behavior is not clear, though a combined effect of lower deactivation at
higher H, patid pressure and lower activity due to larger effective WHSV (see

discussion in the case of P-Cs-LTL) could be responsible.
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Fig.3.10. Influenceof temperatureon n-hexane conversion over Pt-CsBEA (0.6
wt % Pt). (Reaction conditions: WHSV = 2h!: Pressure = 1 atm.;

TOS = 2h; Hz n-hexane (mol) = 6:1; see footnote of Table 3.2 for

definitions).
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Fig.3.11. Effect of feed rate (WHSV) on n-hexane aromatization over Pt-Cs-

BEA (0.6 wt % Pt). (Reaction conditions. Temp. =733 K; Pressure =
1 atm.; TOS = 2h; H2: n-hexane (mol) = 6:1; seefootnote of Table 3.2

for definitions).
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Fig.3.12. The influence of Hx:HC molar ratio on n-hexane aromatization over
Pt-Cs-BEA (0.6 wt % Pt). (Reaction conditions. Temp. = 733 K;
WHSV = 2h™; Pressure=1atm.; TOS = 2h; seefootnote of Table 3.2

for definitions).

3.3.2.4.3. Comparison with Pt-Al>,O3: The results of n-hexane aromatization over a

commercid Pt-Al203 sample containing 0.6 wt % Pt are presented in Table 3.1. PtCs-
BEA produces many times more benzene than Pt-Al,O3 through not as effectivdy as
Pt-Cs-LTL.

Comparing PtAl203 and PtCs-BEA, the converson is 37.3 % on the former
cadys and 75.1 % over the later catdyst; the benzene yidds are 3.2 and 322 %,
respectively for the two catdyds.  Interestingly, i-Ce and C;-Cs yidds are more over
Pt-Cs-BEA. This may be due to the presence of resdud acid dtes of larger strength
than Pt-Al O3 or due the activity of the metadic function in P-Cs-BEA. The important
point to note is tha PEAI,O3; produces more Cgt+ aromatics and other compounds

(mostly Cg+ aromatics) compared to the basic catalyst.
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3.3.3. Studies over Pt-M-FAU:
3.3.3.1. Effect of nature of the exchanged metal ion on the aromatization of n-
hexane: The chemicd compostions and BET surface areas measured from No-
adsorption are presented in Table 23.  The CO,-TPD profiles of the MFAU samples
are presented in chapter 2 (Fig. 215 B). The areas of the pesks (on congtant weight
basis) increase in order: Li < Ba< Cs - FAU. The Pt dispersion vaues of PEM-FAU
samples were determined by H, chemisorption and presented in chepter 2 (Table 2.15).
The digperson vaues are in the range of 45 to 70 %, the vaues being larger for the
more basic samples.

The cataytic performance of the P-M-FAU catayds in the transformation of
n-hexane was evduated a 673 to 823 K a 1 amospheric pressure, at different Pt

loadings, different H2/ hydrocabon molar ratios and various space veocities. These

results are compared with those obtained over PEALO3; PtCs-BEA and P+CsLTL.
The reaults for the different P-M-FAU (M = H, Li, Na, K, Rb, Cs, Mg, Ca, S and Ba)
catayds obtained a 733 K a a time on stream of 2 h are pesented in Table 3.3. A
comparison of the activities indicates that the activity is in the order: H < Li < Na< K
<Rb<Csand Mg < Ca< S <Ba The activity of PtCs-FAU and PtBaFAU ismore
than tha of the other cation exchanged samples (M-FAU). The benzene yidd and
sectivity dso increase in the same order, expect for S-FAU, which posses a dightly
larger sdectivity that BaFAU. The over al activity of PEM-FAU is less than Pt-
AlL,O3 but benzene sdectivity is more than the latter cadys. Comparing the three
types of zedlite cadyds, the order of aromatization sdectivity is found to be P:M-
LTL > Pt-M-BEA > PtM-FAU.¥

3.3.3.2. Relationship between Sj,;and benzeneconver sion (and benzeneselectivity)

in the aromatization of n-hexane: The rdationship between S/ oxygen charge and
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n-hexane converson/ benzene sdectivity for P-M-FAU samples are presented in Fig.
313. The results are Smilar to those observed earlier for the PEM-LTL and Pt-M-
BEA samples. Again, the influence of Sy (and oxygen charge) on conversdon is more
sgnificant for the dkdine earth samples.

3.3.3.3. Studies on Pt-Cs-FAU: Among the dkdi meta exchanged catayss PtCs-

FAU was more active and more sdlective. This catdyst was therefore investigated in

gregter detail.
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Fig. 3.13. A) Relationship between n-hexane conversion and S,/ char ge on oxygen
and

B) Relationship between benzene selectivity and Si/ charge on oxygen.

3.3.3.3.1. Influence of Pt content: The influence of Pt loading on converdon of n-

hexane and benzene Hectivity a 733 K is presented in the Fg. 314. Converson
increases with Pt loading and reaches a steady state at about 0.6 wt % Pt (Fig. 3.14).

Similarly, benzene sdectivity dso increases with Pt loading and reaches a near steady
date about 0.4 % Pt. The results are Smilar to those observed in the case of P-M-LTL

and PtM-BEA.
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Table 3.3. Comparison of n-hexane aromatization activity of different Pt dkdi (akaine earth)-FAU cataysts

Pt-M-FAU (0.6 %) where M =

H Li Na K Rb Cs Mg Ca S Ba
Conversion (%) 3.4 8.1 124 15.1 16.2 17.1 10.2 11.3 15.6 18.1
Product yield (wt %)
Ci1t0Gs" 2.3 2.2 2.5 2.1 1.9 14 2.3 24 2.1 1.9
iCe® 0.7 0.9 1.3 24 1.8 1.0 1.3 15 1.9 0.3
MCP’ 0.2 1.2 2.1 2.7 2.4 24 1.4 17 1.0 33
Benzene 0.0 24 5.2 7.3 9.2 8.9 4.0 4.7 7.4 8.1
Ce+ Aromatics” 0.1 0.4 0.6 0.3 0.5 1.1 0.3 0.7 0.8 0.1
Others 0.1 1.0 0.7 0.3 0.4 2.3 0.9 1.3 25 44
Benzene selectivity™* - 29.6 41.9 483 56.8 52.1 39.2 416 474 44.8

Reaction conditions Temp. 733 K; WHSV = 2h™; pressure = 1 am.; TOS = 2h; H:n-hexane (mol) = 6:1; # G-Cs = hydrocarbons from
methane to pentang; $ = isohexanes, mainly 2 methyl pentane and 3 methyl pentane * = methyl cyclopentane ** = toluene + xylenes ad +
= benzene SHectivity = wt of benzene/ wt of dl products X 100.
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Fig. 3.14. Influence of Pt loading on n-hexane aromatization over Pt-Cs-FAU.
(Reaction conditions: Temp. = 733 K; WHSV = 2ht Pressure=1
atm.; TOS=2h; H2: n-hexane (mol) = 6:1; seefootnote of Table3.3for
definitions).

3.3.3.3.2. Influence of process parameters: The influence of temperature on the

converson of n-hexane and product sdectivities is presented in Fg. 3.15. Converson
increases  with temperature, but benzene sdectivity goes through a maximum.
SHectivities for C;-Cs and i-Cg increase with temperature while that for MCP
decreases.  The influence of space velocity on the converson of n-hexane and product
sectivities is presented in Fg. 3.16. Converson of n-hexane decrease with increasing
feed rate. Benzene selectivity goes through a maximum at WHSV (H') = 2. This trend
is probebly due to increased hydrogenolysis sdlectivity a lower WHSV (W) = 05 and
increased i-Ce formation & higher WHSV. The influence of HzHC molar ratio is
shown in Fig. 317. Both converson and benzene sdectivity go through maxima a an
intermediate vaue of H:HC ratio. The trends are smilar to those observed for PEM-

BEA.
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Fig. 3.15. Influence of temperature on n-hexane conversion over Pt-Cs-FAU
(0.6 wt % Pt). (Reaction conditions; WHSV = 2h™; Pressure =1

atm.; TOS = 2h; H2: n-hexane (mol) = 6:1; see footnote of Table 3.3

for definitions).

A
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Fig.3.16. Influence of feed rate (WHSV) on n-hexane conversion over Pt-Cs-
FAU (0.6 wt % Pt). (Reaction conditions: Temp. =733 K; Pressure =
1l atm.; TOS = 2h; Hy: n-hexane (mol) = 6:1; seefootnote of Table 3.3

for definitions).
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Fig.3.17. Influence of H;HC molar ratio in n-hexane aromatization over Pt-Cs-
FAU (0.6 wt % Pt). (Reaction conditions: Temp. = 733 K; WHSV =
2h™ Pressure = 1 atm.; TOS 2h; see footnote of Table 3.3 for
definitions).

3.3.3.3.3. Comparison with Pt-Al>Qs: The results of n-hexane aromatization over a

commerciad PrAlO; sample containing 06 wt % Pt is presented in Table 3.1
Converson of n-hexane is less (17.1 %) over PtCs-FAU than over PEAIO3 (37.3 %).
However, the yidd of benzene is more (8.9 %) over the former catdys than over the
latter catayst (3.2 %). However, comparing P-Cs-FAU with the corresponding LTL

and BEA catdydts, it isthe less active and selective.

3.4. CONCLUSIONS

Among the zeodlites invedigated, LTL is more active for n-hexane
aoméatization. The activities are in the order: PtM-FAU < Pt-M-BEA < PtM-LTL.
Converson of n-hexane increases with the basicity of the samples in the order: Li < Na
<K <Rb<Csand Mg < Ca< & < Ba Benzene sdectivity aso increases with

baescity in the aove order. Cracking and isomerization reactions occur over on less
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besc caidyss. The activities and sdectivities of the different catdyss corrate well
with Snt and charge on oxygen, which quantify their basicity. The sudies reved that
badcity (electronic properties) and dructurd factors are important in determining the

aromdization activity and sdectivity of Pt supported on zeolites.
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CHAPTER 4

Nn-HEXANE AROMATIZATION
OVER LTL, BEA AND FAU
ZEOLITES: MOLECULAR

MODELING STUDIES
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4.1. INTRODUCTION

Information on both the strength and number of basic dtes in basic zedlites is
important in designing cadysts'® The charge on framework oxygen ions in zeolites
characterizes their besicity and may be cdculaed as for any other compound.®®
Charge on the oxygen ions is rdated to the chemicad compostion (Al content, cation
identity and number of cations) as wel as bond angles and bond lengths in the
dructure.  Many researchers have caried out theoretical caculations on the acidity/
besicity of zeolites™® using ab initio or semi empirica approaches. It has been shown
that the charge on oxygen is larger as the S-O-Al angle becomes narrower and the T-O
distance is longer.! The introduction of dements other than S will change not only the
electronegativity but dso the bond angles and lengths and the charge on the oxygen.
The lowest oxygen charge is obtaned for H forms of zedlites Ab initio cdculations
peformed on smdl cuges shows tha the absolute vadue of the charge on oxygen
(basicity) increases for the cationic forms of the zeolites in the order H < Li < Na< K <
Rb<Cs®

Mortier'® was the firgt to introduce the concept of intermediate e ectronegativity
(Sint) for zeolites It reflects the mean eectronegetivity reached by dl the aoms in the
materid. Sy and oxygen charge are inversdy rdated. Even when assuming that the
right atom eectronegativity values are used in the cdculations, it has to be redized tha
the gpproach takes into account only the chemicd compostion of the zeolite and
structural effects are not considered.”

Besoukhanova et al! have shown tha the activity of Pt supported on LTL
zedlite in benzene hydrogenaion and n-hexane aomatization increases with the
basicity of the ion (Cs > Rb > K > Na > Li) exchanged in the zedlite. They have dso

showed a rdationship between activity and benzene sdectivity (in n-hexane
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4.2. CLUSTER MODELS AND METHODOLOGY

aomatization) with Sy of the support (M-LTL). Based on the vibrationa frequency
shifts of CO adsorbed on Pt as obsarved in the IR spectrum, the authors have
concluded that the Pt partides interact dectronicaly with the OZ ions in the latice?
Larsen and Hale® have dso made smilar condusions based on their studies on
benzene and toluene hydrogenation. The framework dructurad effect of the LTL
zeolite has dso been reported to be responsble for the exceptiond dehydrocydization
activity of the PtLTL. Larsen and Halle have aso suggested that the electron rich
nature of Pt in P:K-LTL is respongble for its greater S sengtivity in contrast to the
greater Stolerance of PEH-FAU in which the Pt is electron deficient.?
In this chepter, the am is to goply molecular modding tools for understanding

and improving catalysts for arometization. They are:

1) to <udy theinfluence of zeolite framework structure

2) to dudy theinfluence of extra-framework cations

3) tosudy theinfluence of location and Sze of Pt cluster

4) toidentify the active Stes

5) toexaminetheroleof Sand

6) to correate the properties of the catalyst to their performance

4.2. CLUSTER MODELS AND METHODOLOGY

The dealed destription of the methodology used in the cdculations over
different cluster modds is presented in chapter 2 (section 24). Ab initio HF methods
have been usad to dudy the dectronic properties of the cluser modes of zeolite LTL,

BEA and FAU. The effective core potentid (ECP) bass sets are used in the
cdculation. The raionde for the choice of the cluser modds of zeolite LTL, BEA and

FAU is described in chapter 2 (section 2.6.1 to 2.6.3, respectively).
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4.3. RESULTS AND DISCUSSION

4.3.1. Studies on LTL Zeolite: The LTL zeolite cluster models were generated from
the reported literature crystl data by Barrer and Villger.?* The framework structure of
LTL zedlite is shown in Fig. 220. The cduser modd is described in detall in chepter 2
(section 2.6.1). The framework gructure of LTL contains 6, 8 and 12-M rings. The
diameter of 12-MR in LTL is 7.4 A. There are fou types of nonframework cationic
stes A, B, C and D® (Fig. 220). Site D has been used for locating the cation as
cdions in Ste D are mogt eesly exchanged and they are exposed to reactants diffusing
through the main 12-MR channd of LTL. The molecuar fitting of Pt clusters near
caion gte D inthe 12-MR channel is described in chapter 2 (section 2.8.1).

4.3.1.1. Location of Al substitution in LTL framework: The cluser modd used in
this sudy and the location of the T dtes are shown in Fig 41 The unsaturated
vaences of the termina oxygen atoms are saturated with hydrogen a@oms. The O-H
distance has been kept as 1.03 A and the vector of the OH bond has been kept the
same as the OS bond of the latice The isomorphous substitution of AP with Si*
creates a negative charge. The excess negative charge of the cluster modd was
compensated by cations (M, and/or M) located a dte D. The influence of duminum
subdtitution a different T dtes in the cluser modd on the totd energy of the cluster
and the charge on the Al ion was caculaied and the results are presented in Table 4.1.

Four T; and four T, sites are present in an 8MIR2* It is observed that the subdtitution
of Al aom a T; pogtion is energeticdly the mogt favored (Table 4.1) subdtitution.
The presence of two Al aoms in suiteble T1 and T2 dtes was adso consdered, as
dlowed by the Lowengen rule. It is observed that the location of two Al aoms a the
fathest T, pogtions is energeticdly the most favorable (Table 4.1) one.  According to

4-25

the crystal structure reports?*? these T1 sites are common to the 12-MR channel also.
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Table4.1. Aluminum substitution at different T Stesin LTL?

Stes Totd energy (au.) Chargeon’ Al
Tiaor T.d -414.5411 158
T/bor Tic -414.5401 153
Toaor Tod -414.5411 14
Tobor T -414.5401 153

Tiaand Tob -412.7176 154,155
Tiaand T1C -412.7480 158, 156
Taand T,d -412.7531 157,154
Tiaand T2C -412.7234 155,157
Tiaand Tod -412.7073 154, 157

aCluster = [SFAIO24H 14 (Fig. 4.1) or [SigAl20 »H16] and > Mulliken population

(atomic charge).

4.3.1.2. Influence of exchanged cations in M, location: A cluster modd
representing an 8-MR encompassing Ste D for the location of extraframework cations
is conddered. The dtuation, wherein one of the S in Ste T is replaced by Al (asin
above sction 4.3.11) and the resulting negative charge is compensated by different
extra-framework cations is examined. The locations of cations were fixed a a distance
from the bridging oxygens present in dte D (M) and the modd is shown in Fig. 4.2.
The sum of the ionic radii of M* and O% was chosen as the distance for locating the
cdaion. The doichiometry of the cduster modd used is [M|Si7AIOxH1g. The
eectronic properties of this cluser modd for different cations [where M| = H, Li, Na,
K, Rb, Cs, Mg(OH), Ca(OH), Sr(OH) or Ba(OH)] were caculated and listed in Table
42. For the dkdine earth caions, the univalent M(OH)" species were used in the
cdculaions. The ease of cation exchange for different cations is approximately related
(inverdy) to the binding energy of the caion (M, or M), which is cdculated

according to equetion (4.1). The binding energy of the cations (M) to the zeolite
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OoH e0 ©T

Fig. 4.1. Molecular graphicspicture of 8-MR cluster of zeolite-L TL consider ed for
abinitio calculations.

oH @0eM@MIe Aleg Si

Fig. 4.2. Molecular graphics picture of 8-MR cluster of zeolite-L TL showing the
distribution of Si and Al sites as well as extra-framework cations M, and
M -
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Table4.2. The dectronic properties of the dluster model, M-LTL?

Alkdi metds Totd energy B.E.° Net charge® on
M, My (au) (keal/mol) M, / My
H - -414.9823 -179.2367 0.36
Li - -414.8107 -169.1741 0.67
Na - -414.7877 -154.7412 081
K - -414.7528 -132.8421 0.87
Rb - -414.7815 -150.8610 091
Cs - -414.7503 -131.2731 0.87
Mg(OH) - -431.4606 -127.9067 133
Ca(OH) - -431.3683 -1202586 166
Sr(OH) - -431.2814 -111.5433 176
Ba(OH) - -431.2150 65,0826 181
- H -414.8578 1985711 049
- Li -414.7896 -155.9341 074
- Na -414.7575 -135.7912 084
- K -414.7815 -150.8510 091
- Rb -414.7179 -110.9417 097
- Cs -414.7086 -105.1060 097
- Mg(OH) -4315238 -1475331 143
- Ca(OH) -431.4183 -151.6002 171
- Sr(OH) -431.2930 -1188170 178
- Ba(OH) -431.2718 -100.6964 182

& Clugter: [M/M1Si7AIO24H 5], where M and My are the cations present in locations |
and Il of steD. P cdculaed according to equation (4.1) given in text; © Mulliken
population (atomic charge).

cluster decreases from H to Cs (except Rb) and Mg(OH) to Ba(OH) (Table 4.2). The
results confirm the generd obsarvaion in zeolite chemigry tha the exchange of

smdler ions by larger ones (of the same charge) becomes more difficult with incresse

145



4.3. RESULTS AND DI SCUSSI ON

in the gze of the latter ion. The net charge on M, increases linearly with the sze of the

cation.
B.E.= T.E. {{M /MuSi7AlO24H 1] - { T.E. [StAIO2H1d + T.E. [MiM1]"} 4.1)

4.3.1.3. Influence of exchanged cationsin M location: CationicSteD ispardld to
the 12-MR channd.?*?® The 8MR wheréin one of the slicon T ste is replaced by
duminum and the reaulting negative charge is compensated by an extraframework
caion present in gte D (M) [stoichiometry is M Si7AIO2H 5] is shown in Fig. 4.2.
The dectronic properties of this cduger modd, [where M, = Li, Na, K, Rb, Cs,
Mg(OH), Ca(OH), Sr(OH) and Ba(OH)] are presented in Table 4.2. In generd, from
Li to Rb and Mg(OH) to Ba(OH), the net charge increases with the size of the metd
ion (except Rb @Cs). The binding energy of the cations to the zeolite cluster decreases
from Li to Cs and Mg(OH) to Ba(OH). The binding energy of M with the LTL
zeolite duder is dightly more then for M, in the case of the dkdine earth ions
uggesting a sronger binding (more sable) with the clugter. In generd, dkdi ions and
H™ appear to be more stable in site D (M) than D (M).

4.3.1.4. Influence of exchanged cations in M| and M, locations: A cluster modd
containing sx dlicon and two Al a@oms 0 as to Smulae the typicad compostion of
LTL with S/Al = 3 has been chosen for the caculations. In this modd, both M; and
M ae presant in Stes D (Fig. 42).  Vaious combinations of adkai and akdine earth
metas have been located in the two cation stes: i) both (M, and M,)) ions are the same
(Li to C9 and ii) kesping M, as K and changing M;; from Li to Cs and Mg(OH) to
Ba(OH) (as LTL is generdly synthesized in the K-form) (Fig. 4.2). The dectronic
properties for dl the clusters were cdculated and are presented in Table 43. The

binding energies were cal culated according to equation (4.2).

B.E=T.E. {[M |M||Si5A|2024H 15] - {TE [Si6A|2024H]_6]2- + T.E. [M|]++ [M||]+} (42)
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Table4.3. The dectronic properties of the cluster modd, M-LTL?

Alkdi metas Totd energy B.E® Net charge® on
M, M (au) (kcal/mol) M M
H H -4134231 -357.2521 042 038
Li Li -413.3554 -317.0058 072 0638
Na Na -413.2083 -342.1129 075 081
K K -413.229 -299.0036 086 085
Rb Rb -413.2477 -310.3614 087 091
Cs Cs -413.2129 -2885244 083 088
K Li -413.2762 -328.2762 072 067
K Na -413.2500 -311.8047 073 083
K K -413.33% -299.0036 075 09%
K Rb -413.2455 -308.9810 086 091
K Cs -4132193 -292.5405 086 083
K Mg(OH)  -429.9658 -266.9385 0% 140
K Ca(OH) -4298014 -2654952 095 169
K SI(OH)  -429.78%0 -236.5675 096 176
K Ba(OH) -429.7432 -226.2765 0% 182

* Clugter: [MiMiSisAl204H16] where M; and My are the cations present in site D
(details of this duster are shown in Figs 220 and 4.2); P Binding energy calculated
according to equation (4.2) given in text; © Mulliken population (stomic cherge).

When both M; and M;, are the same, the binding energy of the akdi metds
increases with increasng sze of the ion from Li to K. It decreases in the case of Rb
and increases again for Cs (Table 4.3). When M, is K, the binding energy increases
deadily with increesing sze of the dkdi and dkdine earth ions (Table 4.3). The net

charge on M| and My dso increase down the row (Table 4.3), the increase being less
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marked for M;. The charge on the metd ion increeses more in the case of My,
especidly for the dkdine earthions.

4.3.1.5. Electronic structure of Pt in the vicinity of M;: A dngle platinum aom has
been located indde the M-LTL cluster [PtMMiSkAl2024H16] by a suitable cluster
modd (shown in Fig. 4.3). Given the large size of the platinum aiom (2.77 A), it can
be present only indde the 12MR channds. The plainum atoms present indde the 12-
MR channd ae easly accesshle to the diffusng reactant (n-hexane) molecule. The
distance between the Pt and M is fixed as the sum of the radii of Pt and the akai metal
cdion. The dectronic properties were derived, sysematicdly by varying My from H,
Li to Cs and Mg(OH) to Ba(OH) and locating a single Pt atom above the cation. The

binding energy of Pt or Pts with the M-LTL cluster was calculated from equation (4.3).

B.E.=T.E. [PUP%M|M||S|5A|2024H16]'{TE [M|M||S|QA\|2024H16] +T.E. [Pt/Pt5]} (43)

When a sngle Pt atom is located in the LTL cduster modd, the trend in binding
enagy corrdaes with the binding energy of the dkdi med to the zedlite duster, that
is it decreases with increesing Sze of the cation (Table 4.4). The dectron densty on
plainum increeses as the cation varies from Li to Cs and Mg(OH) to Ba(OH),
indicating a decrease in trandfer of eectrons from Pt to the support with cation sze. In
some cases, there is an actua net trandfer of eectronic charge from the support to the
Pt (Table 4.4). The dectronic properties of Pt were extremely sendtive to the distance
between Pt and the LTL surface. The dectron dendty of platinum in these modds
increases in the order, Li < Na< K < Rb < Cs and Mg(OH) < CaOH) < Sr(OH) <

Ba(OH).
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Table 4.4. The electronic properties of the cluster model, PEM-LTL?

Cdtions Totd energy B.E" Net charge®on
M, My (au) (kcd/mal) M, My Pt
H H -532.1657 -134578 051 0.32 0.56
Li Li -532.1657 -8.9105 0.70 044 0.33
Na Na -532.0647 -4.6435 0.73 0.79 0.10
K K -532.0293 -2.5687 0.80 0.79 0.02
Rb Rb -532.0571 -25180 0.82 0.86 -0.08
Cs Cs -532.0162 -0.6902 0.82 0.92 -0.18
K Li -532.1102 -7.1234 0.79 0.56 0.19
K Na -532.0831 -2.9312 0.80 0.78 0.08
K Rb -532.0545 -25321 0.81 0.86 0.02
K Cs -532.0317 -2.3954 0.80 0.89 -0.01
K  MgOH)  -5488214 -334818 095 120 022
K Ca(OH) -548.7344 -255816 0.96 137 018
K Sr(OH)  -5486359 -22.38%9 09 160 009
K Ba(OH)  -5485688 -146718 09%6 174 007

& Clugter: [Pt:M M SigAl,024H16], where M and M), are the cations present in site D
(detalls of this cluser are shown in Figs. 2.20 and 4.3); b Binding energy of the Pt atom
to the duder is cdculaed according to equation (4.3) given in text; © Mulliken
population (atomic charge).

4.3.1.6. Electronic structure of Pts in the vicinity of M;;: The cluster modd with the
goichiometry [Pts:M M SAl,O24H1g] is shown in Fig. 44. The eectronic properties
of [Pts:MMSisAl2024H1¢] were derived by sysematicdly vaying Mi and My as
desribed  in section 4312 and 4313 The binding energy of P in
[PsM M SisAlO»H16] clusters was again caculated accordng to eguation (4.3). The

results of the calculations are presented in Table 4.5.
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The following observations are made from the results given in Teble 45. The
postive charge on M isin the order Li < Na< K < Cs < Rb and on My ds0o it increases
from Li to Rb (~ Cs) when the same dement occupies M, and M, positions. When M
is kept as K and M, is varied from Li to Cs, the charge on M, increases in the order, Li
> Na> K > Rb > Cs. The positive charge on M; in the case of the dkaine earth metas

isin the order, Mg(OH) ~ Ca(OH) < Sr(OH) < Ba(OH) (where M; isK).

Table 4.5. Electronic properties of the cluster model, Pls-M-L TL?

Alkdi metds Totdl energy B.E’ Net charge® on

M My @y (kcal/mol) M M p¢
H H -1007.7687  -37.6727 034 0.64 060
Li Li 10074354 -38.9477 024 073 039
Na Na -1007.3933  -36.3322 051 0.83 031
K K -1007.3791  -320732 058 0.87 002
Rb Rb -1007.3857 -31.3851 0.70 093 000
Cs Cs -1007.3400  -24.4947 059 097 -001
K Li 10073926 -36.335 051 0.76 010
K Na -1007.3550  -32.7355 052 0.87 003
K Rb -1007.3873  -31.2403 063 093 000
K Cs 10073474 -27.7355 069 097 -001
K  Mg(OH) -10241416  -54.6553 090 097 031
K  Ca(OH) -10240527  -57.8555 092 1.36 020
K Sr(OH)  -10239598  -58.1573 093 1.57 001
K  BaOH) -10238995  -554310 096 148 -0

& Clugter: [P5:MiMiSisAl20x4H16], where M; and My are the cations present in site D
(details of this cluster are shown in Fig. 45). A P& cluster-representing [111] plane of
plainum is placed ebove ste My; ° Binding energy cdculated according to equation
(4.3) given in text; © Mulliken populaion (aomic charge) and ¢ Average charge per Pt

aom in Pt cluster.
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= Ml (site D)

~——T1
oH @eCeM®Mie Ao sth‘

Fig. 4.3. Molecular graphics picture of 8-MR cluster of LTL showing the
locations of T sites; a single Pt atom isplaced over M ; site.

®-—— Ml (siteD)

o H @ 0o MieMle Alo SiePt

Fig. 4.4. Molecular graphicspictureof 8-MR cluster of zeolite-LTL. Thispicture
also showsthe Ptscluster abovethe 8-M R in the energetically favorable

parallel orientation.
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The charge on M, (K) is affected when M, are dkai metd ions and not when they are
dkdine metd ions. The important obsarvation is that the average dectron density per
platinum atom increases as the extra-framework cation varies from Li to Cs, indicating
less transfer of electrons from Py to a more basic support. When M, is K [and My, is
Cs or Ba(OH)], the charge on Pt is negative suggesting that there is eectron transfer
from the support to the Pts cluster. The binding energies of the clusters decrease, as
dready reported, with increase in the size of the cation. The binding energy of Pt
when M, is K and M, is Ba(OH) is more than when M, and M, are Cs. Interestingly, it
is obsarved that the digperson of plainum is more over the Ba exchanged LTL
samples containing both Baand K ions (chapter 2; section 2.3.10).

4.3.1.7. Behavior of adsorbed benzene over Pt-M-LTL: Molecular graphics
pictures of benzene adsorbed on P&LTL ae shown in Fg. 45 and 4.6 in two views
(90° Y-rotation). The digance between platinum and benzene was optimized and the
most favorable distance was found to be 3.75 A. The binding energy of the GHe or
H,S molecule with the Ptzeolite clusters was caculated according to the eguation

44).

B.E.=T.E.[CeHy/H.S:Pts:M M, SisALO ,H ] -{ T.E.[ Pts:M, M, SigALO,H:d +T.E.[ CeHy/H.S]}
4.9

Electronic properties of the modd clusters were cdculated for various combinations of
M, and M, (Table 4.6). The binding energy of benzene with the cluster decreases with
increedng Sze and dectropostive nature of the dkdi ions in the case of LTL in the
order, Li > Na> K > Rb > Cs and Mg(OH) > Ca(OH) > Sr(OH) > Ba(OH). This
uggests that desorption of benzene from the P cluster is easer when the support is
more basc. This is probably one of the reasons for the high benzene sdectivity

observed when Pt is supported on basc materids. Comparing the charge on Pt in the
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presence and absence of adsorbed benzene (Table 4.5 and 4.6), it is found to be smdler
when benzene is adsorbed reveding the donation of eectronic charge by benzene to Pt
In the case of K, Rb and Cs (M, and M), the charge on Pt is negative. Agan, when M,
is K and M, is Cs & or Ba, the charge on Pt is dso negative. Cdculations for benzene
on unsupported Py (CgHe: Pts; last row in Teble 46) dso reved a dightly negative

chargeon Pt. The B.E. of benzene with neat Ptsis more than with supported Pts.

Table4.6. Electronic properties of the duster modd, CgHe-Pts-M-L TL?

Alkai metds Tota energy B.E" Net charge® on

M, M, (au) (kcal/mol) M, M, Pt
H H -1043.7682 -12.3471 034 0.65 0.05
Li Li -1043.7085 -8.0190 051 0.73 0.05
Na Na -1043.6927 -5.6031 057 0.92 0.02
K K -1043.6911 -39120 058 0.95 0.02
Rb Rb -1043.6959 -1.4645 0.70 0.97 -0.01
Cs Cs -1043.6438 -0.9551 0.72 0.98 -0.03
K Li -1043.7026 -5.3922 023 0.95 0.08
K Na -1043.6961 -4.1382 048 0.96 0.02
K Rb -1043.6941 -3.3858 048 0.97 0.00
K Cs -1043.641 -3.3231 051 0.98 -0.02
K  Mg(OH)  -1060449%  -4.1382 081 103 002
K  CaOH)  -106003571  -18810 081 141 001
K Sr(OH) -1060.2634 -1.3794 083 157 -0.01
K Ba(OH) -1060.2051 -2.6334 034 149 -004
CdHs: Pts -630.3378 -550918 - - -0.01

& Clugter: [Pt:CeHeM M ;SigAl,0O24H1¢, where M, and M, are the cations present in
ste D (detalls of cluster is shown in Figs. 4.5. and 4.6). Benzene is placed pardld to
Pts; P Caculaed according to eguation (44) given in text; © Mulliken populaion
(atomic charge) and ¢ Average charge per Pt atom in Pt cluster.
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W s Benzene

— Pt Cluster

MII (Site D)

MI (Site D)

OH®C @0 OM @M @ Al © Si@®Pt

Fig. 4.5. Molecular graphicsview of C¢Hgadsorbed on Ptsin Pts: LTL.

[ __MI (Site D)
Benzene Pt Cluster L o

' MII (Site D)

o

OH®C @0 OM @M @ 2l o 5i-@F

Fig. 4.6. Molecular graphics view of CeéHe adsorbed on Ptsin Pts: LTL, after 90

degreesrotation.
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4.3.1.8. Behavior of adsorbed H,S over Pt-M-LTL zeolite: Molecular grgphics
picture of HS adsorbed on P&-LTL is shown in Fig. 4.7. The disance between the
platinum cluser and H,S was optimized and the mogt favorable distance was found to
be 34 A (chepter 2; section 2.8.3). The binding energy of the HS moalecule with the
Pt-zeolite cluster was cdculated according to equation (4.4) (subgtituting HS or GHe)

The dectronic properties of the modd clusters were cdculated for various

Table 4.7. Electronic properties of the duster model of H,S adsorbed on PigM-LTL?

Cations Totd energy B.E” Net charge®on

M, My (au) (kcal/mol) S = M, My

H H -1018.4669 -252312 0037 056 0.64 0.44
Li Li -1018.1831 -319143 0057 042 0.42 081
Na Na -1018.1361 322341 0058 039 052 0.86
K K -1018.1276 -302312 0059 023 053 095
Rb Rb -1018.1256 -281623 0060 017 057 0.96
Cs Cs -10180765 247166 -0062 003 058 0.98
K Li -1018.1523 -389654  -0.059 0.27 049 0.74
K Na -1018.1021 31054 0060 025 043 0.78
K Rb -1018.1312 200515 0060 014 0.44 091
K Cs -10180791 213965 -0058 0.09 050 097
K  Mg(OH) -10348%2  -345104 0058 034 040 113
K Ca(OH) -1034.8034 -333183 0059 026 041 127
K Sr(OH) -1034.704 -32.6281 -0.62 0.08 0.45 134
K  BaOH) -10346439  -203339 -0072 005 045 144

H>S -10.6976 - 0019 - - -
? Clugter:[PtsH2SM M;iSisA bO24H1g], where M and My is the akai metd present in
site D. HS is adsorbed over Pis and zeolite cluster. Py dudter representing (111) plane
of platinum is placed above ste | (Fig. 4.7); P caculated according to equation (4.4)
given in text; ¢ Mulliken population (atomic charge) and ¢ Average charge per Pt atom
in Pt cluster.
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combinations of M and M, (Table 4.7). The binding energy of HS with the cluster is
in gened more for the basc supports (containing dkdi ions) than for the acidic
support (H-LTL). The negative charge on the S aom increases with the badcity of the
support. Besides, comparing tables 4.6 and 4.7, the charge on Pt is more pogtive in the
presence of S, The much larger binding energy of S with Pt in basc dusters
(compared to H-LTL) suggests a grester poisoning effect of S on Pt over thee
supports, an observation well documented by earlier workers?®?’  The withdrawal of
eectrons from a Pt cluser by S may dso cause the Pt to be less active in the
aromdization of n-hexane in the presence of S.

4.3.1.9. Electron density on Pt and S of Pt-M-LTL: Earlier researchers have
quantified the badcity of ion exchanged zedlites usng Sanderson's intermediate
dectronegativity, Snt?"* This parameter gives an average eectronegativity vaue for
the cluster under condderation and measures its overdl basicity, which increases with
decreasing vaue of Sy As the LTL-zedlite duser used in these cdculaions possess
different compostions, the Snt values of the clusters can dso be used to quantify ther
basicity. Plots of the average charge per Pt atom versus Sy (caculated according to
Mortier'®) are presented in Fig. 4.8 for the P-LTL clustes The plots reved the
generd trend of decreasing charge (increesing eectron dendty) on Pt with decreasing
Snt suggesting decreasing dectron trandfer from Pt to the support with increase in
support basicity. In fact, in the case of K-LTL and BaK-LTL, the charge on Pt is
negative (electron rich) suggesting a reverse dectron trandfer. The plots are different
for the akdi and dkdine earth ions  The S-shgped plots point out that smal changes
in Sy of the support can cause a subgantid change in the eectron densty of Pt in a
limited charge region. It gppears that it is difficult to increase the charge on Pt above

0.3— 0.35 or decrease it bdow 0.05 — 0.1 by dtering support bescity.
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Fig. 4.7. Molecular graphicsview of H,S adsorbed on Ptscluster in Pts: LTL.
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Fig. 4.8. Incluster model, M-LTL: relationship between aver age chargeon Pt in Pts
cluster and Snt (A) and relationship between average charge per Pt and
oxygen charge (B).
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Smilarly, it is ds0 posshle to cdculae the average charge on oxygen usng the
Sanderson’'s intermediate  dectronegetivity principle. A plot of charge on Pt agang
oxygen charge is presented in Fig. 4.8 B. It is seen that Pt becomes more dectron rich

with increesing charge on framework oxygen (basicity of support).

4.3.2. Studies on BEA Zedlite:

The BEA zeolite cluser models were generaied from the reported crysd
structure by Newsam.®?  The framework structure of zeolite BEA is shown in Fig.
221. The cuger modd of BEA and the cation locaions are described in chapter 2
(section 2.6.2). A cuger modd having the formula [MSAIO3Hx] (Where M = Li,
Na, K, Rb, Cs, Mg(OH), Ca(OH), Sr(OH) and Ba(OH)) of polymorph A of zeolite
BEA? is consdered in thee studies A Si/Al ratio of 9 for the cluster, which is close
to the typicd vaues found in synthetic zeolites® has been chosen. Again, the Al has
been located in an energeticdly favored pogdtion in 6MR. The Pts cluger fitting is
described in chapter 2 (section 2.8.2).
4.3.2.1. Location of Al substitution in BEA framework: The cluster model of BEA
usd in these sudies is shown in Fig. 49. The duster modd contains nine S and one
Al @om with 6MR. The 6MR congds of one Al and five S aoms (Fig. 4.9).
Different T dte locdtions are present in the 6MR: 2T1, 2T3 and 2Tg dtes.  The
subgtitution of Al in aove dtes has been invesigated. The 6MR, wherein one of the
dlicon in dte T; is replaced by duminum and the rexulting negdive charge is
compensated by an extraframework cation (M), was chosen for developing the clugter
modd. The influence of Al subgitution in different locations in the cluster modd on
the total energy of the syssem has been cadculated and the results are presented in Table

48. It is found tha the Ti pogdtion is dightly more energeticaly favorable for Al
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subdtitution than the other postions (Table 4.8). The T; postion is accessble through

28,32

5 6 and 12-MR pore openings. The extraframework cetion is located in the

middle of the 6MR.

Table4.8. Aluminum subdtitution at different T sitesin BEA®

Al subdtituted in Stes Totd energy (au) Net charge on Al
T1 -5184945 14
T3 -518.4844 153
Ts -5184832 152

aClusgter: [SigAlOsgH x] shown in Fg. 4.9.

4.3.2.2. Influence of exchanged cation: A molecular grgphics cluster model

representing the BEA cluster dong with an extraframework cation is shown in Fig.

4.10. As the S/AI ratio for zeolite BEA is large (S/Al > 10), only one Al atom and
one cation were located in the cluster 0 as to be representative of typical BEA. The
cation M was varied from Li to Cs and Mg(OH) to Ba(OH). The distance between the
cation and oxygen was taken as the sum of the aomic radi of M* ad O*. The
caculations were caried out for dl the above clugters and the results are presented in
Table 4.9. As the cation size increases [Li to Cs and Mg(OH) to Ba(OH)], its binding
energy decreases linearly except for Rb and S/(OH). The binding energy of the cluser
mode is cadculaed from equation (4.5). The net charge on M increases from H, Li to

Rb @Cs and Mg(OH) to Ba(OH) (Table 4.9).

B.E. = T.E. [MSigAlOsH x]{ T.E. [SisAlOzHz +T.E. [M]"} (45)
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oTl @ T3 o766 @T7 .Ti

Fig. 4.9. Six-member ring cluster of zeolite-BEA used in ab initio calculations; the

location of T sitesis shown.

OH @0 WM @Al ©Si

Fig. 4.10. Molecular graphics picture of 6-MR cluster of zeolite-BEA; thelocation
of the cation is shown.
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Table4.9. The dectronic properties of the duster model, M-BEA®

M Totd energy (au) B.E.” (kcd/mol) Net charge® on M
H -518.9698 -197.8881 050
Li -518.7650 -169.4780 059
Na -518.7343 -150.2291 0.72
K -518.7023 -130.1652 0.83
Rb -518.7155 -138.4421 093
Cs -518.6942 -125.0873 093
Mg(OH) 5354627 -168:3161 1.39
Ca(OH) 5353789 -155.9980 162
Sr(OH) 5352128 97,6239 179
Ba(OH) 5352858 -1385672 185

3 Cluster: [MSAIOxH20], Where M is the dkai meta present in the cationic site; °

Binding energy is caculated according to equation (4.5) given in text and © Mulliken
population (atomic charge).

4.2.2.3. Electronic structure of Pt in the vicinity of the cation: The cluser modd
representing a sngle platinum atom and the M-BEA cluster that is [Pt:MSigAlOsH x]
is shown in Fg. 411. The mgor pores in zeolite-BEA are 12-MR channds. The
dkdi metd caions conddered in these dudies ae accessble through 12-MR pore
openings. The 6-MR is a little smal to accommodate a Pt atom, whereas Pt can be
comfortably induded in the 12MR channds. The platinum atioms present indde the
12-MR channds are easlly accessble to the diffusng n-hexane molecule. Therefore, a
sngle plainum located indde the 12-MR channd has been used in these dudies. The
electronic properties of the [PtMSigAlOgHy cluster were derived by sysemaicdly
varying the cation from H, Li to Cs and Mg(OH) to Ba(OH) and keeping a single Pt
over it. The binding energy of Pt or Ps with the M-BEA cluster was caculated from

equation (4.6).
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B.E. = T.E. [P/PEMSisAlO3H2d-{ T.E. [MSibAlOxHzg +T.E. [PUPL]} (46)

When a dngle platinum aom is deposted over the BEA duder, the trend of binding
energy is Smilar to thet obtained over the zeodlite cluster without PY; there is a generd
decrease in binding energy with increesing cation sze.  The rdaivdy sndl binding
enagy of Pt suggeds that the platinum atom is rather loosdly bound to the zeolite
cluster. The interaction of Pt with M-BEA decreases with the eectropositive nature of
the exchanged ion from Li to K and Cs the interaction is dightly larger for Rb.
Smilarly, a decrease in interaction is noticed on going from Mg to Ba  The dectron
dendty on platinum incresses as the extra-framework cation varies from Li to Cs and
Mg(OH) to Ba(OH). The charge on Pt suggests a decreasing transfer of eectrons from
the Pt to the support with increese in bedcity (Table 4.10). The dectronic charge on
platinum is negative when M = Cs and Ba(OH) indicating eectron transfer from the
zeolite clugter to PY.

4.3.2.4. Electronic structure of Pts in the vicinity of the cation: The molecular
grgphics visudization of the location of the P cluster and the segment of the BEA-
framework used as the cluster modd is shown in Fig. 4.12. The dectronic properties
of the Ps-BEA cluster cadculated from this model are presented in Table 4.10. The
plainum cluster is assumed to be in the 12MR channd in BEA zedlite. The average
net eectron charge on plainum (eectropostivity) decreases (electron dendty on Pt
increases) as the dkdi metd cation sze increases from Li to Cs (Table 4.10) and dso
from Mg(OH) to Ba(OH). The binding energy of the plaiinum aoms with the zeolite
cluster decreases down the row from Li to Rb and Mg to Ba The order of the binding
energy is Li > Na > K > Cs and Mg(OH) > Ca(OH) > S{OH) > Ba(OH). The net

electron charge on dkai metd increases from Li to Rb and Mg(OH) to Ba(OH). The
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OH WO @M @A OSi ®Ft

Fig.4.11. Molecular graphicspictureof 6-MR cluster of zeolite-BEA,;
thelocation of cation and Pt are shown.

oH @0 BS WM

Fig. 4.12. Molecular graphics picture of the Pts-BEA cluster model. This picture
shows the Pts cluster above the 6MR in the energetically favorable

parallel orientation.
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Table 4.10. The dectronic properties of the cluster model, P/ P-BEA®

Cluster [PtMSigAlO0H ] [Pi:M SbAlOz0H 2]
M Totd energy B.E.” Net charge” on Totd energy B.E." Net charge® on
(au) (kca/moal) M = (au) (kca/mo) M PR

H -637.6201 -15.3040 073 004 -1112.8560 -41.4512 034 0.42
Li -637.5761 -5.2041 032 0.33 -1112.8441 -33.0120 0.20 018
Na -637.5412 -25707 0.66 0.14 -1112.8365 -314833 0.4 011
K -637.5005 -2.5081 081 0.02 -1112.8228 -224017 047 04
Rb -637.5231 -35739 087 0.01 -1112.8421 -26.9198 071 0.02
Cs -6374943 -15675 092 -0002 -1112.8133 -22.0838 0.61 0.00
Mg(OH) 642853  -127908 113 012 | -11205778  -284321 1.19 004
Ca(OH) -654.2000 -11.8503 142 0.05 -11294734 -24.7831 136 0.03
Sr(OH) -624.0323 -10.8471 1 0.02 -1129.3621 -251134 147 0.2
Ba(OH) -654.1027 -9.2169 165 -0001 -1129.2311 -24.1892 163 -0.01

 Cluster: [P/PsMSiAIOxH2], where M is the akai meta present in the cationic site, Pt and Pts cluster representing
(111) plane of platinum is placed above cationic ste (Fig. 411 and 4.12, respectively); ® Binding energy is caculated
according to equation (4.6) given in text; ¢ Mulliken population (atomic charge) and ¢ Average charge per Pt atom in Pt

cluser.
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net charge on dkai metd in the duder is less podtive compared to the earlier
investigated single platinum clugter. Patinum aoms are more dectron rich down the
row (Table 4.11). Patinum atoms in the Ba(OH) exchanged cluster posses a negative

charge indicating thet the zeolite cluster donates eectrons to the platinum aioms.

4.3.2.5. Behavior of adsorbed benzene over Pt-M-BEA: Molecular graphics pictures
of benzene adsorbed on Pts-BEA are shown in Figs. 4.13 and 4.14 in two views (90,
X- rotation). The binding energy of the CgHg molecule with Ptzedlite dusters was
caculated according to eguation (4.7). Electronic properties of the modd clusters were

cdculated for various cations (Table 4.11).

B.E.=T.E[CHgPtsMSsAlOsH x] — { T.E.[PEMS6AIOxHod + T.E(CsHe)}  (47)

Table4.11. The electronic properties of the duster modd of CeHe-Pts-BEA®

M Totd energy B.E.P Net charge®on
(au) (kcal/mol) - M
H -11491711  -85899 0.45 0.08
Li -1149146 57057 0.23 0.06
Na -1149.1451 45144 0.45 0.05
K -11491297  -3.4485 051 -0.02
Rb -1149.145%  -1.3167 0.59 004
Cs -11491166  -1.1913 0.61 -0.006
Mg(OH) -116569133  -88407 115 0141
Ca(OH) -1165.7802  -3.3858 123 0.008
Sr(OH) 11656671 22572 1.29 -0.001
Ba(OH) -11655387  -3.8874 1.40 -0.005

& Clugter: [CeHePts:MSigAlOsHx], where M is the akai metd present in the cationic
ste. P duder representing (111) plane of platinum is placed @ove ste | (Fg 4.13
and 4.14); ® BE cdculaed according to eguation (47) given in text; ¢ Mulliken
population (atomic charge) and 9 Average charge per Pt atom in Pts cluster.
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‘04 ®WC WO WM ®A OSi WPt

Fig. 4.13. Molecular graphicsview of C¢Hg adsor bed on Ptscluster in Pts: BEA.

Pt5 cluster

M benzene

iEﬂ WCc WO WM @A OS 1%1

Fig. 4.14. Molecular graphics view of CeHes adsorbed on Pts cluster in Pts: BEA
after rotation of cluster by 90 degr ees.
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The binding energy of benzene with the cluster decreases with increesng sze and
electropogtive nature of the akai and dkdine earth metd cations in BEA zedlite. The
binding energy decreases from Li to Cs and Mg(OH) to Ba(OH). The results are
smilar those obtained over PELTL cdusters

4.3.2.6. Electron density on Pt and S, of Pt-M-BEA: Plots of the average charge
per Pt atom versus Sy (calculated according to Mortier™) are presented in Fig. 4.15 for
Pts-BEA clusters. The S, vdues for M-BEA ae in therange of ~ 3.55to 3.75
and Pt charge between 0.01 to 0.34. The plot reveds the generd trend of decreasing
charge (increesng eectron dendty) on Pt with decreasing St Suggesting a decreasing
dectron transfer from P to the support with increasing support basicity. In the case of
BaBEA, the charge on Pt is negative (dectron rich) suggesting a reverse eectron
transfer. The S-shaped plots point out that smdl changes in Sy of the support can

cause subgtantial change in the eectron density of Pt in alimited charge region.

0.35
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0.30 H 0.30

0.25-

0.254

T 0.204 & 0.204
y g
o  0.151 S 015
(@) (@) 4
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0.05- caoH M9OH 0054 Rop CcaOHMgOH
SOH . ] SrOH
0.004 Cs BaOH ./ 0.00q4 Cs BaOH
T T T T T T T T T T
3.60 3.65 3.70 375 0.34 033 032 -031
- Charge on oxygen
A B

Fig.4.15. A)Inthecluster model, M -BEA: relationship between aver age chargeon

Pt in Pt; cluster and St and

(B) relationship between aver age char ge per Pt and oxygen char ge.
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4.3.3. Studieson FAU Zedlite:

The deails of the cluster modd generated for FAU zeolite are presented in
chapter 2 (section 2.6.3). The studies on thismodel are presented below.
4.3.3.1. Location of Al substitution in FAU framework: A cluster mode
representing 66MR of zeolite FAU dructure containing one Al ether in T; or T,
location was generated. Initidly one T dte was subdtituted with one Al aom. The T,
dte is the most energeticdly favorable one (Table 4.12). On the other hand when
another Al aom is subgtituted in T, or T, dte two possble digributions of the two
duminum aoms in 6MR as dlowed by the Lowenstein are possble®® These have
been consdered. It was observed that the presence of two Al aoms a the farthest
postions is energeticdly the mogt favored arrangement. The excess negdtive charge
of the clugter with two Al atoms was compensated by two cations (M| and M;;) located

a Stes| and 11, respectively (Figs. 4.16 and 4.17).

Table4.12: Subdtitution of Al in T stes of FAU?

Location Tota energy (au.) Charge o Al
T1 -3104727 155
T1,1and3 -308.6431 155
T, 1and4 -308.6565 155
3 Clugter: [SsAlOH ] T-Stes ae shown in Fig. 416 and ° Mulliken
population (atomic charge).

4.3.3.2. Influence of exchanged cationsin M| and M/, locations. Herethe presence
of two Al aoms in the 66MR are conddered. This leads to the occupation of two

cdions a gtes | and Il as shown in Fg. 417. This duser mode represents a S/Al
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ratio of 2, a vaue dose to tha of typicd synthetic FAU (S/Al ~ 24 - 26).

Isomorphous subdtitution of S by Al is assumed in T1 and T2 stes. As FAU is

generdly synthesized in the Naform, M, was kept as Na and M, was varied (Li to Cs

and Mg to Ba). Agan, sats of cadculaions were dso done with the same dement in M

and M, dtes (Li, Na and K). However, as ions larger than K cannot occupy M, sites
(insde hexagond prisms) due to Sze condraints, cdculaions were done with H' in

steM, for Csand Rb. Asthe cation Szeincreases, the binding energy with the cluster

Table 4.13. The ectronic properties of the cluster model, M-FAU#

Alkdi metas Tota energy B.EP Net charge on®
M My (au) (keal/mol) M M
H H -309.3972 -512.2281 04 074
Li Li -300.2468 -3704133 0.66 0.66
Na Na -309.1949 -337.8461 0.75 085
K K -309.1270 -295.2392 088 092
H Rb -309.3449 -472.1944 062 0
H Cs -309.3155 -454.6242 062 093
Na Li -309.2107 -347.7612 0.66 082
Na Na -309.1949 -337.8461 085 088
Na K -309.1622 -317.3272 081 089
Na Rb -309.184 -331.8853 082 093
Na Cs -309.1537 -311.9933 081 0
Na MgOH)  -3259123 2939837 080 139
Na Ca(OH) -3258M9 3022080 081 163
Na  Sr(OH)  -32577%0 2915365 081 178
Na Ba(OH) -325.6793 -246.7957 081 173

& Cluster:] MM ;SisAl,018H 1] where M is the dkai metd present in the cationic site |
ad M is dkdi med present in the ste Il (Fig. 4.17); ° Binding energy caculated
according to equation (4.8) givenintext and © Mulliken populaion (atomic charge).
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oH 00T 072

Fig. 4.16. Molecular graphics picture of 6-MR cluster of zeolite-FAU showing
location of T sites.

Site | (MI)

Site 11 (MI)

OH @0 OM @MI WA @S

Fig. 4.17. Molecular graphicspictureof 6-M R cluster of zeolite-FUA; thelocation
of the two cationsis shown.
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decreases (becomes more postive, Table 4.13). Agan, the net charge on M increases
with the size of the ion (Table 4.13). The net charge on M is the same when it is Na

and My, isvaried from Li to Csand Mg to Ba
B.E.= T.E[MiMiSisAl018H12] — { T.E. [SiAl2018H12]* + T.E. [M/* and [Mi]'} (48)

4.3.3.3. Electronic structure of Pt in the vicinity of M;: A cluser mode
representing a 6-MR and a Pt aom in the a -cage encompassing Stes | and 11 for extra-

framework cationsis shownin Fig. 4.18. The cation at M, wasvaried fromH toK and

Table 4.14: The dectronic properties of the duster model, PtM-FAU#

Alkdi metds  Tota energy B.E" Net charge orf
M, My, (au.) (kecal/moal) M, My, Pt
H H -428.4756 -438.0901 034 048 0600
Li Li -428.0547 -373.9811 042 0.67 0351
Na Na -427.9927 -335.0770 0.65 083 0162
K K -427.9161 -287.0122 0.73 093 0021
H Rb -428.2164 -475.4461 048 0.85 0019
H Cs -428.1843 -455.3043 048 0.89 004
Na Li -428.0179 -350.8901 0.79 0.73 0352
Na K -427.9592 -314.0570 0.80 0.82 0017
Na Rb -427.9907 -333.8220 0.82 0.87 0012
Na Cs -427.9559 -311.9861 0.81 095 0.001
Na Mg(OH) -444.7379 -333.6971 0.70 109 0110
Na Ca(OH) -444.6616 -356.0982 0.72 140 0051
Na Sr(OH)  -4445960 -360.7424 081 165 0014
Na BalOH)  -4445944 -354.9061 082 176 0008

& Clugter;[Pt:M /M ;Si,Al,O18H 1] where M, present in the caionic ste | and M, is
present in the ste Il (Fig. 4.18). Pt aom is placed over the cationic ste II; ° B.E.
caculated according to equation (4.9) given in text and © Mulliken population.
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M was varied from H to Cs and Mg(OH) to Ba(OH). Again M, was varied from Li to
Cs and Mg(OH) to Ba(OH) keeping M as Na  The results of the cdculaions carried
out on the above cluger are shown in Table 4.14. The binding energy for Pt or Pis with

cluster modd s was caculated from the following equation (4.9).

B.E.=T.E. [PU/Pts:M M 1SisA12020H12— { T.E.[MiMiSisAl2020H12] + T.E.(Pt/Pts)} (4.9)

The binding energy and charge on caions M, and M, are Smilar to those reported in
the case of the cluster without Pt (Table 4.13). The charges on M, and M, increase
with the bascity of the cations.  When M, is Na and M, varies from Li to Cs the
charge on M, is less affected compared to My. The average net eectron charge on
plainum decreases as the dkai meta caion size increases from Li to Cs and from
Mg(OH) to Ba(OH) (Table 4.14). This trend in Pt charge is Smilar to that observed in
the case of LTL and BEA clusters.

4.3.3.4. Electronic structure of Ptsin the vicinity of My;: The molecular graphics
picture of the cluser as viewed through the supercage is shown in Fig. 222. A duder
model representing a MR and a Pts cluster in the a-cage encompassing stes | and I
for extraframework cations is shown in Fig. 4.19. The dectronic properties of the Ps-
FAU were cdculated from this modd. The cation a M, was varied from H to K and
the cation a My was varied from H to Cs and Mg(OH) to Ba(OH). The results of the
cdculations carried out for the above clusters (zeolitee Pg) are shown in Table 4.15.
The binding energy for this custer modd was cdculaed from equaion (4.9). The
changes in binding energy and charge on cations M, and M, are Smilar to those
reported in the case of the cluster without Pt (Table 4. 13). The average net eectron
charge on platinum decreases as the dkdi metd cation Sze increases from Li to Cs and

from Mg(OH) to Ba(OH) (T able 4.15).
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& = Mi(Slte )

Pt atom

MII (Slte 1)

¢ H OO0 oM@ M@ Ae SiOP

Fig. 4.18. Molecular graphics picture of 6-MR cluster of zeolite-FAU with a Pt
abovesitell.

o g M@l

loy'

P15 cluster

& H @0 oM @ © 4 © S @Ft

Fig. 4.19. Molecular graphics picture of a 6-MR window in FAU with Pt; above site
.
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Table 4.15: Thedectronic properties of the duster moddl, Ps-M -FAU?

Alkdi metds Totd energy B.E” Net charge on”
Mi My (au) (keal/mol) Mi M ptd
Li Li -903.3347 -221281 0.68 0.71 0.12
Na Na -903.3087 -187622 0.68 0.85 0.10
K K -903.2404 -185113 0.75 093 0.06
H Rb -9035108 -11.232 0.48 0.70 004
H Cs -903.4951 -189505 048 0.67 0.03
Na Li -903.3278 -259307 0.72 0.73 0.12
Na K -903.2762 -17.4473 0.78 0.87 0.06
Na Rb -903.3035 -21.4605 0.82 0.96 004
Na Cs -903.2650 -17.1923 081 0.98 0.03
Na Mg(OH)  -92004%5 -334458 082 103 005
Na Ca(OH) -919.9876 -328970 0.82 121 0.05
Na Sr(OH) -919.91% -315793 0.82 151 0.03
Na Ba(OH) -9199191 -30.3421 0.82 158 0.01

& Cluster:[ PeM /M SiAALO1gH17 where M, is the dkdi meta present in the cationic
ste | and My is dkdi metd present in the ste I). Pt cluster representing (111) planes
of platinum is placed above site Il (Fig. 4.19); ° Caculated according to equation (4.9)
given in text; © Mulliken population and ¢ Average charge on Pt in Pg cluster.

4.3.3.5. Behavior of adsorbed benzene over Pt-M -FAU: Molecular graphics pictures
of benzene adsorbed on Ps-FAU are shown in Fig. 4.20 and 4.21 in two views (90°, Y-
rotetion). The binding energy of the Ce¢Hg molecule with the Ptzedlite cluster was

caculated according to equetion (4.10).
B.E.=T.E.[CsHes:PtsM M, SiALO:gHi]{ T.E.[PtsM M, SiALOgH] + T.E.(CeHe)}  (4.10)

Electronic properties of the modd clusters were cdculated for various combinations of

M; and M (Table 4.16). The binding energy of benzene with the cluster decreases
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with increesng Sze and dectropostive naure of the dkdi ions  For a given M, ion
(Na), the binding energy decreases from Li to Cs and Mg(OH) to Ba(OH). This
uggests thet desorption of the benzene from the Pt cluser is eader with increasing
bascity of the support. Comparing the eectronic charge on Pt in the presence and
absence of adsorbed benzene, it is found to be smdler when benzene is adsorbed
reveding the donation of eectronic charge by benzene to Pt. In generd, the results are

amilar to those obsarved in the case of LTL and BEA.

Table 4.16. The electronic properties of the cluster modd, CgHe-Pts-M-FAU?

Alkdi metds Tota energy B.E! Net charge orf

M M) (au) (keal/ mol) M My Pt

H H -039.6732 -2.9469 034 045 009
Li Li -939.6415 39511 048 048 007
Na Na -939,6129 -23218 051 061 005
K K -9395432 -1.3805 054 063 004
H Rb -939.8337 99932 048 071 003
H Cs -939.7988 -1.2550 048 073 000
Na Li -939,5858 66674 073 070 006
Na Na -939.5063 -23218 075 071 005
Na K -9395792 -15683 082 08 002
Na Rb -939.6067 -1.6926 083 095 000
Na Cs -939,5682 -16926 08l 098 000
Na  Mg(OH)  -9563561 -32604 082 113 006
Na  Ca(OH)  -9562043 -33231 082 125 004
Na  Sr(OH)  -956.2251 -25707 083 159 001
Na  Ba(OH)  -9562230 -15675 083 168 000

& Clugter:[CeHe:PsM /M ;S AI018H17] where My and M, are the cations present in
gtes | and 1l (detals of cuder is shown in Fg. 4.21). Py representing (111) plane of
platinum placed above ste Il;  Caculated according to equation (4.10) given in text; ©
Mulliken population and @ Average charge on platinum.
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Fig.4.20. Molecular graphics picture of benzene adsorbed over the Pts: FAU

cluster model, viewed through the supercage of FAU zeolite.
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Fig.4.21. Molecular graphics of benzene adsorbed over Pts FAU cluster model,
viewed after by rotation of Y 90 °

4.3.3.6. Electron density on Pt and S, of Pt-M-FAU: Plots of the average charge

per Pt atom obtained from modding versus Sin of the clusters are presented in Fig.
422 for the different (M) P-zeolite cdusters.  The plots reved the generd trend of
decreasing charge (increesing dectron dendity) on Pt with decreasing Six  suggesting
decreasing eectron trander from Pt to the support with increase in support bascity.
The plot is different for the adkdi and dkdine earth ions.  The results are @an Smilar

to those obsarved for LTL and BEA cduders.

0.354 2H
5 g 030
0.254
] 5 _
o 8 0.20
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[0 [¢]
o) 2 0.101 =
S S na 2Na - NaicaoH
> Na/MgOH > 0.057 2K Na/M gOH
< K Na/STOH < : ,,/r:l.a/SrOH
0.00q Na/Cs Na/BaOH 0.004 Na/Cs Na/BaOH
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320 328 336 344 352 36 042 040 038 036 -034
S Char ge on oxygen
A B

Fig. 4.22. Inthecluster model, M -FAU: relationship between average charge on
Pt in Pts cluster and Sy (A) and relationship between average charge

per Pt and average oxygen charge (B).

4.3.4. n-Hexane Aromatization Activity of Pt-zeolite Catalysts: Activities of the

different Pt-zeolite (LTL, FAU and BEA) cadysts in the transformation of n-hexane
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were discussed in chapter 3. The rdationships between charge on Pt in each P
zedite duger and benzene yidd in the aromdization of n-hexane are presented in Fig.
423 (a — ¢) for P-M-LTL, P-M-BEA and PtM-FAU, respectively. It is noticed that
benzene yidd [Fig. 423 (a — ¢)] depends on both the exchanged cation and the zeolite
geometry. Converson and sdectivity for benzene increese with the badcity of the
caions in the case for dl the zeolites The three zedlites can be aranged in the
following order with respect to converson and sdectivity: zeolite BEA > LTL > FAU
(conversion) and LTL > BEA > FAU (benzene yield). Converson is more over BEA
than over the other two zeolites, however, benzene yidd is rather low making it a less
useful catalyst than LTL. The HBEA form is more active due to its large acidity and
greater occurrence of isomerization and cracking reactions (chapter 3; Table 3.3). The
benzene yidds over P-M-BEA cataydts are intermediate between those of zeolite LTL
and FAU. A smilar observation that PELTL is more selective than PEBEA and Pt-
USY for aromatics has dready been made by Zheng et al.® and Smimiotis and
Ruckengein.® The generd condlusion of these studies is that the yied of benzene
increases with increase in the dectron dendty on Pt irrespective of the zeolite.  In the
whole range & charges on Pt consdered, zeolite LTL is more sdlective to benzene than
the other two zeolites, suggesting a dructure effect dso. In Fig. 4.23 (a — ¢), Ptcharge
vaues cdculated for ided cduders have been rdaed to the activity of actud cadyds
even though the reections were not caried out over caidyss possessng the ided
cluster compostions used in the cdculations The actud catdysts used in the cadytic
tets were not pure exchanged forms as assumed in the computationa caculations.
They contained more than one metd ion and were only partidly (mostly) exchanged

(Tables 2.1, 22, 23 and 24) with the dedred ion, M. In spite of this limitaion, the

178



4. 3. RESULTS AND
DI SCUSSI ON

data does point out thet the activity of the catdyss for benzene production is related to

the charge on Pt and the zedlite structure.
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Fig. 4.23. Relationship between aver age charge per Pt in Ptscluster and benzene

yield over Pt-M-LTL; Si/Al = 3 (a), Pt-M-BEA; Si/Al =9 (b) and Pt-M -
FAU; S/Al =2 (c).
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Interegtingly, the converson and sdectivity observed for the Basamples are larger
(especidly for LTL and BEA) than for the others. In this context, it is interesting to
note that the PELTL catayst used commercidly in the AROMAX process is believed
to be BaK-LTL.®® The present cadculations show that Pt in BaK-LTL is the most
electron rich (negative charge; Table 4.6) of dl the clustersinvestigated by us.

The reationship between intermediate dectronegativity (Sn) of the catadydts
cdculated based on ther actud compostions and charge on Pt is presented in Figs. 4.8,
415 and 422 for LTL, BEA and FAU, respectively. The rdationship between Sin,
oxygen charge and converson and sdectivity are presented in chepter 3 (Figs 3.2, 38
and 3.13).

4.4. CONCLUSIONS

The <dient fedtures invedtigated by computational dudies can be summarized as

follows

1) The isomorphous subgtitution of Al aom in place of slicon preferably occurs a T,
ste of LTL zeolite When two Al atoms are isomorphicaly subdtituted, they prefer
the locations farthest from each other. As far as the binding energy of these cations
is condgdered, cations present in M, ste are more strongly bound to the zedlite than
those present in M. The binding energy of the cation with the zeolite cluster
decreases from Li to Cs and Mg(OH) to Ba(OH). The charge on the cation
increases from Li to Cs and Mg(OH) to Ba(OH). The charge on M caionic Stes
is more eectropogtive than on M, dtes  This indicates thet cations in M, Stes will
exhibit higher caaytic activity (acidity).

2 The higher badcity of the zeolite imparts a larger negative charge to the supported

Pt. The badicity of the zedlite itsdf is dependent on the framework geometry (such
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as T-O digance, T-O-T angles, efc.) as wdl as on the locaion and nature of the
exchanged cations, ‘M’.

3d The net eectron transfer from Ps cluster to M-zedlite in different zeolites is in the
decreasing order, FAU > BEA > LTL and this correates with the experimentally
observed higher activity and benzene sdectivity of PELTL and PtBEA, compared
to PFAU. The net eectron transfer from Pt to M-zeolite decreases in the order, H
> Li > Na> K > Rb ~ Cs in the case of the akdi metd ions and in the order
Mg(OH) > Ca(OH) > Sr(OH) > Ba(OH) for the akaine earth metd ions. The
most active and Hective catdysts are the Cs and Ba exchanged catdysts. In these
cadyds, the trandfer of dectron is from the M-zeolite to the Ps cluster, making Pt
electronrich.

4 Binding energy vaues for the adsorption of benzene over Pt supported on highly
basc zeolites are lower. These results suggest that the adsorption of benzene is
wesker on dectronrich Pt clusers. The wesker adsorption of benzene could
trandate into larger activity of these catdyss due to faster desorption of the
product benzene from the active centers (PY).

5 Binding energy vaues for the adsorption of H,S are larger for Pt supported over
basic zeolites than for Pt supported over acidic zedlites During the interaction of
H2S, eectron transfer takes place from Pt to S and is more when Pt is supported on
a basc support. This suggess that Pt supported on basc catdyss is more
vulnerable to sulfur poisoning.

Thus the important role played by the dectronic dructure of Pt in n-hexane
aromdization is clearly brought out. The various factors such as dructure of the
zeolite, badcity of the zeolite, Pt digperson thet influence the dectronic Structure
of Pt have been identified, suitable metrics devised and quantified (charge on Pt is

in the range - 0.02 to 0.01) based on ab initio cdculaions
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5.1. | NTRODUCTI ON

5.1. INTRODUCTION

Engdhard titanosilicate —10 (ETS-10) possesses a S/Ti ratio of 5. The T#*
ions posses octehedrd coordination and the S* ions have tetrahedrd coordination.
The presence of Tf** in an octahedra arrangement of & ions leads to two negative
charges that are compensated by two mono-vaent dkdi ions for each Ti** ion making
the molecular Seve highly basc in the dkdi ion exchanged form. The effective
besicity (akai content) of ETS-10 is equivadent to that of a zedlite with a S/Al of
about 2.5 (dmilar to FAU). In the fird pat of this chapter (Part-A), ETS-10 is bang
explored as a basc support for Pt.  This chapter aso reports the influence of different
dkdi metd ions on the activity of PETS-10 for n-hexane aromaization. In the
second pat of this chepter (Pat-B), molecular modding and quantum chemicd
methods have been used to examine the dectronic properties of Pt in different
locations in P-M-ETS-10. The likedly location of the active Pt species is identified.
This chapter is divided into two pats A) experimentd: n-hexane aromatization and

B) molecular modding studies.

PART A: EXPERIMERNTAL STUDIES

5.2. n-HEXANE AROMATIZATION

5.2.1 Materials and Methods: lon exchanged forms of the molecular Seve, namdy
Pt-M-ETS (where M= H, Li, Na, K, Rb, Cs, Mg, Ca, Sr and Ba) were 1sed to sudy
the n-hexane aromatization reaction. The details of the preparation of the catayds are
presented in chapter 2 (section 2.1 and 2.2). Ther physicochemicd characterizetion is
presented in chapter 2 (section 2.3).  The description of the @dytic reector and the

procedure adopted for the reaction are also presented in chapter 3 (section 3.2).
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5.3. RESULTS AND DI SCUSSI ON

5.3. RESULTS AND DISCUSSION
5.3.1. Studies over PtM-ETS10: n-Hexane aromdizetion was carried out over
various Ptloaded akadi metd exchanged ETS10 samples in order to evduate the
influence of the akadi metd ion on the cadytic propertties of PFETS-10. The PtCs-
ETS-10 sample was evaluated in detail at different process conditions and Pt loadings.
5.3.1.1. Effect of nature of the exchanged metal ion on the aromatization of n-
hexane: The chemica compostions of the samples and BET surface areas measured
from N2-adsorption have been presented in chepter 2 (Table 24). The COx-TPD
spectra of the M-ETS-10 molecular Seves are presented in chepter 2 (Fig. 2.16). The
CO, desorbed (on congant weight bads) increases for the cation exchanged samples
in the order: Li < Na @K < Rb < CsETS10and Mg< Ca< S <Ba - ETS-10. The
CO; upteke (desorbed) noticed is relaed to the basicity of the samples. Pt dispersion
of the PtM-ETS-10 samples was determined by H, chemisorption and presented in
chepter 2 (Table 2.14). The digperson vaues are in the range of 43 to 83 %.

The transformation of n-hexane was caried out in the temperaiure range of
673 to 823 K a amospheric pressure over Ptloaded metd exchanged ETS10
caayss and a commercid P-AIXO3 catdys a identical conditions to compare their
peformances. The n-hexane aromatization activities of a series of PtM-ETS10
cadyds contaning different exchanged dkdi and dkdine eath metd ions ae
presented in Table 5.1. It is noticed that the more basic catayds are more active in n-
hexane aromatization. The benzene sdlectivity in the products shows a Smilar trend.

The activity increases linearly with increase in the eectropostive nature of the
exchanged metal cation in the order Li < Na< K <Rb<Csand Mg < Ca< S < Ba

In the case of the acidic Pt-H-ETS-10, though n-hexane converson is vey high
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Table 5.1. n-Hexane aomatization over variousion exchanged PEM-ETS10 catalysts

Catalyst: PEM-ETSI10 (Pt 0.6 %) where M =

H Li Na K Ro  Cs Mg Ca Sr Ba Pt AlO;

Conversion (%) 783 92 1563 256 489 814 2719 321 527 859 373
Product yield (wt%)

Cito Cs* 364 25 39 69 117 162 71 2.1 49 48 35
i-Ce® 3.1 07 09 12 13 23 14 4.4 44 34 6.8
McyCs 15 04 05 07 17 43 41 2.6 21 109 12
Benzene 12 13 25 52 151 395 6.3 92 237 521 32
Cs"Aromatics 5.4 0 2.3 31 2.2 20 1.7 47 5.7 45 78
Others 27 43 52 85 169 171 73 91 119 102 14.8
Benzene selectivity (%)° 15 141 163 203 309 485 26 287 449 607 8.6

Reaction conditions WHSV = 2h™; Pressure = 1 atm.; TOS 2h; Ha: n-hexane (mal) =4.5; Temp. = 733 K; # C1-Cs = products from

methane to pentanes, $ = iso hexanes, mainly 2 methyl pentane and 3 methyl pentane; * = methyl cyclopentane; ** = toluene +
xylenes and + = benzene sdectivity = wt of benzeneiwt of dl products X 100.
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5.3. RESULTS AND DI SCUSSI ON

(78.3 %), benzene yidd is very low (1.2 %); most of the n-hexane is converted into
the C1-Cs fraction (364 %) and iso-hexanes (31.1 %). In the case of the akaine
catdysts, benzene yield incresses with the besicity, 1.3 % for P:LI-ETS-10, 485 %
for P-Cs-ETS-10 and 60.7 % for R-BaETS-10. The G-Cs yidd dso increases with
the bagcity of the sample, being 25 % in the case of Li and 16.2 % in the case of Cs
While it is expected that the light products (C:-Cs) are produced due to cracking
reactions over P-H-ETS-10, they are presumably formed by hydrogenolyss over Pt in
the case of the badc samples. Apparently, the hydrogenolyss activity of Pt is more
when supported on basic ETS10; this is espedidly apparent over the dkali exchanged
catalysts. However, P-Ba-ETS-10 shows the highest benzene sdectivity. It produces
less light products (C; to Cs) compared to PtCs-ETS-10, the most active dkdi
exchanged catdys. The isomerization activity of the basc cadyds (E 4.4 %) is
much smdler than that observed for the acid P-H-ETS-10 (311 %). It is interesting
to note that the more basc cadysts (eg., PtCs-ETS-10) possess dightly larger
isomerization ectivity then the less basc ones (eg, PLI-ETS-10). The increased
isomerization activity with bedcity suggests that the isomerization occurs by a
monofunctiond route via Ci-Cs cydlization and ring opening reections over the Pt
metd. The increesed yied of methylcyclopentane (MCP) over the more basc
cadyss confirms this mechanism for isomerization. The rexults reved that Pt
supported on basic samples is more sdective for the aromaization reection. It is
interesting to note that the most sdective catdyst (PEBa-ETS-10) produces more
MCP than the other cadyds suggesting that it possesses a greater cyclization activity
than that the others  However, an increese in isomerization and hydrogenolyss
reactions adso occurs with increase in the bascity of the support. The badsc catdydts

deactivated more dowly compared to PtH-ETS-10. The deectivation of Pt-BaETS
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5.3. RESULTS AND DI SCUSSI ON

10 was margindly less than PCSETS-10. The deactivation of PEFCSETS-10 was
more than P-Cs-LTL and PtCs-BEA samples.

5.3.1.2. Relationship between Sj; and benzeneyield in aromatization of n-hexane:
The cdculaion procedure and the vaues of Sy are presented in chapter 2 section
2310. Ove basc supports, Pt is believed to be dectron rich, the richness arisng
from dectron trandfer from the basic O ions in the latice™ The S, vaues for
different M-ETS-10 samples are presated in chapter 2 (section 2.3.10). The
relaionship between benzene sdectivity, oxygen charge and Sint in the case of PtM-
ETS10 samples is presented in Fg. 51 A didinct rdationship between the
intermediate dectronegativity (Six) of the differet meta exchanged ETS-10 samples
and benzene yidd is noticed (Fig 5.1) suggesting the activation of Pt by the beddty of
the exchanged metd. 1t is noticed that though the conversion is very high over H-

Charge on oxygen Char ge on oxygen
-045 -040 -035 -030 -0.25 -045 -040 -035 -0.30 -0.25
90 ] T T T T T T T T T T T T T T T
] Ba 60 - Ba
80 Cs H 1
1 ~ 50 Cs

S 60- > 401
= ] Sr > 1
.g 50 1 Rb 8, 30
g 407 Ca B 1
c oy 20+
(@] 30 M 8
© T K 9 N ]

20 ] = 104

i Na _Li o0 1
10 1 0- H
0 o e o T — T T T T T T T T 1
30 32 34 36 38 40 30 32 34 36 38 40
int nt
A B

Fig.5.1. A) Relationship between n-hexane conver sion and Sin/char ge on oxygen and

B) relationship between benzene selectivity and S/charge on oxygen.
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5.3. RESULTS AND DI SCUSSI ON

ETS-10 (783 %), benzene HHectivity is very low (15 %); most of the n-hexane is
transformed into cracked and isomerized products.

5.3.1.3. Studies on Pt-Cs-ETS-10: Among al the cation exchanged samples, PtCs-
ETS-10 and Pt-Ba-ETS-10 exhibit higher activity and benzene sdectivity (Table 5.1).
The activity of P-Cs-ETS-10 cadys isinvestigaied in grester detall in this section.

5.3.1.3.1 Influence of duration run: Deactivation of the catdyst was observed

during the run. Initidly, up to about 2 h, the deactivation was rapid, becoming dower
a longer duration of run (sudied up to 12 h; Fg. 5.2). The yieds of the products dso
folow a gmilar trend as converson. As the changes in converson and product
sectivity become smdl beyond a TOS of 2 h, dl the daa reported in the following

sectionsin this chapter were collected at duration of run of 2h.

0
70
60
50—- —— -
A . —~
[=) 1 .
20 —e— Conversion
] —v—Bz .
30 —a—C,C, .
20 —a—i-C, sel.
1 o~ —a— MCPsdl.
104
] == x
0 T T T T y T
0 2 4 6 8 10 12

TOS(h)
Fig. 5.2. Influence of duration of run on n-hexane conversion over Pt-Cs-ETS
10 (Reaction conditions: Temp. = 733 K; Press. = 1 atm.; WHSV =2

andH 2n-hexane (mol) = 6:1; seefoot noteof Table5.1for definitions).

5.3.1.3.2. Influence of Pt content: The influence of Pt loading (P-Cs-ETS-10) on

converson and product sdectivity & 733 K is presented in the Fig. 53. n-Hexane
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converson increeses as a function of Pt loading up to aout 05 wt % and remans
nealy condant a higher loadings Benzene sdectivity increasess margindly with Pt
loading. However, sdectivities for the products decrease margindly with Pt content.
The condant converson observed a higher Pt loading is probably a result of diffuson

effects in the channels of ETS-10 (pore diameter ~ 8A).

804
—a— Conversion

—e— Bz «.
—a— C,-C;sel.
—o—i-C,sd.
—a— MCP

50 .—_'_T’_/_ﬂ_,_,_,__.

40+

704

604

%

30
20_ m

104

A

A . -

012 I 013 I 0:4 I 0.I5 I O.IG I O.I7 I 0.8
Pt Content (wt.%)

Fig. 5.3. Influence of Pt loading of Pt-Cs-ETS-10 on n-hexane aromatization
(Reaction conditions; Temp. = 733 K; WHSV =2 h'; Press. = 1 atm.;
TOS=2h and H 2n-hexane (mol) = 6:1; seefoot note of Table5.1 for
definitions).

5.3.1.3.3. Influence of temperature: The influence of temperature on the converson

of n-hexane and product sdectivities is presented in Fig. 54. Converson increases
rapidly and reaches a maximum (~ 100 %) at about 780 K. Increasing the temperature
adso increeses benzene sdectivity while decreesing the sdectivities for the other
products.

5.3.1.3.4. Influence of space velocity: The influence of space velocity on converson

of n-hexane and benzene sdectivity & 733K ispresented in Fig. 5.5. Converson
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Fig. 5.4. Influenceof temperatureon n-hexanearomatization over Pt-CS-ETS

10 (0.6 wt % Pt) (Reaction conditions; WHSV =2 h™: Press.=1atm.;

TOS=2h and H:n-hexane (mol) = 6:1; seefoot noteof Table5.1for

definitions).
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Fig. 5.5. Effect of WHSV on n-hexane aromatization over Pt-Cs-ETS-10 (0.6 wt
% Pt) (Reaction conditions: Temp.=733K; Press.=1atm.; TOS=2h

andH 2n-hexane(mol) = 6:1; seefoot noteof Table5.1for definitions).

decreases rapidly with feed rate (WHSV from 05 to 4 Rt & 733 K). A maximum
conversion of 84.7 % is achieved at the lowest feed rate studied (WHSV = 05%). Itis

interesting to note that the hydrogenolyss sdectivity increases dightly with WHSV
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while benzene sdectivity decreasess The WHSV for the other products are unaffected
by sdectivity in the investigated range.

5.3.1.3.5. Influence of H./n-hexane (mol) ratio: The effect of hydrogen content on
converson and product yidd over PECSETS 10 is presented in Fg. 56. The
converson of n-hexane decreases with increesing Ho:HC (mol) retio.  Both benzene
yield and sdectivity follow the same trend. However, the G-Cs sdectivity increases
with H2 content, due to increased hydrogenolyss of the resctant/ primary products.
An increese in isohexane sdectivity is dso noticed with increesing H2:HC  (mol)
ratio. In these experiments, the n-hexane feed rate was kept constant and the H, flow
rate was changed. Asa result, the totad flow rate was more a higher H; partid
pressures. The decreased conversion noticed a higher H: HC (mol) ratio is probably
a result of the contact time effect. The loss of benzene sdectivity is a result of greater
hydrogenolyss activity a higher Hz partid pressures, the adsorbed intermediate
undergoing hydrogenolysis and isomerization to alarger extent.

A

804
704 —a— Conversion

—o0—Bz. sl.
601 —a—C,-C, .
] —e—i-C, .
50 .

| —1—MCP
01 ////—N\

304
. /
10+
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%

Fig. 5.6. Influence of Hz HC (mol) ratioin n-hexane aromatization over Pt-Cs-

ETS10 (0.6 wt % Pt) (Reaction conditions: Temp. =733K; Press. =1
atm.; TOS = 2 h and WHSV = 2 h*; see foot note of Table 5.1 for
definitions).
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5.3.1.3.6. Comparison with Pt-Al>Os and other catalysts. The results of n-hexane

aromatization over a commercid PtAIO3 (0.6 wt % PY) are presented in Table 5.1.
Conversion and benzene yields are more over the more basic PFETS-10 catdydts than
over Pt-AlOs. Besides, PtAl,Os; desctivated faster than the ETS10 cadyds
egpecidly when compared to CsETS-10.  Bar charts of benzene yidd and n-hexane
converson are presented in Fig. 5.7 for PFCsSETS10, PtCsLTL, P-CsBEA, PtCs
FAU and PtAlI20s. Comparing the different Pt-zeolite samples (Cs exchanged)
invesigated in this work, the ranking of the cadyds for benzene yidd (at identicad
conditions) is PtCs-LTL > Pt-CsETS 10 > P-CsBEA > Pt-CsLTY > PtAl,Os. As
the morphology of crysdlites of LTL, BEA and FAU were smilar (cubic, sze ~ 1
mm), the sdectivity trend noticed for these three systems should mainly be a refection

of the differences in ther dectronic effects on Pt and ther structures.

— [ Conversion
707 [ Bz Yied

Conversion and Bz. yied (%)
N
o

10- |:||:|
0
Pt-Cs-LTL Pt-Cs-FAU ALO,

Pt-Cs-BEA Pt-Cs-ETS-10
Catalysts

Fig. 5.7. n-Hexaneconversion and benzeneyield over different catalysts(Pt-Cs-
LTL, Pt-Cs-BEA, Pt-Cs-FAU, Pt-Cs-ETS-10 and Pt-Al,03) (Reaction
conditions: Temp. =733K; Pressure=1atm; WHSV =2h*and Hzn-
hexane (mol) = 6:1).
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5.4. CLUSTER MODEL AND METHODOLOGY

PART B: MOLECULAR MODELING

5.4. CLUSTER MODEL AND METHODOLOGY

The molecular grephics picture of ETS10 lattice is shown and described in
chapter 2 (section 2.6.4). The cluser modds of ETS-10 have been derived from the
cysd sructure of ETS-10 - polymorph B [(Unit cdl: {[M = [(Ti i03)2]16[SiOz]80},
(where M* = Li*, Na', K*, Rb" or Cs")] reported by Anderson et al.*® Two likely
locations for Pt (or Pt) indde the 12-MR ae condgdered; one in proximity to the
[TiOg] Oh (Fg. 223, modd 1) and another in proximity to the [SO,4] (Fig. 2.23; modd
2). Initialy, two smple clusers were used, [PV PsM2TiOsHe] and [Pt/
PtsM2TiSiOsH1g). These two clugers are from two typicd regions in ETS-10
framework and represent two distinctly different types of locations for Pt. Later on, the
cdculations were carried out with a dightly larger clugter, [P/ Ps:M2TiSi4O16H 10] with
a S/Ti rdio of 4 (the actud vaue of S/Ti in ETS10 = 5). This cluster can be used to
trest both the types of locations for Pt. More details of the cluser modds used in this

study have been presented in chapter 2 (section 2.6.4).

5.5. RESULTS AND DISCUSSION
5.5.1. Analysisof Small Clusters:

5.5.1.1. Influence of exchanged cations on [TiOg]: The molecular graphics picture of
the ample [M2TiOgHg] cluster, where M can be either M can be M, or M, or bath, is
shown in Fg. 58 The cduser modd used in this sudy is condructed from the
reported crystd structure*®  The akai metd ions are sted a locations predicted by
EXAFS® The unsaurated vaences of the cluster are saturated by hydrogen atoms.

The O-H distance is kept as 1.03 A and lies dong the origina vector of the Ti-O-S in
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©H@O OM @V ST

Fig. 5.8. Molecular graphics picture of [M 2TiOgHg] (whereM =Li, Na, K, Rb

or Cs) cluster model.

© Q0 O0V @VIiOs @7

Fig. 5.9. Molecular graphics picture of [M 2TiS2011Hg (whereM =Li, Na, K,
Rb or Cs) cluster model.

196



Table5.2. Electronic properties of the cluster moddls of M-ETS-10

Clugter [M2TiOgHg] [M2TiSbO11Hg]
M Totd energy B.E® Net chargeon Tota energy B.E.° Net charge‘on
(au) (kcal/mol) M (@u) (kea/mol) M
Li -155.6862 -433.88340 0.66 -2429197 -4185610 0.69
Na -155.6081 -384.9150 0.80 -242.8483 -398.1103 0.83
K -1555242 -332.3101 092 -242.7697 -3586114 0.93
Rb -1555211 -330.3662 0.96 -242.7629 -318.2316 097
Cs -155.4827 -306.2893 0.96 -242.7308 -308.6619 0.97

234D hinding energy calculated from equation (5.1) or (5.2), respectively and © average Mulliken population (atomic

charge) on dkali earth atoms.
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the ETS10 latticee The extra negative charges on the TiOg cluster are baanced by
adkali meta cations. The distance between M-O is the sum of the radii of O and M".
The dkdi metd cations are sysematicaly varied from Li to Cs. The charge on akdi
meta cations increases from Li to Cs (Table 5.2). The binding energy of the dkdi
caions with the cluster modd is cdculated from equation (5.1). The binding energy

decreases from Li to Cs.

BE=T.E. [M;TiOHq - {T.E[TiOeHg]* + 2T.E [M]*} 51)

5.5.1.2. Influence of exchanged cations on [SiO4: Another smdl cluster modd,
namdy [M.TiSOuHg], where M can be either M or My or both, used in this sudy is
shown in Fg. 59. This duger consss of two S and one Ti aoms. The negdtive
charge on the clugter is compensated by dkdi metd ions, Li to Cs. The charge on the
dkdi cations increases from Li to Cs (Table 52). The binding energy of the akali
metd cation with the cluser modd is cdculated from equation (5.2). Binding eergy

of the akali metd with the cluster increases from Li to Cs (Table 5.2).
BE= T.E. [MTiSkOuHg] - { T.E [TiSkOuHg]* + 2T.E [M]*} (52)

5.5.1.3. Electronic structure of Pt and Ptslocated in M-ETS-10: The mgor poresin
ETS 10 ae 12-MR channds (Fig. 2.23). These channels are intersected by smdler 7,
5 and 3-MR channéls in such a way tha the wadls of the 12-MR channds are linked
with pockets with 7, 5, 4 and 3-MR openings. The Ti - atoms are accessible through
pore openings, some of which are blocked by the exchanged akai metd ions® There

are saverd possiblelocationsfor Pt or Ps cluster in PEM-ETS-10.  Given the large
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©H®0 © Vv OM @T @ Pt

Fig. 5.10. Molecular graphics picture of [Pt:M;TiOgHg] (where M = Li, Na, K,
Rb or Cs) cluster model. Thiscluster representsthe presence of Pt

nearer to [TiOg).

) Q
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Fig. 5.11. Molecular graphics picture of [Pt:M >TiSi,011Hg] (whereM =Li, Na,
K, Rb or Cs) cluster model. Thiscluster representsthe presence of
Pt nearer to[SiO4).
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sze of a Pt aom (2.77 A), aomicaly dispersed Pt atoms and smal Pt clusters can be
presat only insde the 12-MR (=8 A) channds.  Two didtinctly different locations
exig for Pt indde the 12-MR, one near [TiOg] octahedra and another near [SO4]
tetrahedra

5.5.1.3.1. Single Pt nearer to [TiOe]: The cluster modd [Pt: M2TiOsHe] used in this

study is shown in Fig. 510. The Pt aom is located above the dkdi metd cation. The
distance between Pt-M is the sum of the radii of the Pt and dkai metd ion. The dkdi
ions are sysemdicaly varied from Li to Cs. The Pt is located in [110] plane as shown
in Fg. 5.10. The binding energy of the Pt or Pts with the cluster modd [M2TiOgHe] is
cdculated according to equation (5.3). The binding energy is not Sgnificantly affected
by the nature of the akai metd ion (Table 5.3). The charge on P is negative for dl

the cations; the negative charge increases on going from Li to Cs.

BE= T.E. [Pt/Pt M,TiOgHg] - { T.E [TiOgHg] + T.E [PU/P]} 53

5.5.1.3.2. Sindle Pt nearer to [SiO4]: The duster modd [Pt:M2TiSp0O110g] is shown

in Fig. 5.11. The dectronic properties of the cluser mode are presented in Table 5.3.
The charge on the dkdi metd cation increases from Li to G The binding energy of

Pt or Pts with the cluster is calculated from equation (5.4).

BE = T.E. [P/PtsM3TiSi,000¢] - { T.E [(MTiSkOnHg] + T.E [PU/Pt]} (5.4)

The charge on Pt is podtive and decreases on going from Li to Cs. Comparing the
charge on Pt aom and binding energy for Pt a the two locations (nearer to the TiOg
octahedra and SO, tetrahedra), the Pt atom nearer to TiOg is eectron rich even though

the binding energies are smilar. Besides, the [TiOg cluster donates dectronic charge

to Pt whilethe[SIO4] cluster withdraws e ectronic charge from PX.
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Table 5.3. The Electronic properties of Pt over the cluster models of M-ETS-10

Cluder [PCM 2 TiOgHe] [PEM ,TiS,00Hg

M Tota energy B.E.® Net charge“on Tota energy B.E" Net charge” on
(au) (keal/mol) M Pt (au) (kcal/mal) M Pt

Li -2744716 -118.78+4 0.67 -0.052 -361.7304 -1185610 0.69 0.015

Na -274.3957 -118.7876 0.81 -0.073 -361.7304 -1188110 0.83 0.018

K -274.3147 -118.7905 093 -0104 -361.7304 -1188114 093 0.020

Rb -274.3123 -118.7912 097 -0.116 -361.7304 -1188116 097 0.018

Cs -274.2751 -118.7924 097 -0121 -361.7304 -118.8119 097 0.019

23D hinding energy caculated from equation (5.3) and (5.4), respectively and © average Mulliken populaion (atomic charge)

on dkdi and platinum atoms.
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5.5.1.3.3. Electronic structure of Pts nearer to [TiOgl: The cluster mode with

stoichiometry [Pts:M2TiOsHe| is shown in Fig. 512. Severd orientations of Py were
condgdered and the Pt plane oriented perpendicular to the [110] plane as shown in Fig.
512 was found to be energeticaly the most favorable. The dectronic properties of
[PtsM2TiOsHe] have been deived by sysemdicdly varying ‘M’ from Li to Cs and
presented in Table 54. The highet occupied molecular orbitds (HOMO) are
contributed by oxygen 2p aomic orbitds while the lowest unoccupied (LUMO) ae
contributed by the p orbitds of M and 1s aomic orbitds of H. The folowing
observaions are made from the results of ab initio cdculaions presented in Table 5.4:
a) the interaction of P with M-ETS-10 increases with the eectropostive nature of the
exchanged ion (Li < Na < K < Rb < Cg), b) the dectronic charge on the cation
increases with the presence of Pts over [TiOsM2] clugter, ¢) the dectron dendty on Pt
in these cluster models aso increases in the order Li < Na < K < Rb < Cs and d)
electron transfer occurs from the support to the Pt clugter.

5.5.1.34. Electronic structure of Pts neaer to [SO4: The custer mode

representing  this  dtudtion is shown in Fg. 513 and the doichiometry is
[M2TiSOnHg]. The ab initio caculations were performed as in the earlier case. P
plane oriented padld to the ‘d in a axis is eneageticdly the mog favorable
orienttion.

The results of these cdculaions are presented in Table 54. 1t is obsarved that
the pogtive charge on ‘M’ is comparable to those given in Table 5.2, in spite of the fact
that a Pt duder is induded in the modd. These results indicate that the eectron
digribution is a locdized phenomenon. The binding energy vaues cdculaed for these

clugers according to equdion (54) ae dso presented in Table 54. Though the
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Table. 5.4. Electronic properties of the cluster models of Ps-M- ETS-10

Cluster [PtsMTiOgHe] [Pts: M2TiSEO1Hg]
M and Totd energy B.E?2 Net charge“on Totd energy B.E.° Net charge“on
M (au) (kcdl/mol) P’ M (au) (kcal/mol) Pt M
Li -749.7709 -13.4912 -0.0207 071 -836.9932 -1.27190 0.0032 0.69
Na -749.7065 -22.0880 -0.0224 081 -836.9225 -7.8437 0.004 0.83
K -749.6431 -36.8970 -0.0276 095 -836.8461 -8.7222 0.0037 093
Rb -749.6539 -43.6740 -0.0329 0.98 -836.8397 -9.1615 0.0021 097
Cs -7496172 -44.7407 -0.0314 0.98 -836.8087 -9.5380 0.0033 097

& @D hinding energy cdculated from equation (54) or (4.5), respectivdy and © average Mulliken population (aomic charge) on

akdi and plainum etoms.
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Fig. 5.12.

Fig. 5.13.

P15 cluster

Ti @ Pt

Molecular graphics picture of [Pt:M2TiOeHe] (where M = Li, Na, K,
Rb or Cs) cluster model. Thiscluster representsthe presence of Pts
nearer to [TiOg]. The energetically favorable parallel orientation of

Ptsis shown.

Pt5 atoms

© 9001 0uos 01 O

Molecular graphics picture of [Pts:M 2TiSO1;Hg] (where M= Li, Na,
K, Rb or Cs) cluster model. Thiscluster representsthe presence of
Pts nearer to [SO4. The energetically favorable parallel orientation

of Ptsis shown.
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Fig. 5.14. The Variation of average charge on Pt in Ptscluster [when located
nearer to [TiOg] (@) and [SIO4] (-)] with the nature of exchanged

metal cations.

binding energy vaues increese with increese in the dectropodtive nature of the
exchanged metd, the vdues are smdler than observed for the [TiOg] cluster (Table
54). Thisindicates that the preferred location of Pt is nearer to TiOg rather than SO4.

A comparison of the average charge on Pt in Pt located near the [TiOg] and [SQO4] is
presented in Fig. 514. The charge on Pt is dightly podtive when present closer to
[SO4 ad it is digntly negative when doser to [TiOg (Fig. 5.14). Also, the charge
becomes more negative with increase in the size of the caion (Li to Cs) when Pt is
closer to [TiOg]. The vaue is nearly the same for Li, Na and K and decreases only for
Rb and Cs when the Pts dlugter iscloseto [SO4] (Fig. 5.14).

5.5.2. Analysis of a Large Cluster: In the smal cluster mode used, the influence of
S/Ti ratio could not be invedigated. Hence, a larger cduster [M,TiSi4O16H10] With
S/Ti rdio of 4.0 close to the typicd vaue of 5 reported for ETS-10 was used in the

modding dudies and ab initio cdculations. This larger cluster with a more redistic
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S/Ti ratio is expected to Smulate the experimentd activity of P-M-ETS-10 better than
the smdler clusers and to produce more accurate data on the influence of the
exchanged cations. The duster modd is dready discussed in chapter 2 (section 2.6.4).

5.5.2.1. Influence of exchanged cations on [TiOg] and [SO4]: Molecular graphics
picture o the cuger modd is shown in Fg. 515 The doichiometry of the cuder
modd is [M,TiS,O1H10] [where M = Li, Na, K, Rb, Cs, Mg(OH), Ca(OH), Sr(OH)
and Ba(OH)] and the dectronic properties were caculated as for smdler cluster
modds. The dkdi metd catlions have been sysemaicdly varied. One dkdi cation
has been kept constant as Na or K in M, ste (Fig. 5.15) and the other one varied from
Li to Cs and from Mg(OH) to Ba(OH). The results of the calculations are presented in
Table 55. The dectronic charge on dkdi metd increases from Li to Cs and Mg(OH)

to Ba(OH) (Table 5.5). The binding energy of the dkdi meta ion with the cluster

-

. ! 0

f

P

)
£ i
L ‘-

™
kL J_J

0000 e® vi @ si @ T

Fig.5.15. Molecular graphics picture of [TiSiJOH10M 7] cluster [where M= Li
to Csand Mg(OH) toBa(OH)].
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Table 5.5. Electronic properties of the cluster modd, [M2T1Si4016H10]

M My Totd energy (au) B.E. (kcad/mol)® M My P
H H -330.3189 -467.2001 043
Li Li -330.2071 -397.0682 067
Na Na -330.1071 3343121 081
K K -330.0596 -304.5083 093
Rb Rb -330.0591 -304.1944 0.97
Cs Cs -330.0261 -2834881 097
Li Na -330.1691 -3732153 0.69
K Na -330.0643 -307.4574 0.83
Rb Na -330.0801 -317.3712 0.84
Cs Na -3300823 -3187510 083
Li K -330.1353 -352.0074 0.83
Na K -330.0973 -328.1631 0.90
Rb K -330.0592 -304.2572 091
Cs K -330.0302 -286.0601 093
Mg(OH) Mg(OH) -363.8039 -460.7201 137
Ca(OH) Ca(OH) -3635421 4370191 164
Sr(OH)  Sr(OH) -363.3370 -390.9631 1.80
Ba(OH) Ba(OH) -363.3225 -331.2160 182

2 pinding energy caculated from eguation (5.5) and ° average Mulliken populaion
(atomic charge) on dkdi aoms.

modd is cdculated according to eguation (5.5). The hinding energy decreases

generdly with increasing Size of the cations (Table 5.5).
BE = T.E. [M2TiSkOs6H1d - { T.E [TiSuO1eH]* + T.E. [M]" + T.E. [Mi]*} (55

5.5.2.2. Electronic structure of Pt: The dectronic properties are calculated when a
sngle Pt aom is located nearer to the [TiOg| group (Fig. 5.16) or nearer 10 a [SO4]

group (Fig. 517). The influence of different exchanged metd ions is sudied. The

207
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results ae presented in Tables 56 and 5.7, respectivdy.  Smilarly, the dectronic
properties are calculated when a Ps cluster is located nearer to the [TiOg] group (Fg.
518) or to a [SO4] group (Fig. 5.19). Here too, the influence of different exchanged
metd ions is dudied. The results are presented in Tables 5.8 and 5.9, respectively.

Ovedl, the trendsin the binding energy vaues and charge on exchanged metd as

Table 56. Eectronic propeties of cduser modd, [PtM ;TiSiOxHig] Pt nearer a

[TiOg]
M; Mi Tota Energy B.E2 Net charge” on
(au) (keal/mol) Pt M, M
H H -449.5059 -241.2702 029 0.52 034
Li Li -450.0178 -632.3291 019 0.68 0.46
Na Na -449.9349 -643.0510 016 084 0.75
K K -449.8566 -623.7401 002 093 0.86
Rb Rb -449.8669 -630.5111 0.02 097 0.89
Cs Cs -449.8289 -627.3760 0.00 097 0HA
Li Na -4495259 -435.1942 015 0.68 0.60
K Na -4495115 -400.9041 013 0.86 0.75
Rb Na -449.4999 -390.9970 010! 0Aa 0.82
Cs Na -4494705 -389.6181 0.02 097 091
Li K -449.4659 -396.3872 011 0.67 0.74
Na K -449.4609 -380.2130 010 0.68 0.83
Rb K -449.4592 -374.1014 0.03 0.96 0.95
Cs K -449.4498 -373.2841 0.00 0.98 0.96
Mg(OH) Mg(OH)  -4833123  -4427872 003 097 089
Ca(OH) Ca(OH)  -4830351  -4331070 003 097 094
SI(OH) Sr(OH)  -4829010  -3784821 002 179 179
Ba(OH) Ba(OH)  -4826137 3066030 02 181 181

% binding energy caculaed from equation (5.6) and ° Mulliken populaion (atomic
charge) on dkdi and platinum atoms.
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wel| as platinum are Smilar to the observations made on the smdler clugters, athough
the absolute values are different.

property of Pt is a locdized phenomena. However, such large cluster models are more

redistic and provide more rdiable data

BE=T.E. [M2TiSixO1H10: Pt/Pts] - { T.E [M2TiSuO16H1q] + T.E [Pt/Pts]}

Hence, it may be concluded that the eectronic

(5.6)

Table 5.7. Electronic properties of cluser modd, [Pt:M2TiSi4O16H10] Pt nearer to
[SO4]

M, M, Totd energy B.E.2 Net charge” on

(au.) (kcal/mol) Pt M, My

H H -449.5060 -211.7202 0.01 044 041

Li Li -450.1178 -532.3219 021 04 (0157

Na Na -449.0934 -513.0510 0.19 0.79 079

K K -449.0661 -503.7401 0.16 0.86 0&

Rb Rb -449,0536 -501.5111 012 093 093

Cs Cs -449,0289 -497.3760 0.02 0.96 0%

Li Na -449,0105 -415.1942 0.16 0.65 066

K Na -449.0906 -379.9041 012 0.86 067

Rb Na -449.0700 -370.0197 0.06 0A 072

Cs Na -449,0515 -369.1108 004 097 077

Li K -449.1091 -396.3273 013 0.67 074

K K -449.0906 -380.2011 011 088 075

Rb K -449.0505 -374.1031 0.03 096 077

Cs K -449,0219 -322.2841 0.00 0.98 080

Mg(OH) Mg(OH)  -4826123 -303.8874 0.02 136 138

Ca(OH) CaOH)  -482.3506 -297.9501 0.02 163 163

SI(OH)  Sr(OH) 4823104 -2781510 0.02 179 17

Ba(OH) Ba(OH) -482.1370 -2717121 0.01 181 181

2 binding energy cdcoulated from equation (5.6); ° Mulliken population (atomic charge)
on akai and platinum atoms and © average charge on Pt in Pt.
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b

$32 %

W Mt

e,

Fig. 5.16. Molecular graphics picture of [Pt:M2TiSi<O16H19 (where M = Li to
Csand Mg(OH) to Ba(OH)) cluster model. This cluster represents

the presence of Pt near [TiOg).

o H®OOM OMI @S @ Ti @ P

Fig. 5.17. Molecular graphics picture of [Pt:M 2TiSiJO6H1g (where M =Li to
Csand Mg(OH) to Ba(OH)) cluster model. This cluster represents

the presence of Pt near [SiOy].
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Table 5.8. Electronic properties of cluster modd, [Ps:M2TiSizO16H 10]

Cluter [PtsM2TiSuO16H1d (Ptsnear to [TiOg)) [PtsM2TiSiuO1H 1] (Pts neer to [SO4])
M;andM;  Totd energy B.E? Net charge on Totd energy B.E.® Net charge on
(au) (keal/mol) PE M, My (auw) (kcdimo) — P M, My
H -924.7463 -21.3751 0025 0.62 052 -924.78%5 -24.4610 0006 053 053
Li -924.3369 -38.7793 -0012 0.69 024 -924.2921 -3.6897 0001 0.68 0.68
Na -924.2390 -30.09%61 -0.024 0.75 034 -924.2085 -2.2425 0001 082 082
K -924.1706 -16.9917 -0.034 0.93 044 -924.1409 -1.6302 0000 093 093
Rb -924.1580 -94051 -0.046 097 053 -924.1429 -00627 -0.001 097 097
Cs -924.1381 -12.6187 -0.056 097 0.65 9241117 -1.0659 0003 096 0.96
Mg(OH) -957.9556 -39.3756 -0011 133 121 -957.9331 -18.2150 0001 139 140
Ca(OH) -957.7537 -36.8702 -0.019 1.66 159 -957.6420 -10.0947 0001 166 166
Sr(OH) -957.5871 -21.3826 -0022 1.80 175 -957.5890 -6.3327 0002 180 180
Ba(OH) -957.4652 -20.9079 -0031 185 183 -9574151 -5.2041 0003 185 185

#pinding energy caculated from equation (5.6); ® Mulliken population (atomic charge) on akai and platinum atoms and © average charge on Pt in

Pts.
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Pt5 atoms

Fig. 5.18. Molecular graphics picture of [Pts:M 2TiSi4016H 19] (whereM = Li to
Csand Mg(OH) toBa(OH)). Thiscluster representsthe presence of
Pts nearer to [TiOg]. Theenergetically favorable parallel orientation

of Pts cluster is shown.

Pt5 atoms

©® @O0 @M @VIOS @ T @ P

Fig. 5.19. Molecular graphics picture of [Pts:M 2TiSi4016H 19] (Wwhere M = Li to
Csand Mg(OH) to Ba(OH)) cluster model. This cluster represents
the presence of Pts nearer to [SIO4. The energetically favorable
parallel orientation of Ptscluster isshown.
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5.5.2.3. Behavior of adsorbed benzene over Pt-M -ET S-10:

5.5.2.3.1. Adsorption of benzene over Pts|ocated near [TiOg]: Molecular grgphics

picture of benzene adsorbed over a PETS10 duder is shown in Fg. 520. The
digance between platinum and benzene was optimized and the most favorable
distance was found to be 3.75 A. FElectronic properties of the modd dusters were
cdculated for various caions (Table 59). The binding energy of the CgHg molecule
with the Ptzeolite dusters was cdculated according to equation (5.7). The hbinding
energy of benzene with the cluster decreases from Li to Cs and Mg(OH) to Ba(OH).
This observaion reveds that benzene adsorption is wesker over Pt supported on more
besc supports. Comparing the eectronic charge on Pt in the presence and absence of
adsorbed benzene, it is found to be dightly more negative when benzene is adsorbed
reveding the donation of eectronic charge by benzene to Pt. This trend is amilar to

those observed in case of other basic zeodlites (chapter 4).

B.E.=T.E. [M2TiSkOsH0:PtsCeHe/H2S]H{ T.E. [M2TiSi4O016H1q: Pts+ T.E. (GsHe/H.S)} (5.7)

5.5.2.3.2. Adsorption of benzene over Ptslocated near [SiO4]: Molecular graphics
picture of this dtuation is shown in Fig. 521. The dectronic properties of duster

models were cdculated for different M, and My ions [(Li to Cs and Mg(OH) to
Ba(OH)] (Table 59). The binding energy of benzene with the cluster decreases with
increesng Sze and dectropogtive naure of the cations  Compaing the benzene
binding energies with the cluster for the two cases (Pt near [TiOg] and near [SIO4)), it
is found that the vaues are dightly larger when Pt is near [SO4] tetrahedra (Fig.
521). This suggests that the desorption of benzene is redively esser when the P
cluster is placed near [TiOg]. This should make the Pt atom near [TiOg] reatively
more active for n-hexane dehydrocydization (provided benzene desorption is the rate

determining step) than those near [SIO4]. The average charge on Pt in Pts (near [TiO¢)
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F’tSIamms Be.nzene
0190 0C 0V 01 Os 01 O F
Fig. 5.20. Molecular graphics picture of [CeHe:Pts:M 2Ti1Si<016H19 [where M=
Li to Cs and Mg(OH) to Ba(OH)] cluster model. This cluster

represents the presence of Pt; nearer to [TiOg and benzene is

adsor bed over the Pts atoms.

Fig.5.21. Molecular graphics picture of [CeHe:Pts:M 2T 1Si4<016H 19 [Where M=
Li to Cs and Mg(OH) to Ba(OH)] cluster model. This cluster
represents the presence of Pts nearer to [SiO4 and benzene is

adsor bed over the Pts atoms.
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Table5.9. Electronic properties of cluster modes, [CeHe: Pt: M2Ti1Si4014H10]

Cluster [CeHe:PE:M2TiSi=OH 1] (P near to [TiOg)]) [CeHe Pts:M2TiSisOuH10] (Pts near to [SIO4))
M, and T.E. B.E? Net charge® on T.E. B.E.2 Net charge® on

My, (au) (kcal/mol) Pt° M, My | (au) (kca/mo) Pt° M, M,
H 9611094  -4.6859 -0.055 058 050 | -961.0727 -114114 0021 038 050
Li 9606422  -24453 -0.017 0.70 020 | -9605798 -85899  -0031 064 0.68
Na 9605432  -1.7908 0.026 083 032 | -9605193 -58938  -0036 081 0.83
K 9604735 09066 -0.036 093 031 | -9604453 -18810  -0036 093 0.93
Rb 9604599 03583 -0.057 097 052 | -9604452 -05643  -0036 097 0.97
Cs 9604428 -00691 -0.061 098 064 | -9604121 -06271  -0036 098 098

Mg(OH) 9942791  -1387%5 0014 131 129 | -9942633 -1812038  -0033 1.36 1.38

Ca(OH) 940751  -125401  -0.020 159 159 | -99395%5  -14.0947  -0030 163 1.63

Sr(OH) 9939045  -100320  -0.023 177 178 | -9939093 -11.8503  -0030 176 1.77

Ba(OH) 9937805  -8.7153 -0.030 180 179 | -9987321  -98439  -0031 182 1.83

2 pinding energy cdculated from equation (5.7); ° Mulliken population (atomic charge) on akai and plainum atoms and © average

chargeon Pt in Pt
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Fig.5.22. Comparison of average charge on Pt in Pts (When benzene is
adsor bed on Ptsclusters near [TiOg and [SiO4)).

and near [SO4]) for different cations in the cluster is presented as a bar graph in Fig.

5.22. The dectron density on Pt Sgnificantly increases from Li to Cs and from Mg(OH)

to Ba(OH) when Pts placed near [TiOg] than [SO 4.

5.5.2.4. Behavior of adsorbed H,S over Pt-M-ETS-10: Molecular graphics pictures
of H:S adsorbed on Pt located near [TiOe] and [SO4 groups are shown in Fgs 5.23
and 524, repectivdy. The binding energy of the H,S molecule with Pt-zeolite dugters
was caculated according to the equation (5.7). The dectronic properties of the modd
clusers were caculated for various cations My and My [(Li to Cs and Mg(OH) to
Ba(OH)] (Table 5.10). Comparing the binding energies of HS adsorbed on Pt located
near the two stes, namdy [TiOg and [SIO4], it is found that a larger poisoning effect is
generdly obsarved for H2S on Pt near [TiOg]. The negetive charge on the S aom
increeses with increese in the eectropostive character of the cation [(Li to Cs and
Mg(OH) to Ba(OH)]. Besides, comparing tables 5.8 and 5.10, the charge on Pt becomes

more pogitivein the presence of S, the effect being more noticed when P islocated
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Table 5.10. Electronic properties of [H:S:PtsM,TiSkO14H1] clusters.

Cluster [H2S: PeM,TiSiOwH1g] (Pts near [TiO Q) [H2S:. PeM,TiSi:0uH1g] (Pts near [SO4)
Miad  Totd energy B.E2 Charge’ Total energy B.E2 Net charge® on

M (au.) (kcd/mal) Pt S M My (au.) (kcd/mao) Pt S M M
H -935.834 -242.3360 0.02 -0.18 0.64 051 -935.8323 -216.44 0.009 0.14 045 045
Li -936.3712 -211.1112 0.16 -0.17 0.65 031 -935.3395 -219.325 0.006 -0.14 0.68 068
Na -935.3077 -232.6801 012 -0.18 034 034 -935.2656 -219.137 0.007 -0.14 081 081
K -935.2223 -222.0210 0.10 -0.19 0.93 0.40 -935.1917 -221.456 0.008 -0.14 093 093
Rb -935.2093 -221.7701 0.08 -0.21 0 052 -935.1915 -220077 0.007 -0.13 097 097
Cs -935.1897 -221.9581 0.06 -0.22 097 0.63 -935.1585 -218948 0007 -0.17 096 0%

Mg(OH) -969.0225 -231.5512 0.10 -0.19 134 121 -968.9885 -224529 0.008 -0.14 140 14

Ca(OH) -968.7537 -189.6051 0.05 -0.19 166 159 -968.6728 -221.77 0013 -0.14 163 163

Sr(OH) -968.6314 -217.3810 0.01 -0.20 180 174 -968.6258 -218.823 0013 -0.15 180 180

Ba(OH) -968.504 -217.3182 0.00 -0.21 189 183 -968.5011 -218.698 0013 -0.16 185 185

2binding energy calculated from equation (5.7); ® Mulliken population (stomic charge) on akali and platinum atoms and “average charge on Ptin

Pts.
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P15 atoms  HZ3 Maolecule

Tiatom
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Fig. 5.23. Molecular graphics picture of [H,S:Pts: TiSiJO16H10M 2] (where M =
Li to Cs and Mg(OH) to Ba(OH)). This cluster represents the

presence of Pts nearer to [TiOg] and H,S adsor bed the Ptsatom.

Pt5 atoms H2S Molecule

" H@O @5 @M @M Q@S @ T @ Pt\

Fig. 5.24. Molecular graphics picture of [H2S:Pts: TiSi{O16H10M 2] (where M =
Li to Cs and Mg(OH) to Ba(OH)). This cluster represents the

presence of Pts nearer to [SiO4] and H2S adsorbed over the Pts
atoms.
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closer to [TiOg). It is wel known that Pt highly dispersed in adidic zedlites is sulfur
resstant.”®  This is explained by the presence of a very wesk bond between
dectronegative S aoms and the dectron deficient Pt particles’ One may expect that,
by contragt, a strong bond would exist between S and dectron-rich Pt clusters. In fact,
it is known tha highly dispersed Pt supported on basc zedlites is highly sengtive to
sulfur®* This is related to the large Pt ® S dectron transfer.® The well-known Pt
agglomeration upon  sulfur poisoning®® may then be suggested to be due to a
weskening of the Pt support bond. It is dso proposed that sulfur competes with Pt as
an dectron acceptor for the dectron transfer from the zeolite surface. ™

5.5.2.5. Electron density on Pt and S in Pt-M-ETS-10: Plots of the average
charge per Pt aom versus Si¢ (caculated according to Mortier') are presented in Fig.
525 for Pt in the two locaions in the [P TiS4O18H10M2] cluster. The plots reved
the generd trend of decreasing postive charge (increesing eectron density) on Pt with
decreasing Six suggesting less dectron transfer from Pt to the support with increasing
support basicity. In fact, in some cases, (Rb, Cs, & and BaETS-10) the charge on Pt
is negative (electron rich) suggesting that dectron trandfer occurs from the support to
Pt. The plots are different for the dkdi and dkaine earth metd ions. In generd, it is

seen that the charge on Pt is more negative when P is located near [TiOg].
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Fig. 5.25. Relationship between average charge per Pt in Ptsatom cluster and
Snt charge on oxygen. (A) when Pts islocated near [TiOg] and (B)
when Pts islocated near [SiO4].

5.6. CONCLUSIONS

Pt-BaETS10 and P-CsETS 10 show the highest benzene sdectivity among
the dkdi and dkdine eath metal exchanged ETS10 samples. n-Hexane converson
and benzene sdectivity increase with bedicity of the PEM-ETS-10 samples (Li to Cs
and Mg to Ba). The highest converson of n-hexane (99.3 %) was observed a 833 K
over PtCsETS10. Benzene yidd is found to be a function of the intermediate
eectronegativity (Sn) of M-ETS-10, suggesing an increasing trandfer of eectronic
charge from the basic support to the metd with increesing eectropostive character of
the dkai metd. P:-BaETS 10 and Pt-CsETS-10 are many times more active than a

Pt-Al203 in the aromatization on n-hexane.
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The sdient features of the computationa studies can be summarized as follows:

1) The binding energy of the dkdi metad ions with ETS-10 lattice is the largest for Li
and the smdlest for Cs.

2 The net charge on the dkdi metds is pogtive. The charge increases from Li to Cs
isintheorder: Li< Na<K <Rb=Cs.

3 The dectron trandfer from the basc support to the Pt is probably the man reason
for its excdlent n-hexane aromdization ectivity. Pt atom or Pt cluster have two
locations ingde the 12MR channel of ETS-10. There is transfer of eectron from
ETS-10 to Pt in one of the Stes (nearer to [TiOg]) and there is transfer of eectron
from Pt to ETS10 in the other dte (nearer to [SO4]). Thus there is a dear
preference for the location of platinum insde M-ETS-10 latice.

4) The binding energy of platinum with ETS10 latice is the smdlest for LI-ETS-10
and the largest for CSET S-10.

A lager cluser modd was used to dmulaie a redisic S/Ti ratio. The
guditative corrdations remained the same dthough absolute vaues of caculated
propeties are different. The larger clusters certainly served as better models for
sudying the adsorption of organic molecues. The adsorption of benzene and H,S over
the platinum was sudied usng these large cluser modds.  The following conclusons
can be derived:

1) Binding energy vdues for the adsorption of benzene over Pt supported on highly
badc zedlites are low. These results suggest that a weaker adsorption of benzene

happens on dectronrich Pt cuders.  The wesker adsorption of benzene could
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2

trandate into larger activity of these catdyss due to faster desorption of the
product benzene from the active centers (Pt).
Binding energy vaues for the adsorption of H,S are larger for Pt supported over

badc than for Pt supported over acidic zeolite. Electron trandfer takes place from

Pt to S and is more when Pt is supported on a basic support. This suggests that Pt

supported on basic catdysts is more vulnerable to sulfur poisoning.
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6. 0 SUMVARY AND CONCLUSI ONS

The aromatization of n-hexane over anumber of Pt loaded microporous solid
base catdysts have been examined in thisthesis. Both experimenta and computationd
tools have been utilized to design, make, characterize and evduate these catdyss. The
four types of zeolite catayssinvestigated in thisthessare LTL, BEA, FAU and ETS

10. These catalystshad H, Li, Na, K, Rb, Cs, Mg(OH), Ca(OH), Sr(OH) and Ba(OH)
as the non-framework cations to impart different levels basicity in them.

The sdient aspects of the preparation and characterization of the samples can be

ummarized as

1) Four types of zeolites with different structures (LTL, BEA, FAU and ETS10)
were prepared by hydrothermd synthesis followed by calcination.

2) They were exchanged with hydrogen, five dkdi metd ions (Li, Na, K, Rb and
Cs) and four akaine earth metd ions (Mg, Ca, S and Ba).

3) All these cadyds were loaded with platinum usng tetraamine platinum (I1)
chloride as the impregneting agent.

4) The above cataysts were characterized by XRD, N adsorption, SEM, UV-Vis,
FTIR, TPD, plainum meta disperson and MASNMR techniques and the
following inferences were made:

a All samples were highly crygdline, though a decrease in XRD intengty with
the Sze of the cation was noticed.

b The surface areas of the catalysts dso decreased with increasing size of the
exchanging cations.

0 The synthesized zeolites had uniform paticle szes ETS-10 cadys paticles

were larger (8-10 mm) than the other zeolite particles (1-2 mm).
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f)

o))

h)

Prominent IR absorption bands  (framework) in the region of 950-1150 cmi’
and 300-400 cm™ were observed indicating the typical microporous nature of
the slicaes The band in the 950-1150 cmi' region shifted to higher
frequencies with increasing size of the exchanged cation.

The FTIR spectra of CO: adsorbed on different ion exchanged zeolites
reveded the presence of different types of adsorption sites on the samples.

The badcity of the catdyst can be directly rlated to the sze of the exchanged
cdion. The larger the sze of the exchanged cation, the higher the basicity of
the catalyst.

The baedcity of the caidysts was dso corrdated to Sanderson’'s intermediate
eectronegdivity (S and caculated charge on oxygen.

There are more than one type of badc dtes in these zedlite cadyds as
reveded by the TPD of CO,. The exchanged cation remaining the same, the
basc drength among different zeolites incressed in the order FAU < BEA <
ETS10<LTL.

H, Chemisorption reveded the digperson of Pt in the samples to be in the

range of 0.5 to 0.9, the disperson increasing with the basicity of the catays.

Thus the usefulness of the characterization tools for ranking the basicity and the

efficiency of the cataygtsis dearly brought out.

Evduations of the cadytic activity of these zeolites were undertaken. The

conclusions of these sudiesare:

1) Among the zedlites invedtigated, LTL is the mog active one for n-hexane

aomdization. The order of ranking of the different zeolites with respect to

aromatization activity is PEM-FAU < Pt-M-BEA < Pt-M-ETS-10 < Pt-M-LTL.
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2 Converson of n-hexane increases with the basicity of the samples in the order: Li
<Na<K<Rb<Csand Mg < Ca<$S < Ba Benzene sdectivity aso increases
with badicity in the above order. Side reactions such as cracking and isomerization
are less over the Pt-dkdine zeolites that P-A,O4.

d Thexe results suggest that badicity (electronic properties) and structurd factors are
important in arométization of akanes over basic zeolites.

4) Pt-Bazeolite and P-Cszeolite showed the highest benzene sdectivity among the
dkdi and dkdine eath meds exchanged. The highet converson of n-hexane
(99.3 %) was observed a 833 K over P-CsETS-10.

5 The Pt-BaZeolites and PrCsZeolites were many times more active than a
commercia PEAIO3 in aometization on n-hexane.

6 Vdues of Sandeason dectronegetivity and oxygen chage of different ion
exchanged zeolites (LTL, BEA, FAU and ETS10) reved a rdationship between
benzene yidd and bascity of the catalys. Benzene yidd is found to be a function
of the intermediate eectronegativity (Sn) and charge on oxygen of the P:M-
zeolite, suggedting an increesng trandfer of dectronic charge from the basc
support to the metd with incressing eectropostive character of the alkali metd.

The <dient features and concdudons of the computationd dudies are
summarized as follows

1) The isomorphous subgitution of Al aom in the place of slicon prefers the T, Ste
of LTL. When two Al aoms ae isomorphicdly subgtituted, they prefer the
locetions farthest from each other. As far as the binding energy of these cations are
conddered, cations present in My, Ste is more strongly bound to the zedlite than
those a M, The binding energy of the cation with the zeolite cluster decresses

from Li to Cs and Mg(OH) to Ba(OH). The charge on the cation increases from Li
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to Cs and Mg(OH) to BaOH). The charge on M, catonic Ste is more
éectropostive then My dte This indicates that cations in My dte may exhibit
higher catdytic activity (acidity).

The net eectron transfer between the P cluser and the M-zeolite depends on the
zeolite and the nature of the exchanged meta ion. The net éectron transfer from
Pt to M-zeolite increases in the order, H > Li > Na> K > Rb ~ Csin the case of the
akdi metd ions and in the order Mg(OH) > CaOH) > S(OH) > Ba(OH) for the
dkdi med ions The mog acttive and sdective cadysts are the Cs and Ba
exchanged catadysts. In thee cadyds the transfer of dectron is from the M-
zeolite to the Ps duster, making Pt eectron rich.

Binding energy vaues for the adsorption of benzene over Pt supported on highly
basc zeolites are low. This suggedts that a weeker adsorption of benzene occurs
on dectron-rich Pt clugers. The wesker adsorption of benzene could trandate into
larger aectivity of these catadysts due to faster desorption of the product benzene
from the active centers (Pt).

Binding energy vdues for the adsorption HS are larger for Pt supported over more
basic zeolites than over less basic ones. Electron transfer takes place from Pt to S
and is more when Pt is supported on a basic support. This suggests that Pt
supported on basic catdyas is more vulnerable to sulfur poisoning.

In the case of ETS10, the dectron transfer from the support to the Pt is influenced
by the location of Pt. When the Pt is located near a [TiOg] Oh rather than a [SO4]
Td, the dectron transfer from ETS10 to Pt is more efficient. Thus the interaction

between [TiO¢ and Pt is more favorable than that between [SO4] and Pt. There is

dso a dear preference for the location of smal Pt clusters nearer to [TiOg] indde
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M-ETS10 latice. It is likdy that in PEM-ETS-10, the Pt cluster located near
[TiOe] Oh will be more catayticaly active than the one located near [SO4] Td.

Thus, the important role played by the dectronic dructure of Pt on n-hexane
aomdization is cealy brought out. The various factors such as the structure of
the zeolite, bascity of the zeolite, Pt disperson etc. that influence the dectronic
sructure of Pt have been identified, suitable metrics devised and quantified based
on the ab initio caculations. These resdts provide the desgn space of P:M-

zeolite for reforming cataysts and the ca culations may be used as a screening tool.
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